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This thesis presents the development of two new types of polarimetric distributed
feedback (DFB) fibre laser sensors for simultaneous strain and temperature measure-
ments. These fibre Bragg grating (FBG) based sensors offer strain and temperature
measurement accuracies of £0.3 — 15 pe and £0.04 — £0.2°C which are suitable
for many applications. The main advantage of these DFB fibre laser sensors over
other FBG based sensors is the simplicity of their interrogation system. The first
type of sensor operates stably in a single longitudinal mode which splits into two or-
thogonally polarised modes. This sensor utilises the wavelength of one polarisation
mode and the RF beat frequency between the two polarisation modes. The system
complexity is reduced to a minimum in the dual longitudinal mode polarimetric
DFB fibre laser sensor which utilises the RF beat frequencies between two longitu-
dinal modes and their associated orthogonal polarisations, therefore requiring only
a simple and cost effective frequency counter.

The ability of measuring strain and temperature simultaneously is demonstrated
with prototype sensors embedded in a concrete test specimen. Miniature sensor
packages are used to protect the sensors from their harsh environment and to enable
handling by personnel who is inexperienced with fibre optic sensors.

The reduction of measurement resolution caused by external feedback into DFB
fibre laser sensors, which is likely to occur in serially multiplexed sensor networks
and remote sensors, is investigated.

Furthermore, operation of DFB fibre lasers up to 400°C is demonstrated. This
vields important information about grating decay in sensor and telecommunication
applications, the required annealing temperatures to prevent this decay and the
initial grating strength to obtain the maximum output power of DFB fibre lasers.

This experimental work is supported by extensive theoretical modelling. For the
first time an Er¥T: Yb*" DFB fibre laser model is presented which takes homogeneous
upconversion of paired Er®*-ions and pump excited state absorption into account.
An extended version of this model incorporates, for the first time, self-heating in
DFB fibre lasers which is caused by non-radiative decays. The performance of DFB
fibre lasers employed in telecommunication applications is likely to benefit from
these modelled results, which are also verified by experimental data.
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1 Introduction

1.1 Motivation

Fibre optic technology is being applied in two major areas: telecommunication and
sensing. The former plays an important role in today’s global community where
an ever increasing bandwidth is required to transmit vast amounts of data over
large distances in shortest times. Optical fibre telecommunication networks offer
larger bandwidth, lower transmission loss and less noise than their conventional
electronic counterparts [1]. These advantages have been recognised by the industr

and economy, reflected in the rapid growth of installed fibre optic networks and
the steep increase of turnover of fibre optic telecommunication companies in recent
years.

In parallel, but generating less economical and social impact, fibre optic sensors
have been developed for a variety of applications. These include measuring con-
centration of chemicals in gases and liquids, electric current, pressure, temperature,
strain and vibration [2]. Most research and development in fibre optic sensing is
devoted to the last four physical parameters. The advantages of fibre optic sensors
over conventional sensing techniques include reduced size and weight, immunity to
electromagnetic interference and the potential to withstand harsh environments in
which conventional sensors tend to fail [2, 3].

Furthermore, due to a higher signal to noise ratio many fibre optic sensors offer
a better measurement resolution and accuracy than conventional sensors. Finally,

multiplexed and distributed fibre optic sensors open the way for sophisticated sensor
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networks, monitoring the environment with much higher spatial resolution and mea-

The key areas employing fibre optic sensors are aerospace [4], marine [5, 6] and
civil [7, 8, 9] engineering and medical applications [10]. However, compared with
conventional sensors the above stated advantages of fibre optic sensors are ofteﬁ
outweighed by higher cost, increased system complexity and unfamiliar installation
and operating procedures [3]. Consequently, fibre optic sensors play only a small
role compared to well established conventional sensors. Clearly, in order to promote
the application of fibre optic sensors and make use of their advantages the above

mentioned drawbacks have to be addressed.

employing distributed feedback (DFB) fibre lasers as sensor heads. The minimised
system complexity and the use of low cost standard fibre optic telecommunication
and electronics components are key characteristics. Multiplexing capabilities and
flexible package designs, which can also facilitate installation and handling proce-
dures, are built into this sensor, offering the potential for its widespread application
in all of the above mentioned areas.

Traditionally fibre optic sensing benefits from the technological developments in
the telecommunications area, such as optical amplifiers (EDFAs), wavelength divi-
sion multiplexers (WDMs) or fast optical modulators (AOMs, EOMs), and the cost
reduction of optical components as a result of mass production. A second original
and important result presented in this thesis is a demonstration of how knowledge
can be transferred in the opposite direction, i.e. from fibre optic sensing to fibre op-
tic telecommunication. Precise fibre optic temperature sensing technology is shown
to provide valuable information to improve the understanding and performance of
DFB fibre lasers, which are potential light sources in modern telecommunication

networks.
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1.2 Synopsis

Following this introduction, fundamental background information on fibre optic
strain and temperature sensing is presented in Chapter 2. First the effects of strain,
stress, temperature and thermal expansion of structures are briefly described. The
need for simultaneous strain and temperature sensors is addressed in particular.
This is followed by a brief and critical review of the most common fibre optic strain
and temperature sensors. The expected advantages of DFB fibre laser sensors over
passive gratings and other relevant fibre optic sensors will be highlighted

In Chapter 3 a comprehensive DFB fibre laser model is developed. This is,
to my knowledge, the first DFB fibre laser model to include Er®t and Yb®' ions.
Furthermore, homogeneous upconversion, pump ESA and non-radiative decays are
included in the steady state laser rate equations which are solved using a new fast
iterative algorithm. The close link between experimental and simulated data ensures
that a thorough understanding of a real DFB fibre laser is obtained.

This model is significantly extended in Chapter 4 to incorporate, for the first
time, self-heating of DFB fibre lasers caused by non-radiative decays. Using this
model in conjunction with experimental data wavelength shift, output power drop
and heat induced grating chirp as a result of the internal temperature distribution
along a telecommunication type DFB fibre laser can be explained in great detail.
In addition, the temperature distribution is measured along this DFB fibre laser by
using the highly accurate DFB fibre laser temperature sensor presented in Section
5.1. This an example of how fibre optic sensing can offer valuable information
to fibre optic telecommunication applications, and possible solutions to reduce the
detrimental self-heating effects will be presented.

In Chapter 5 the first polarimetric DFB fibre laser sensor for simultaneous strain
and temperature measurements is demonstrated. This sensor is based on previous
work on a polarimetric DFB fibre laser sensor for separate temperature and pressure
measurements [11]. This new sensor offers excellent strain and temperature accuracy
and three sensors were subsequently packaged and embedded in a concrete test

specimen. Results from the embedment process, temperature cycling and a three
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point bending test are discussed in Section 5.2. During the last part of this Chapter

[

asing operation up to 400°C and temperature sensing from room temperature to
200°C are demonstrated in Section 5.3.

The first dual longitudinal mode polarimetric DFB fibre laser sensor is demon- 4
strated in Chapter 6. This advanced fibre optic sensor employs RF beat frequencies
between two longitudinal modes and two polarisation modes of a DFB fibre laser
to measure strain and temperature simultaneously and with high accuracy. Simple
and cost effective RF frequency counters can potentially be used to interrogate this
sensor.

In Chapter 7 laser stability and measurement accuracy are investigated as a
back. Rayleigh scattering from long lead fibres and back-
reflections from other DFB fibre laser sensors are considered. The former limits
the maximum length of lead fibres allowed for remote DFB fibre laser sensors. The
latter has a large influence on the measurement accuracy of multiplexed DFB fibre
laser sensors.

Finally Chapter 8 concludes this thesis with a sammary and an outlook towards

future work.



2 Fibre optic strain and

temperature sensing

2.1 Strain and temperature of structures

The theories of strain and temperature of solid bodies, or structures, are covered by

many textbooks on general physics, mechanics and thermodynamic, e.g. [12, 13].

2.1.1  Strain and stress

A solid body will be deformed to some extent when an external force is acting on
it. This deformation, which is described by a second rank tensor €, will change the

shape and the volume of the body. For small deformations the relative extensions

where dz; and dz} are the components of the radius vector joining two closely spaced
points before and after the deformation. In one dimension the last equation is usually

written as
=1 . Al .

e L

where I' and [; are the distances between two points in the strained and unstrained

€, (2.2)

body, respectively and the dimensionless quantity € is the ‘mechanical strain’ along
the gauge length lo. If ¢ is non-uniform along [y then the last equation yields only

the average strain. In engineering sciences € is also used as a strain unit. Since
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the relative deformations of a solid body are usually very small a practical unit is
lpe=Al/ly = 1078,

In a body which is not deformed all parts are in mechanical equilibrium, i.e.
the resultant forces on any part of the body are zero. Under deformation the body
moves away from its equilibrium state and internal forces, so-called internal stresses,
arise which try to move the body back to its original state. Within the elastic limit

of a solid body, the deformation is a linear function of the applied forces [12]:

i = -é,—aik, Hooke’s law, (2.3)

where o;;, is the second rank stress tensor and F is Young’s modulus. The stress
tensor describes the ith component of the force acting on a unit area perpendicular
to the zi-axis. In particular oy, is the normal force on a unit area perpendicular to
the z-axis and oy, and o,, are the tangential, or shear, forces on the same surface
element.

In the special case of the linear extension of a rod, or an optical fibre for that
matter, where the forces are applied perpendicular to the end faces of the rod,

Hooke’s law reduces to [12]

€1z = 'E'Uzz, (24-—&)

€2z = Eyy = — €y, (2.4-b)
where the component ¢,, describes the relative longitudinal extension of the rod. As
a result of its longitudinal extension the radius of the rod decreases. The ratio u of

the transverse compression to the longitudinal extension is called Poisson’s ratio.

2.1.2 Temperature and thermal expansion

One of the fundamental concepts of thermodynamics deﬁneé heat as the random
movement of atoms or molecules. Temperature is just a measure for the mean
kinetic energy of the atoms or molecules [13]. A change in temperature will result in
a deformation of a solid body. If the body can expand freely, i.e. without external

forces acting on it, the relative extension in one dimension is given by [12]

Al

7 =T~ T) = AT, (2.5)
0
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where « is the thermal expansion coefficient and AT = T — T is the temperature
change.

The absence of external forces implies that the body remains in its mechanical
equilibrium. Therefore, no internal stresses oy, occur and the structural strength of
the body is not affected as long as its temperature remains below a critical value
where the body starts to soften. Thus the integrity of a structure is not affected
by free thermal expansion. However, in most real structures thermal expansion is
restricted in one way or the other. Then external forces act against the expansion or
contraction of members of the structure, inducing ‘thermal stresses’ which can even-
tually lead to mechanical failure if they exceed the maximum permissible stress of
the structure. If, e.g., the thermal expansion of one part of a structure is completely
prevented along the z-axis the internal stress becomes o,, = Fe,, = FaAT.

It should be pointed out here that a fair amount of confusion still exists over free
and restricted thermal expansion in the scientific literature. Free thermal expansion
is often regarded as apparent or thermally induced strain although internal stresses
are absent. This view becomes potentially dangerous in the case of completely
restricted thermal expansion where the body does not deform and the internal stress
remains undetected. According to Hooke’s law (2.3) strain and stress cannot occur
without each other. Therefore, in this thesis free and restricted thermal expansion

and the associated internal stresses and strains will distinguished.

2.1.3 The need for simultaneous strain and temperature
monitoring

The immediate consequence of the last Section, with respect to structural moni-
toring, is the need to measure strain and temperature simultaneously in order to
fully assess the ‘health state’ of a structure. This usually requires two conventional
sensors, one measuring the mechanically and thermally induced deformations, the
other measuring the temperature. Then the three dimensional versions of equations
(2.2) and (2.5) can be used to determine the integrity of the structure. However,

the need for two separate sensors is undesirable for three reasons:



2 Fibre optic strain and temperature sensing 8

1. the need for twice as many sensors than sensing points,
2. the potential difficulty of placing two sensors close together in confined space,

3. the potential difficulty to ensure that temperature sensors do not experience

any strain.

Some fibre Bragg grating (FBG) sensors, whose fundamental properties are out-
lined in the next Section, and especially the two novel active FBG sensors presented
in this thesis (see Chapters 5 and 6), overcome these problems, making them very
attractive for structural monitoring in a wide range of applications, e.g. aerospace

and civil engineering.

2.2 Fibre Bragg grating strain and temperature

SEeIsors

2.2.1 Overview of fibre optic strain and temperature sensors

A large variety of fibre optic strain and temperature sensors has been developed
since its first demonstration by Butter and Hocker in 1978 [14]. For a detailed
overview the reader is referred to a number of review articles [2, 3, 15, 16, 17]. A
list of common fibre o
properties is compiled in Table 2.1. More details about those sensors can be found
in the literature cited within the Table.

As every strain and temperature sensing application has different requirements,
no fibre optic strain and temperature sensor can be employed satisfactorily across
the whole range of applications. As a guideline, the most important sensor charac-
teristics which have to be taken into account when choosing the appropriate sensor

are:
e measurement resolution and accuracy,

e measuring range,



2 Fibre optic strain and temperature sensing

(Dad 89)
[6¢] 2oua3uLIRIq urer)s Sk qutod OISULIJUL P ibETEN
97e)s uoryestrejod urers ou yurod OISULIJUT  UOISSTWISURI} OLIJoUILIR[O J
[8¢ ‘2¢] 9ys poInq poYe[nuuI)s Surayyeos
[o¢ ‘gg] Aouonbaay umorug urex}s VN -L1)STp oisutijut  snosuejuods UInoyLIg
(Buroeds
spow uoryestre[od) (10s%] 21qY)
[Fe ‘e¢ ‘ze ‘1€ ‘11] eouaduLrjeIlq ‘y urern)s sok qurod DISULIYUL 2AI}OR (odd)
[0€ ‘62 ‘8¢ ‘ST ‘91] Ipim erads ‘y urens TN qurod JISULIUL oassed  s3uryerd F3eig
(22 Keyop oseqd  woryeSuope soh qutod OISULIUL HTAO
log] fefop sulll  UOIPRSUO[ sak qurod JISULIJUL HALO
OISUTIIXD
[ez] VULISYOD MO]  UOT}eSUOP sak qutod 29 oIsULIYUL TOSTOYDTIA]
90UDIYOD
M0[ ‘y YI8us[esem
ve ‘et ‘oz ‘Te]  ‘oSuer [eipoeds s uorye3uo pogrLurg qutod JISULINXS  j018J-AIqR]  I9IOUIOISJIIU]
Surxordymu
SEOUBISJRY]  POYIoW FULINSRS]N  PURINSEON [eLeg UOTYROYISSe[)) od£y 10suRg

"UTIM{oY ISB[ 9} UL POJId SINYeIN] oY) Ul pue [07 ‘6T ‘ST ‘LT ‘9T ‘g] ur
PUnoOf 9q URD UOCTJRULIOFUT ISY}IN] ‘seSejueApesip pue soSejueape Jemoryred 1Y} ‘sI0suas 911d0 I JO MOIADI JOLIq

® 10} 1X9) UreW 235 "I08USS JO 9dA} peaidsopim 1sOur 010J2191) pUe o[I¥esIaA jsow oY) Ajqeqoid oxe (sryg,q) sSuryerd

931 21qy uo poseq s10sURg "SI0sULS aanjeradwo) pue ure1ys orydo a1qy Jo sodLy pesn A[uowrunod oAL *T°Z SR,



2 Fibre optic strain and temperature sensing 10

e response time,

e gauge length, |

e interrupt resistant operation,
e number of sensing points,

e system complexity,

e practicality,

e size,

& cost.

2.2.2 Advantages and disadvantages of fibre Bragg grating
sensors

Over the last two decades it has emerged that strain and temperature sensors based
on FBGs are probably the most versatile and therefore most widespread type of
sensor. A review on fabrication, basic properties and applications of FBGs can be
found in [18, 19, 20]. The unique combination of three key properties make FBG

sensors superior over other fibre optic strain and temperature sensors:

1. intrinsic sensors, i.e. entirely contained inside the fibre
2. strain resolution and measuring range independent of gauge length

3. wavelength encoded measurands.

The smallest fibre optic sensors are entirely contained within the fibre and require
no external components. The size of these intrinsic sensors is therefore equal to the
size of the fibre itself. They are mechanically more robust than extrinsic sensors.
Extrinsic Fabry-Perot etalons, e.g., incorporate potentially weak mechanical joints
between parts of the sensor [21, 22, 23, 24]. Furthermore, optical losses caused
by beam divergence during free space propagation in extrinsic sensors [22, 40] are

absent in intrinsic sensors.
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Fibre optic strain sensors based on low-coherence Michelson interferometers [25],
Fabry-Perot etalons or optical time domain reflectometry (OTDR) [26] measure
elongation Al = I’ — [ rather than strain e = Al/ly. Therefore, for a given length
resolution o(l) the strain resolution o(e) = o(l)/lo depends on the gauge length
lo of the sensor. Furthermore, the measurement range Alnax is usually limited
by the interrogation system leading to a further trade-off between maximum strain
measurement range and gauge length: €y = Almax/lo. Because FBG based sensors,
on the other hand, measure strain directly, o(¢) and epax are independent of [,

Wavelength can be measured with high precision and good signal to noise ra-
tio with relatively simple interrogation systems, e.g. tunable filters, edge filters or
spectrometers [28, 29, 31]. The wavelength of a FBG sensor is absolute and a linear
function of strain and temperature. Although strain and temperature sensors based
on Brillouin scattering offer linear responses they require complex interrogation sys-
tems which offer only a relatively low signal to noise ratio and a low measurement
resolution [35, 37]. Furthermore, sensors based on stimulated Brillouin scattering
require access to both ends of the sensing fibre [37]. Fabry-Perot etalons and some
interferometers make use of the length dependent phase difference between two co-
herent light waves. The sinusoidal output of such sensors demands advanced signal
processing techniques to resolve periodic ambiguities and nonlinearities. The peri-
odicity of the output signal generally requires that the sensor has to be interrogated
continuously to avoid the loss of interference fringes. Low coherence interferometry
can overcome this lagt drawback, but its elongation measurement resolution is low,
approximately equal to the coherence I, ~ A?/(26)), which for a typical broad band
source (linewidth 6\ = 40 nm centred at A = 1540 nm) is 30 um [25].

In addition to the above stated advantages over other fibre optic strain and
temperature sensors FBG sensors offer further favourable properties, some of which,
however, are shared with other types of sensors too. Like most other practical strain
and temperature sensors FBG sensors work in reflection so only one end of the sens-
ing fibre needs to be accessed. Several FBG sensor can be serial multiplexed along
a single fibre, where each sensor is addressed by its own unique wavelength. This

simplifies the installation of sensor network and allows more flexible network de-
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signs than would be possible with other fibre optic sensors. Simultaneous strain and
temperature measurements with a single sensing element have been demonstrated
by superimposing two gratings [30], making this type of sensors ideal for structural
monitoring as described in Section 2.1.3.

However, under some circumstances other fibre optic sensors may be more ap-
propriate. Some interferometric strain sensors offer a resolution better than 30ne, a
factor of 10-100 better than FBGs, but only over a limited measurement range [24].
Strain and temperature sensors based on Brillouin scattering offer quasi continuous
strain and temperature measurement along a length of fibre several tens of kilome-
tres long [37, 38]. Over shorter distances spatial resolutions between 1-20 cm were
demonstrated [35, 36].

Besides system complexity and ease of operation, cost are a crucial factor when
deciding for or against fibre optic sensors in general. Nowadays the costs of most
fibre optic sensors are still higher compared with conventional sensors. The price
for commercial FBGs is likely to fall in the wake of the expansion of the fibre optic
telecommunication industry as a result of mass production. This is not necessarily

true for other fibre optic sensor which incorporate highly specialised components.

2.2.3 Strain and temperature response

A= 2?’LeﬁrA, (26)

is met [41]. Here A is the period of the refractive index modulation, ng is the
effective refractive index and A is the wavelength of the reflected light.

When a longitudinal strain ¢ is applied to a FBG its Bragg wavelength X increases
by [20]

v

AN (1 dA ].dn)e, 27

—_—= =4 =
Ao Ay de  ng de
where the index 0 refers to the unstrained values. The first term accounts for the

physical length change of the grating period with strain and simply equates to

1dA

a4y 2.8
Ao de ! ( )
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The second term in equation (2.7) accounts for the refractive index change due to
the strain optic effect [42]. Assuming that the optical fibre is isotropic, the refractive
index change due to the strain optic effect is given by [43]

Ldn _ _ng

S = — = De, 2.9)-
g de 9 (P12 — p(pr1 +p12)] =p (2.9)

where py; and pio are the photo-elastic coefficients of the fibre core and u is the
Poisson ratio of the fibre. For standard silica fibre ng = 1.46, p1; = 0.12, p1s = 0.27,

te = 0.17 [44] and therefore p, = —0.22. Inserting (2.8) and (2.9) into (2.7) gives

A 2
o = (1 - %Q[pn — p(pn +p12)]> € (2.10-a)

= 0.78e. (2‘10_b)

The strain-optic effect reduces the strain response of the fibre by approximately 22 %
so the strain response becomes approximately 1.15 pm/pue at Ag = 1550 nm.
Similarly A changes with temperature:

AN [ 1dA  1dn

— =|——=+4+—=| AT 2.11

)\g (\Ag dT + Tig dT> ’ ( )
where the first term accounts for the thermal expansion of the fibre and the second
for the refractive index change. It follows from (2.5) that

1 dA

—— = 2.12
AodT ~ (212)
The refractive index change with temperature arises from a change in the of the

fibre density p and is given by [45]

1 dn 1 (On 0Ondp
- = — 4+ ——" | =€, 2.13)
nodT 7o (8T Y 8T> 3 (2.13)

The thermal expansion coefficient of silica fibre is o = 0.5 x 1078 K~! [40], while the
thermo-optic coefficient is £ = 9 x 107 K™! [40], i.e. the thermo-optic effect causes
a 20 times larger sensor response than the linear expansion of silica fibre. Inserting

« and £ into (2.11) gives
%—-’3 =9.5 x 107°AT. (2.14)

0
Comparing (2.10-b) and (2.14) reveals that a temperature change of 1°C induces

approximately the same wavelength change as a strain of 10 pe.
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2.2.4 Overcoming the strain-temperature cross-sensitivity

The previous section revealed that the wavelength change of a FBG sensor is cross-
sensitive to strain and temperature. Several techniques have been developed and
demonstrated to separate the strain and temperature response of FBG sensors.
These include compensating temperature drifts by employing two independent sen-
sors [16], one subject to strain and temperature and the second one subject to
temperature only. Careful packaging and positioning of the sensors is required to
ensure that the temperature difference between the two sensors remains constant
and that the second sensor does not experience any strain (see also p.7). A more
compact design can be achieved by using a single FBG sensor capable of measuring
strain and temperature simultaneously. By superimposing two gratings at different
wavelengths such a sensor has been demonstrated [30], making use of the different
strain and temperature responses at the two grating wavelengths. The measurement
errors were 10 ue and £5°C. While such a sensor needs two light sources at widely
separated wavelengths, Sudo et al. [39] have reported a sensor utilising a FBG
written into birefringent fibre where the grating wavelengths of the two orthogonal
polarisations responded differently to strain and temperature. The maximum mea-
surement errors of that polarimetric sensor were £20 pe and £2°C. Alternatively the

thermal response of a FBG strain sensor can be cancelled by using a chirped grating

w

i

in 3 fnpprar} fibre 48], However. the elimination of the temnerature resnonse limits
vin R R e I S N L-LUJ. A AN Y Y \JL, LVE = N V) AALLARIERLUAN AL UL Vadw U\J&J.Ll.l WA LY L v J»\JUJ:I W ARAIN AAddrdd VNI

the practicality of this strain sensor for structural monitoring since the important

thermally induced stress remains undetected (see Section 2.1.3).

2.3 Active fibre Bragg grating sensors

2.3.1 Potential for improved resolution

Passive FBG sensors, which were described in Section 2.2, reflect only the small
fraction of the incident spectrally broad band light that falls within their narrow
bandwidth. The following example illustrates the limitations these sensors and

shows potential improvements by employing active FBG sensors, i.e. sensors where



2 Fibre optic strain and temperature sensing 15

FBGs form part of a fibre laser. The centre wavelength of a FBG can, e.g., be
determined by measuring the power transmitted through an optical filter scanned
~across the reflection spectrum of the FBG [29]. If P, is the power incident on
the FBG, and its reflection spectrum and the filter transmission spectrum can be
approximated by a Gaussian distribution then the received power as a function of
the centre wavelengths of the FBG Ag and the filter Ap is
oo
P = B, [ Roexp (—M) Tr exp (-—M) d

202 20%,
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where Hs is t

=

filter, o and o are the spectral widths of the FBG and the filter, og r = /0% + 0%,
and 6\ = A\g — A\r. Approximating P by a Taylor polynomial around dA = Onm
gives

P =Py — —(6))%, (2.16)
where Py = P(§A = O0nm). The noise AP in the system is related to a measurement

error of dA by

AP = =2 (5))? (2.17)

q
[
"y
™
r-—l
>

where SNRp, = Po/AP is the optical signal to noise ratio. It is evident from the last
equation that by increasing the SNR or decreasing o¢ r the measurement error can
be reduced, i.e. the resolution can be improved. The SNR can simply be increased
by increasing R or the optical power incident on the FBG, e.g. by employing a
superluminescent diode. This approach clearly is limited by the available optical
power. Because ogr = /0% + 0%, reducing or much below og does not reduce
og,r. Instead, the received power decreases which reduces the SNR. Therefore, the
spectral power density! of the incident light should be increased. This allows og

and op to be decreased at the same rate while keeping the received power and the

1Spectral power density = optical power per unit wavelength.
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SNR constant. A wavelength swept laser could provide the required higher spectral
power density. However, fast and continuous wavelength tuning over a sufficiently
large spectrum might be difficult to achieve [47].

On the other hand, the light emitted from active FBG sensors fulfils the above
stated requirements. The light is concentrated in a spectral band which is severai
orders of magnitude narrower than the bandwidth of a passive grating with an output
power of several hundred uW to several mW [48]. Consequently the wavelength of

an active FBG can be determined much more accurately.

2.3.2 State of the art DBR and DFB fibre laser sensors

The two types of commonly used fibre lasers which incorporate FBGs into their
cavity are distributed Bragg refiection (DBR) lasers [31, 48] and distributed feedback
(DFB) lasers [49, 50].

The sensor resolution of DBR fibre lasers potentially suffers from mode hopping
of these highly multimoded lasers. The long length makes them susceptible to
random parasitic environmental changes along the cavity [31, 48]. For single mode
operation DBR fibre lasers must not be longer than a few centimetres and the grating
bandwidth has to be below ~ 0.2nm [51]. The short length usually limits the pump
absorption and therefore the output power. However, a DBR fibre laser lasing only
in two orthogonal polarisation modes was demonstrated by Ball et al. [32] while
multiplexing of up to three DBR fibre laser sensors was achieved with negligible
cross-talk between the sensors [33].

DFB fibre lasers are an alternative to DBR fibre lasers with the advantage that
they consist of only one grating written into rare earth doped fibre. They offer single
mode operation without mode hopping and kHz linewidth [11]. With a grating
length of ~ 50 mm DFB fibre lasers are very compact. Furthermore, as most of the
laser intensity is concentrated in the centre of the grating, the sensitive region is
only ~ 5 — 10 mm long [52], making it ideal for ‘point’ sensing. Multiplexing of five
DFB fibre lasers has been demonstrated [34], but only limited investigations into

lasing stability and sensor accuracy have been carried out.
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In low birefringent fibre a DFB fibre laser can operate on two orthogonal polari-
sation modes with a sufficiently small frequency separation between the two modes
that allows this polarisation beat signal to be measured very accurately with a com-
mercial RF spectrum analyser. A birefringent DFB fibre laser operating stably in '
two polarisation modes was employed as a polarimetric sensor for separately mea-

suring lateral forces and temperature [11].

2.4 Conclusion

In conclusion, it was found that simultaneous strain and temperature measurements
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are required for structural monitoring. FBG sensors are
sensors which can measure both parameters simultaneously. Active FBG sensors,
i.e. fibre lasers which incorporate FBGs into their cavity, are expected to offer an
improved accuracy compared with passive FBG sensors. Of the two types of FBG
based fibre lasers, i.e. DBR and DFB fibre lasers, the latter is the better choice
because it consists of only one FBG and offers a more stable mode of operation.
State of the art birefringent DFB fibre laser sensors are capable of measuring two
measurands separately. These sensors form the basis for the development of the two
novel DF'B fibre lasers sensors for simultaneous strain and temperature measure-
ments which are described in Chapters 5 and 6.

However, before presenting the DFB fibre laser sensors it is important to analyse

and understand some fundamental properties of DFB fibre lasers.



3 Characterisation and modelling

of DFB fibre lasers

3.1 Introduction

The first distributed feedback (DFB) fibre laser was demonstrated during 1994 by
Kringlebotn et al. in Er®T : Yb*' codoped fibre [11]. The design was very rudi-
mentary with a resistive wire heating the grating locally to induce the necessary =
phase shift for single mode operation [53]. However, the design was soon improved
by incorporating the 7 phase shift into the grating during the writing process [54] by
means of the moving fibre-scanning beam technique [55]. This extremely versatile
technique was also used to fabricate the DFB fibre lasers studied in this thesis.!
Gain and resonant feedback are the two fundamental parameters governing the
behaviour of a DFB fibre laser — and indeed any other laser. In a DFB fibre
laser the rare earth (RE) doped fibre core constitutes the gain medium. Resonant
feedback is provided by a single fibre Bragg grating written into the same section of
fibre. The gain is related to the concentration [RE] of the rare-earth dopants and
the relative population density of their atomic energy levels [56]. The feedback is
proportional to the grating coupling coeflicient x and the length L of the DFB fibre
laser [41, 53]. Careful balancing of [RE] and <L is needed to achieve high output
power, low threshold and low noise operation of DFB fibre lasers [57, 58, 59]. The

Er3" : Yb3" fibre has been designed earlier [60] and «L was optimised around the

1All DFB fibre lasers used in this thesis were fabricated by M. Ibsen, Optoelectronics Research

Centre, University of Southampton.
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fibre parameters prior to this work by E. Rgnnekleiv? and M. Ibsen with the help
of a standard DFB fi

bre laser model.

With the exception of [61] DFB fibre laser models usually treat Er** as a two
level system [57, 59]. Although non-DFB Er®":Yb®" fibre lasers have been modelled
successfully, including upconversion, [62, 63], to my knowledge no model of an Er’t:
Yb3" DFB fibre laser has been presented in the literature, possibly because of the
complexity and long computation time of such models. In general there is also a
lack of comparison between modelled and experimental data.

Therefore, this Chapter describes the development of a new versatile, fast and

accurate steady state model for Er®™: Yb*" DFB fibre lasers pumped at 980nm or

148

<

nm and ing around 1550 nm. The key feature of the model is to treat
Er®* as a multi-level system and accurately calculate their population densities. This
allows to easily incorporate the energy transfer between Er®™ and Yb®" ions, homo-
geneous upconversion, pump ESA and non-radiative decays. The implementation of
a new fast algorithm permits to investigate the effects of various laser parameters on
the behaviour of the DFB fibre laser. Thereby experimental and modelled data can
be linked in a self-consistent way which is essential in order to verify if the inevitable
assumptions and simplifications made in the theoretical model are indeed justified.
In this way the understanding of real DFB fibre lasers can be significantly increased
and possible options of improving the designs of the fibre and the DFB grating can
be identified more easily.

While upconversion and pump ESA will be described in this Chapter, the self-
heating caused by non-radiative decays will be investigated separately in Chapter
4 because of its great significance in sensor and telecommunication applications. It

should be noted that this is a steady state model which therefore cannot predict

power fluctuations such as relaxation oscillations. However, this could be imple-

mented in a following stage.

2Then on leave from Optoplan AS, Box 1963, 7002 Trondheim, Norway and Norwegian Univ.
of Science and Technology, Dept. of Phys. El., 7034 Trondheim, Norway
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3.2 DFB fibre laser characterisation setup

The DFB lasers were written into a special Er**: Yb*" fibre shown in Figure 3.1 [60].
It consisted of an Er®t: Yb* phosphoaluminosilicate glass core with a photosensitive
B/Ge-doped silica ring around it. A standard silica outer cladding completed the
fibre. As the grating was formed entirely in the B/Ge ring the Er*" : Yb** core
did not need to be modified to exhibit any photosensitivity but instead could be
designed to provide maximum gain [60].

The exact radii of the fibre regions and the NA of the fibre were determined from
an index profile measurement carried out by P. W. Turner®. The outer diameters
of the Er®": Yb®* core, the B/Ge ring and the outer cladding were 2a, = 4.6 um,
2ap/ge = 18pum and 2b = 125 um, respectively. The NA of the fibre was 0.22.
From these parameters the normalised frequency V' = 2ma,NA/A, the mode field
diameter (MFD) 2w = 2a.(0.65 + 1.619V =32 + 2.879V %) and the confinement

factor I' = 1 — exp(—2a2/w?) could be calculated [1]. These values are listed in

30ptoelectronics Research Centre, University of Southampton and Southampton Photonics,

Chilworth, Southampton

Er/Yb/P/AVSi core

P B/Ge/Si ring

LY

normal cladding

n refractive-index protile

Figure 3.1. Special Er** : Yb3* fibre for DFB fibre lasers. The Er**:Yb®t doped core,
which provided the gain, was separated from the photosensitive B/Ge ring in which the
DFB structure was written. This allowed optimising the dopant concentrations separately

in each section [60].
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lasing wavelengths (A = 1534 nm and 1550 nm).
(2405 < V = 3.24 < 3.832 [64]) thus w could not be calculated by the equation
given above. However, at 980 nm the confinement factor I, describing the transverse
overlap of the propagating modes with the doped core, is &~ 90 % for the LPy; mode
and =~ 73% for the LPy; mode [64]. If one assumes that the power was equally
shared between those two modes — supported by the fact that the power dropped
by ~ 3dB after a splice joining the two-moded Er®*:Yb3* fibre and a fibre which
was single moded at 980 nm — then the mean confinement factor was I' = 0.82 and
the MFD could be approximated by 2w = 5.0 um. Finally, the nominal Er*T and
Yb3t concentr

The experimental arrangement used in this thesis for characterising DFB fibre
lasers is shown in Figure 3.2. Half-a-metre to a metre-long pigtails of standard

telecommunication fibre similar to Corning’s SMF-28 were spliced onto both ends of

the DFB fibre lasers to facilitate handling. The splice loss due to the dissimilar mode

Table 3.1. Optical properties of the Er®*:Yb** fibre at two pump wavelengths and two
typical lasing wavelengths derived from its refractive index profile. NA = 4/n? — n2, where
n1 and ng are the refractive indices of the core and cladding, respectively. V = 2ma,NA/A,
w = a(0.65+1.619V ~3/24-2.879V76) and I = 1 —exp(—2a2/w?). Note that the fibre was
two-moded at A = 980nm. Therefore, at this wavelength 2w and IT" represent an average

‘over two guided modes.

core radius a., = 2.3 um

NA=0.22

lasing pump
A/ nm 1550 1534 1480 980
V 2.06 207 215 3.24
MFD=2w / pym 2.7 57 55 5.0

confinement factor ' 0.73 0.73 0.75 0.82
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fusion splice

980 nm or 1480nm wbMm ALY Forward (right)
pump diode / T O output
Standard SM Fibre coil
telecom Er:Yb
Isolator fibre DFB fibre laser

Backward (left) output

Power meter, OSA,
wavemeter, photodetectors
with RFSA or oscilloscope

Figure 3.2. General layout of a DFB fibre laser. The laser was pumped by a semiconduc-
tor diode laser through a wavelength division multiplexer (WDM). Usually the backward
(left) output of the DFB was used in telecommunication and sensor applications while the
forward (right) output was terminated (see main text). The isolator prevented unwanted
backreflections into the DFB fibre laser. Several instruments were used to characterise the

emitted light from the laser. OSA = optical spectrum analyser, RFSA = RF spectrum

analyser.

field diameters of the telecommunication and the Er¥t: Yb®' fibre was ~ 0.2dB at
1480 nm and 1550 nm and =~ 0.5dB at 980 nm.

The DFB fibre lasers were pumped with semiconductor lasers at 1480nm or
980nm. The pump was guided to the DFB fibre lasers through a 1480/1550 or
980/1550 wavelength division multiplexer (WDM)*.
from the DFB fibre lasers passed through the WDM and an isolator®. The latter
prevented detrimental backreflections into the DFB fibre lasers which could cause
intensity noise [65] (see also Chapter 7). The loss in the WDM at the pump wave-
lengths was ~ 0.3dB while at the lasing wavelength the total losses through the
WDM and isolator, including splice losses, were ~ 1.6 — 1.8 dB.

The forward (right) output of the DE'B lasers was usually terminated to minimise
backreflections into the DFB fibre laser and the pump laser and to prevent unwanted

laser radiation at the pump and lasing wavelengths being emitted from the fibre.

4SIFAM pump WDMs
SFOCI single stage isolators with FC/PC connector, isolation 36 dB.
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Several tight coils with a bend radius of 2-3 mm in the fibre pigtail after the DFB
fibre laser were sufficient for this purpose. However, the forward output can be
used in serial multiplexing architectures [34], where the transmitted pump is used
to pump the following DFB fibre laser. In order to reduce cost of a single DFB
fibre laser it is advantageous to omit the WDM, pump the DFB fibre laser directly.
and use the forward laser output. However, under these circumstances it is usually
necessary to minimise the transmitted pump power, i.e. most or all of the incident
pump power has to be absorbed in the DFB fibre laser. In Section 4.4 it will be
shown how the transmitted pump power depends on the efficiency of a DFB fibre

laser.

Spectrum analysers with spectral resolutions of 0.01-0.05 nm® were used to measure
output power and wavelength simultaneously. Measuring the laser output with a
resolution of 0.01 nm was especially useful to detect if the lasers were actually lasing
in a single longitudinal mode. More accurate wavelength measurements with a
resolution of 0.1 pm could be taken with a wavemeter’. However, its limited dynamic
range rendered it impossible to use at low output powers, i.e. just above threshold
of the DFB fibre lasers. Qutput power fluctuations, such as spiking, relaxation
oscillations and relative intensity noise, were monitored with photodetectors® and
analysed on oscilloscopes® or RF spectrum analysers!?. The laser linewidth was
measured with the self-heterodyne technique [54]. Finally, the polarisation state of
the laser output could be measured with a polarisation analyser!!.

The DFB fibre lasers were either placed on flat metal and non-metal surfaces or

held in free air. The necessity of different mounting techniques followed from the

6 Ando, Advantest Q8384

"Burleigh WA 1500

8¢.g. New Focus 1611, Tektronix SA42

Svarious 100-400MHz oscilloscopes, some with storage facilities
0Marconi, Tektronix 2782

1HP 8509
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special requirements of telecommunication and sensor applications (see Chapter 4

and Section 5.2.2, respectively).

[ p93 4 Y J

3.3 Gain medium characteristics

3.3.1 Er®t:Yb®Trate equations

The energy level diagrams of Er®* and Yb®' in Figure 3.3 show the relevant energy
levels and transitions for an Ex®*: Yb** fibre laser operating around 1550 nm with
a pump wavelength of 1480nm or 980nm [66]. The electrostatic fields of their
neighbouring host ions cause the energy levels of the Er®* and Yb*" ions to split
into Stark levels. Due to the amorphous structure of the host glass, the individual
Er®*" and Yb*" ions are subject to slightly different electrostatic fields. As a result
the Stark levels appear to be smeared out and the optical transitions are broadened
[66]. In Figure 3.3 this is only shown for the two lowest Er*" and both Yb**
energy levels, where the broadening has a significant effect on the behaviour of
the investigated DFB fibre lasers. These broadened transitions are characterised
by wavelength dependent absorption and emission cross-sections [66]. Because the
population of the Stark levels within each manifold follows a Boltzmann distribution

the absorption cross-section at the shorter wavelengths is larger than the emission

side of the transition [66] (see also Figure 3.4).

Pumping at 1480 nm

It can be seen from the energy level diagram that the simplest Er*" DFB fibre laser
can be realised by pumping at 1480 nm from the lower energy levels of the ground
state “Ij5/, manifold into the upper energy levels of the *I13/2 manifold [67]. The
pump level decays fast (lifetime < 1ns) by non-radiative transitions to lower lying
energy levels in the 4113/2 manifold. The lifetime of these meta stable levels in a
silica glass are &~ 10ms depending on the exact composition of the host glass [67].

The laser transition takes place from the *I13/2 upper laser manifold to the *I15/
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ground state manifold. Possible lasing wavelengths typically range from 1525 nm to

aoNT Naxritar

1565 nm. The actual lasing wavelengths are determined by the allowed laser cavity
modes and the relative gain between different modes. In DEB fibre lasers the lasing
wavelength is determined by the grating wavelength [53]. The Yb*' ions are not
involved in the laser action when pumped at 1480 nm.

Because of the very short lifetime of the pump level the laser can be modelled
as a two level system. Let V; and N, denote the population densities (ions/m®) of

the *I15/2 and *I13/5 levels. Then the rate equations can be written as [56]

dN dN
dtQ = - dtl = RN;j + WigNy — Wy Ny — A2N27 (31)

where R is the pump rate, Wy, and Wy, are the stimulated transition rates at the
lasing wavelength and A; = 1/75 is the spontaneous emission rate of the 4113/2
level.’? The transition rates are related to the optical powers P, ; and the transition

cross-sections oy, as follows [56]:

ag

= I,—2—P

i PRy, A"
J12

Wi = [Iy——F,,
12 hv A,
091

Wy = TI'yj——F,,
21 hv, A,

where the subscripts p, s, and 75 stand for pump and lasing (signal) wavelength and
the transition ¢ — j, respectively, v, , = ¢/), ; are the optical frequencies, A, is the
area of the doped core and I', s is the confinement factor.
At steady state dN,/dt = dN;/d¢ = 0 and the solution of (3.1) is
Ner(Wa1 + As)
R+ Wi+ War + Ay’

Ny = Ngr(R+ Wia)
2 R+ Wy + Wa + Ag’

Ny (3.2-a)

(3.2-b)

where Ng, = N; + N, is the total concentration of Er®" ions. Subtracting (3.2-a)

12 Additional information on laser rate equations can be found in various textbooks, e.g. [56, 68].
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Figure 3.3. Relevant energy levels of Er®* and Yb®™ for a laser operating around 1550 nm

while pumped at 1480 nm or 980 nm. See main text for detailed explanation.

from (3.2-b) gives the population inversion

JVET (R + W12 - W21 - Ag) 13
R+ Wi+ Wy + 45

AN =N, — N, = (3.3)

Note that this simple model neglects homogenous and pair induced upconver-
sion from *I;3 /2 depicted in Figure 3.3. A comparison between experimental and
theoretical results in Section 3.6.1 will show that this simplification is not valid for

the DFB fibre lasers investigated in this thesis.

Pumping at 980 nm

The pump transitions at 980 nm are *I155 —* I11/2 and 2Fyjy —2 Fyjp of the Er®*
and Yb>* ions, respectively (see Figure 3.3). The excited Yb*' ion acts as a sen-
sitiser or donor, transferring its excitation energy very effectively in a dipole-dipole
interaction [69, 70] to an Er®" ion in the ground state, the acceptor. Upon this en-
ergy transfer the Yb® ion terminates in its ground state, while a neighbouring Er®t
ion is left in the *I1/5 level [70]. Since the 980nm absorption cross section of Yb3*
is much larger than that of Er®" and the energy transfer is highly efficient codop-
ing with YB3t effectively increases the population density of the 41, /2 level. The

1300mpare c.g. with [56], with W12 = W21,A2 = 1/7‘2.
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lifetime of the *Iy1 /2 level is &= 10ps [67]. Its dominant transition is a non-radiative
decay to the upper lasing level *J15/,. Because of the fast transition *I1y, —* I13),
energy backtransfer from Er** to Yb®" can be neglected [63].

The corresponding rate and conservation equations are [62]:

% = Ry3(N, — N3) — N3As + Cyy Ny N, (3.4-a)
% = WiaN1— Wy N2 — NyAy + N3As, (3.4-b)
%{9 = RusNs — ResNs — NeAs — Cy N1 N, (3.4-c)
Ng, = N;+ Ny+ N, (3.4-d)
Nyy = Ns+Ng, (3.4-¢)

where Ny, Ng, N3, N3, Ng denote the *I15/2, L1372, *I11/2, 2F7/2, 2F5/3 energy levels
of Er’" and Yb®*. The spontaneous emission rates of *I13/5, *I11/9 and 2Fyy are
denoted as Ay = 1/79, A3 = 1/73 and Ag = 1/76, respectively. The emission and
absorption cross-sections of the Er®* pump transition is assumed to be equal, i.e.
Ri3 = Rs; [61]. The term Cy Ny Ng describes the energy transfer from 2F5,/2 Yhit
to *I112 Er®". The energy transfer effectively leads to a lifetime reduction of the
2Fy/2 YD*T level.

The analytical solution of the system of linear equations 3.4-a—e is

[T
g VI Afh (3.5-a)

Moo= oyt T R
N; = (cNg, —dNy)/a, (3.5-b)
Ny = Ng— Ny — Ny, (3.5-¢)
Ne = (RssNyy+ RisNi — bN3)/e, (3.5-d)
Ny = Ny, — Ne, (3.5-¢)

with

a = Wy + Az + As,
b = Riz+ As,

c = Wu + A,

d = Wi+ Wy + A,
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e = Rss+ Res + As,

[ = Cyul(aRy3 + bd),

g = Ciy(aRseNyp — bcNgr) + eaRy3 + ebd,
h = —ebcNg;.

Upconversion

Upconversion describes the energy transfer between two or more excited ions, where
one ion finishes in an energy level higher than the highest initial excited state. The
well known upconversion process from the I3/ level [71] is shown in Figure 3.3:
two Er®T ions are excited to the 73 /2 level. One ion, the donor, transfers its energy
to the other, the acceptor. Upon this energy transfer the donor relaxes to the ground
state whereas the acceptor is upconverted into the *Jg /2 level. The upconverted ion
undergoes a fast non-radiative transition back to the 414 /2 level from where it decays
further to the *I33/5 level. A small fraction (~ 10~*) of upconverted ions undergoes
a spontaneous radiative transition from #I;; /2 to the ground state, emitting photons
at 980nm [71]. However, this process will be neglected in this thesis. The negative
effect of upconversion is the loss of one ion in the *Ij3/2 (NV3) level, reducing the
population inversion and therefore the available gain on the 1550 nm laser transition
(cf. (3.16)). Furthermore, for each upconversion transition a pump photon has been
wasted.

Two upconversion processes have to be distinguished, namely homogeneous up-
conversion and pair-induced quenching [71]. The difference lies in the lifetime of
a pair of excited Er*" ions in the *Ij3; level. Pair induced quenching takes place
between two or more (clusters, [72]) Er®" ions on a timescale of us. Therefore, the
doubly excited state of a pair is virtually non-populated. The dynamic in a cluster
of many Er®" ions can be regarded as a series of pair induced quenching processes,
relaxing all but one ion to the ground state [72]. The formation of pairs, and more
so clusters, of Er*T ions has to be avoided to prevent the reduction of the available
gain. In the fibre used here for the DFB fibre lasers, clustering could be avoided by
codoping with Yb%" and AI°* [73].
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Even if the detrimental formation of ion pairs and clusters can be prevented in
the fibre, homogeneous upconversion as a result of dipole-dipole interéctions between
Er®" ions separated by a mean distance r is present in highly doped fibre. Based
on dipole-dipole interactions the upconversion probability is proportional to 7=¢
[69]. In this case of paired Er’* ions separated by a relatively large distance the
upconversion process takes a finite time, which is in the range of several hundred
us to ms [71]. Because of the distance dependence only a fraction of the total
number of Er®T ions experiences homogeneous upconversion. A straightforward
way of incorporating homogeneous upconversion into this DFB fibre laser model
is to divide the Er®t population into two groups of which only one experiences
homogeneous upconversion. In this group homogeneous upconversion is described

by the following additional terms in the rate equations:

% = —20,NZ, (3.6-a)
d.V.
'“(’i“’t'g‘ CupN22: (36'b)

where the population density of the I /2 level has been neglected because of its fast
spontaneous decay to the 4I11/2 level. The analytical solution of these expanded
rate equations contains an impractical number of terms as a result of the modified

expression of dN;3/d¢. Because the 41y, /2 —4 I3 /2 transition is fast one can neglect

1 G Liiedd

the additional number of upconverted ions in the “I;;/» and regard them to re-
populate the 4I5 /2 level directly. Then the above additional terms reduce to just

dNV,

w - ~CupN3, (3.7)

where C,,N; = 1/7,, can be regarded as the upconversion lifetime of the 4]13/2
level. The reduced lifetime of the %15 /2 level due to homogeneous upconversion can

therefore be written as
A2+CupN2:1/TQ+1/Tup:1/T£=AIZ. (38)

The shorter lifetime 7 of Er’t ion pairs leads to an increase of /Ny which in turn
affects the Yb®*' population densities. If one assumes that every paired Er®* ion

is surrounded by the same number of Yb®" ions as a single Er’* ion then one can
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easily split the Yb®" population into two groups, one interacting with single Er**
ions and the other with paired ones.
In the case of pumping at 1480nm the analytical solution of the modified rate

equations becomes

\/(W12 + WZI + R + AI2)2 + 4Cup(W12 + R)NEr,pair

NZ,pair - QCup - (39)
Wia +Wa + R+ A

; 3.10

2Cup (3.10)

Nl,pa,ir = NEr,pair - NZ,pair (311)

ion densities of the *I15/5 and *I15/5 leve

In the case of pumping at 980 nm no analytical solution exists. However, by using
(3.8) upconversion can be incorporated into the model by using an iterative process
to calculate the population densities of paired Er®" ions and their associated Yb**
ions. First the solution (3.5-a—e) of the rate equations is found without upconversion.
Then A, is adjusted to A} according to (3.8) and subsequently used in (3.5-a—e)
again. This process is repeated until changes of A} from one iteration to the next
are negligible. With this approach the model, which was written in C and running
on a Pentium II, 266 MHz processor, could calculate the field distribution inside a
DFB fibre laser and its output power in fractions of a second. In the same computing
environment solving the rate equations by using a 4*"-order Runge-Kutta algorithm
[74] with variable step size required several minutes and gave a similar result. Taking
into account that laser parameters, such as cross-sections and ion concentrations,

are subject to uncertainties, the accuracy potentially gained with a Runge-Kutta

algorithm is negligible.

Pump excited state absorption

Excited state absorption (ESA) describes the absorption of photons by an already
excited ion [56]. The pump ESA transition *Iy1/ — *Fr/ at 980 nm is shown in the

4Note the difference between the number of ion pairs and the number of paired ions: each ion

pair consists of two paired ions.
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energy level diagram (Figure 3.3). From the *F7/, level the ions undergo a fast non-

the population density of the latter two levels follows a Boltzmann distribution [75].
The two levels can therefore be represented by a single level (*Hyi/2/*S3/2 = Ny) .
and the *Fy/, level will be omitted throughout because of its negligible population
density. The radiative decay from the 2Hi;/2/%Ss/2 level to the ground state gives
rise to intense green fluorescence in the wavelength range of 525-560nm with two
distinctive peaks around 530 nm and 550 nm [76]. Besides pump ESA excitation of

Er®" ions to the *Fy ; level occurs when the energy of a second Yb®" ion is transfered

to an 411/, Er*" ion (see Figure 3.3).
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Although pump ESA at 1480 nm from th
highly doped fibres, such as the one used here [71]. Signal ESA from the *I;3/5 level
is also neglected in this model because of the relatively large stimulated emission

cross-section of the 4J 13/2 4 I3/ transition compared with the ESA cross-section

166].

pumping are

d V.
—d-%-g- = —CESANgNGPRMNg, (3.12—&)
dNy
? = CESAN3N6+R34N3—A4N4, (312-b)
dN,
—dt6 = —Cgsa V3N, (3.12-¢)

where Rs, is the pump ESA transition rate and Ay is the spontaneous emission rate of
the 2Hy1 /9 /%932 level. The energy transfer coefficient of the 2Fyjs YD % By B
transition is given by Crsa. The stimulated emission Ry43 can be neglected because of
the short lifetime of the *F /2 level and the mismatch between the energy separation
2Hy1/2/*S3/2 —* L11/2 and the energy of the pump photouns.

Under the assumption that Rss ~ Ry and Cgsa ~ Ci R34 is small compared
to Crga and can therefore be neglected. In this case analytical solutions of the rate

equations including the 2Fyjo Yb*t —* Fy/o Er’* transition can be found by solving
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the rate equations separately for Yb** and Er**:

Ny = [WiaNg/(A24;) — gd/(b—0)]//, (3.13-a)
N, = —d/(b—c), (3.13-b)
Ny = CgsaN3Ng/Ay, (3.13-c)
Ny = N — Ny — Ny — N, (3.13-q)
Ne = RssNyp/(ads), (3.13-¢)
Ny = Nyp— Ng, (3.13-)
with
)/A

T T
= 1+C,N + \JESAJ\JS//.‘A';ﬁ -+ (R;:,e + Regs

£
I

b = (Rus+ CyuNe)[1/As — Wis(1 + CrsaNe/As)/(AzA3)]/ As,
¢ = —Wia/(AsAs) + (1 + War/Az) /A3 x

[As + R3y + CrsaNg + (Ri3 + Cyr Ng) (1 + CrsaNe/As)),
d = —Ng(1+Wa/As)(Rys + CiNg) /A3,
f = (Wi + Wa)/(A243) + 1/As,
g = 1/A; — Wy (1 + CrsalNe/As)/(A2As).

It is evident from equations (3.13-a—f) that in order to calculate the population
densities of the Er®* ion the population densities of Yb*' ions has to be known, and
vice versa. This apparent problem can be solved by using an iterative process. This
process starts with estimated population densities of the Er’t ions, e.g. Ny = Ng,,
Ny, = N3 = Ny =0, and then calculates the population densities N5 and Ng of the
Yb** ions. These values can then be used in turn to calculate the new Er*" ion
population densities. The process continues until all population densities [Ny — Vg
converge to their final value. The principle of calculating the population densities of
one energy level based on the knowledge of all other levels is similar to the Runge-
Kutta algorithm. However, like in the case of homogeneous upconversion (see p.
30), using the analytical solutions (3.13-a—f) of the rate equations is approximately
three orders of magnitude faster than employing a 4*-order Runge-Kutta algorithm

while giving similar results.
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3.3.2 Spectroscopy of the Er’" :Yb*t fibre

In order to model the DFB fibre laser a good knowledge of the Er’t and Yb*"
concentrations and the relevant transition cross-sections is needed. The easiest pa-
rameters to be measured experimentally are the ground state absorption (GSA) at
the pump and lasing wavelengths and the gain at the lasing wavelength. The small

signal GSA coefficient is simply given by [67]
agsa = ['oa V1, (3.15)

where I is the confinement factor (see p. 20) and o, is the absorption cross-section
at the particular wavelength, i.e. o, = 012 at the lasing wavelength and o, = 013
or g, at the pump wavelength, i.e. 980nm and 1480 nm, respectively. Similarly the

gain coefficient at the lasing wavelength is expressed by [56]
v = T(o01Ny — 012M1). (3.16)

The broadening of the RE transitions in glass are taken into account by allowing
the cross-sections to be wavelength dependent, i.e. o13(A), 091(A) and o13(A).

In principle, the dopant concentration Ngg = N; + IV, is known from the fabrica-
tion process, while transition cross-sections, deduced from absorption measurements
in fibres with known dopant concentrations, are reported in the literature. Although
NrE, 035, @ and 7y are subject to measurement errors a good approximation can be
found by combining the results from several experiments. Therefore, reported oy,
the nominal Ngg and measured o and < have been combined to determine a set of
reasonable numerical values to be used in the DFB fibre laser model.

Figure 3.4 shows the absorption and gain coeffcient spectra of the Er®*: Yb** fi-
bre prior to UV-exposure. The wavelength span covers the typical lasing wavelength
range of Er*t lasers. Taking splice losses into account the launched power for the ab-
sorption and gain measurements was 9.5 uW and 79 uW, respectively, so bleaching of
the GSA and gain saturation could be avoided [56]. The measured absorption coef-
ficients at 1534 nm and 1550 nm were as3s = 7.8m~ 1= —10log(e™®) = 33.8dB m™?

and aisso = 2.2m1=9.6dBm™". Variations of the dopant concentration could ex-
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Figure 3.4. Measured absorption and gain coefficients of the Er’* : Yb3*t fibre as a
function of wavelength over the typical lasing wavelength range of Er®* lasers. These

measurements were corrected for splice losses.

plain why a higher value of o550 = 2.7m™! has been reported for another section

of the same fibre [77].

Combining the results from the absorption measurements at 1550 nm (Figure
3.4 and [77]) and at 1480nm ([77]) with the reported absorption cross-sections at

the two wavelengths ([67, 78]) the most reasonable combination of parameters was

ound to be 01534 = 0.89 x 102 m?, #1550 = 0.28 x 1024 m?, 51480 = 0.22x 10~ m?,

and [Er®"] = 1.2 x 10®ionsm™3.

The measured gain coefficients at 1534 nm and 1550 nm were 7534 = 7.6 m™'=
33.1dBm™! and 550 = 3.6 m~1215.6dBm™", respectively. Calculating the emis-
sion cross-sections from the measured gain coefficients and the above [Er**] gives

0333 = 0.87 x 1072*m? and 01" = 0.42 x 107?* m? which is in agreement with the

reported values in [67, 78].

Table 3.2-a lists these calculated cross-sections together with other relevant cross-
sections and lifetimes of Er®" presented in [67].

The absorption of the Er®* : Yb3" fibre as a function of pump power at three

different wavelength around 975nm is shown in Figure 3.5. The measurement was
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Table 3.2. Absorption and emission cross-sections of Er®* and Yb3' at the relevant

pump and lasing wavelengths and the lifetimes 7, and 73 of the *I;3,

o and “I7y /5 leve
Er** and 76 of the 2Fy/9 Yb" level. Er®* values are derived from absorption and gain
coeficient measurements presented in Figure 3.4 and in [67, 77]. The Er®t concentration
was estimated by combining the results from different absorption and gain measurements.
A concentration of [Er’*] = 1.2 x 10% ionsm™> was found. Yb3" values were fitted to

experimental data in Figure 3.5 assuming an Yb3' concentration of 20[Er’T] = 24 x

10%% jonsm™3 .
Erdt Yt
A 012 021 013 A O56 O¢5
/ nm /10724 m? /nm /10724 m?
980 0.20 970 0.53 1.5
1480 0.22 975 1.65 2.5
1534 0.89 0.87 980 0.58 2.2

1550 0.28 0.42

T = 10ms 6 = 0.8 ms

T3 = 10 s

Cup = 2.5 x 107 m?*s~? Cyr =5 x 107 m3s™!
a b

carried out by G. G. Vienne'®. The curves to the experimental data were fitted
by solving the equations (3.5-a—e). iteratively taking homogenous upconversion into
account. The upconversion parameter Cy, = 2.5 X 107> m3™' and the fraction of
paired ions of 47 % were taken from experimental and simulated data of a DFB fibre
laser pumped at 1480 nm which is presented in Section 3.6.1. The pump absorption
and emission cross-sections of Er®™ and the lifetime of the *Ij1 /5 level were set to
o0 = %0 — 02 x 107 m?® and A3 = 10us [67]. An Yb*" concentration of
20[Er®t] = 24 x 102 m~® was assumed. The Yb®" parameters 75, 036, 0gs and Ci;

were varied within the range reported in the literature [62, 79] to obtain a best fit

15Then with the Optoelectronics Research Centre, University of Southampton.
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Figure 3.5. Pump absorption of a 20.5mm long section of the Er®* : Yb3" fibre as
a function of pump power for three different pump wavelength. The absorption was
measured by G.G. Vienne (see footnote on previous page) and the curves were fitted using

the numerical model explained in the main text. The fit parameters are listed in Table

3.2-b.

to the experimental data, leaving all previously determined parameters, i.e. [Ng,],
I' etc., constant.

Although ESA was present, manifesting itself through clearly visible green flu-
orescence of the fibre, it was not taken into account here because the exact ESA
cross-sections and energy transfer rates of the fibre were unknown. An obvious as-
sumption would be Cgga = Ci. However, the DFB fibre laser simulation showed
that the output power would then be in strong disagreement with the measured
output power. Determining the ESA cross-sections would require extensive spec-
troscopic studies at fibres with different Er** and Yb*' concentrations, which lies
outside the scope of this work. Once the relevant ESA parameters are known, they
can be introduced into the model through equations (3.12-a—c).

The parameters osg, 0gs, 76 and Ci; obtained from the fit are listed in Table 3.2-b.
All parameters are in good agreement with the values reported in the literature
[62, 79]. The absorption and emission cross-sections of Yb*" peak at 975nm and

drop significantly within 5nm either side of this centre wavelength [80]. The effect
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can be seen in Figure 3.5 where for low pump powers the absorption at 975 nm is

cross-sections for Yb®* doped [80].

3.4 Optical feedback in DFB fibre lasers

After having looked at the gain medium in detail, the following Section will focus on
the optical feedback inside a DFB fibre laser. As briefly mentioned at the beginning
of this Chapter, the feedback in DFB fibre lasers is provided\by a FBG [53] which is a
periodic perturbation of the refractive index of the fibre [41]. This index modulation
induced by exposing a section of photosensitive fibre to an intense interference
pattern of UV radiation. A detailed presentation of FBGs is given in [18, 19, 20,
41]. Coupled mode theory is the essential tool to describe the energy coupling
between the two counter propagating waves in a FBG. In the following this theory

is briefly outlined and the relevant results for developing a DFB fibre laser model

are presented.

3.4.1 Summary of fibre Bragg grating properties
The refractive index modulation is given by [41]
[ 27 Y

Sneg(2) = Oneg(2) [1 + v cos kA(z)z + (I)(Z)}J . (3.17)

Here 0neg(z) is the spatially averaged UV induced index change, v is the fringe

visibility of the index modulation, ® accounts for phase shifts of the index modu-
lation, and A is the grating period. Possible grating chirp is accounted for by the
z-dependence of A. For all FBGs used in this thesis v = 1, which therefore will be
omitted in the following. The grating period A, the grating length L and the grating
coupling coefficient x are the most important grating parameters. The latter is a

measure for the feedback provided by the grating and is given by [41]

k=K"= ;\r‘g—ﬁeﬁ- (3.18)



3 Characterisation and modelling of DFB fibre lasers 38

The electric field inside a FBG is given by the sum of the two counter propagating

E(z) = R(2) exp(—ifoz) + S(z) exp(ifoz), (3.19)

with the propagation constant f; = 7/A and complex amplitudes R(z) and S(z) .
of the forward and backward propagating wave, respectively. The following pair of
coupled differential equations, the coupled mode equations, describes the coupling

between the two modes and the spatial evolution of their complex amplitudes [53]:

%? = (y—1§)R — xS, (3.20-a)
%—f— = —(y—10)S +is*R, (3.20-b)

where « accounts for possible gain, e.g. in DF'B fibre lasers, and § = f — n/A is the
detuning from the “design wavelength” of an infinitesimally weak grating.
In order to solve the coupled mode equations (3.20-a,b) appropriate boundary

conditions have to be applied. The boundary conditions for a passive FBG can be

written as [41]
R(0) =1 and S(L) =0, (3.21)

i.e. a forward propagating wave with an arbitrary amplitude enters the grating at
z=0, while the backward propagating wave vanishes at the other end (Z=L).16 The

complex reflectance of the FBG is then
p =5(0)/R(0), (3.22)

which can be translated into the power reflection coefficient r = |p|* and the time
delay of the reflected light 7 = —A?/(2w¢) d6,/d ), where 6, denotes the phase of p.

The maximum reflectivity and minimum transmissivity of the FBG are [41]
Ruax = 1 — Tyin = tanh®(kL), (3.23)

which occur at a wavelength [41]

Amax = 2t (1 + 5”‘“‘*") A. (3.24)
Theff

16For computational purposes it is advantageous to set R(L) = 1 and S(L) = 0 and integrate

backwards through the grating.
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For infinitesimally weak gratings, dnes — 0, the last equation becomes the more
widely stated equation for the Bragg condition (2.6). Since FBGs have a finite leng
the reflection is broadened over a finite spectral bandwidth. For strong FBGs, like
the ones used for DFB fibre laser, this bandwidth 6\ can be approximated by [41] |

L SN (3.25)
Tleff

In a DFB fibre laser no waves at the lasing wavelength enter the FBG and the

boundary conditions therefore become [53]
R(0) =0 and S(L) =0. (3.26)

The forward and backward output powers of the DFB fibre laser become |R(L)[?
and |S(0)[?, respectively. A detailed discussion of the solutions of the coupled mode
equations of a DFB laser was first presented by Kogelnik and Shank [53] in 1972. The
analytical solutions presented in [53] neglect gain saturation and pump absorption
and are therefore limited to near threshold conditions. Gain saturation and pump
absorption have been taken into account by Lauridsen ef al. [57] making it possible
to model DFB lasers above threshold. However, the Er’" gain medium was modelled

as a 2-level system only.

3.4.2 Transfer matrix approach

The fastest and most versatile technique to solve the coupled mode equations for
any FBG, with or without gain, is the transfer matrix approach [41]. The grating is
divided into a sufficient number M of uniform sections of length Az. Let K; and S;
be the field amplitudes after section 7. Then for each uniform section there exists a
2 X 2 matrix F'; such that

) ~Fas) o2
For a FBG without gain the entries of F; are [41]

~

fi1 = foy = cosh(ypAz) — i:y?— sinh(ypAz), (3.28-a)
B

fie=fa = —i;— sinh(ypAz), (3.28-b)
B



3 Characterisation and modelling of DFB fibre lasers 40

where 75 = VK2 — 52 and 6 = § + 0. Here 0 = 27oneg/A accounts for the shift
of the Bragg wavelength A = 2nggA — A = 2(neg + oneg)A caused by the averaged
background refractive index change 0neg.

When a net gain 7 is introduced, e.g. in a DFB fibre laser, the entries of F'; can

be written as [81]

Fu=fL = 1_—1ﬂ[exp(iqu) _ 1% exp(—igA2)] (3.29-)

fe==f21 = — _T _zlexp(igAz) — exp(~igAz)], (3.29-b)

where ¢ = iz\/(v +146)2+ k% and r = (¢ +i(y +49))/k. The sign in the definition

of ¢ is chosen such that |r(g)| < 1.

Niarratae vhacoachifta D AF +he rafractive indev modnlation arae dearrihed ha o
170000 PLIAdoUSHIIILDS W UL LT reiracCiive 1IGex mioduiaviOil are aescrioeda vy a
phaseshift matrix F'g with the entries [41]
—— * " y
fo1 = fc1>,22~ = exp(—i®/2), (3.3-a)
Joi2=foa1 = 0. (3.3-b)

The amplitudes of the two counterpropagating waves at the two grating ends are

then given by

s

Figure 3.6 shows the calculated and measured reflection and time delay spectra
of a 50 mm long unpumped DFB fibre laser with x = 231m~'=6ng = 1.15 x 107*
and a ® = 7 phaseshift at its centre. This type of laser will be used as a strain and
temperature sensor in Chapter 5. The modelled grating was divided into 50 sections,
with a ® = 7 phaseshift between sections 25 and 26. Note, that this uniform
grating could have been divided into just two sections, one before and one after the
phaseshift. However, in order to model the active DFB fibre laser (see next Section)
more sections are required because the amplitudes of the counterpropagating waves
and the gain change rapidly along the grating. The introduction of a 7 phaseshift
at the centre of the grating opens a narrow transmission peak at the centre of the
grating stop band — here shown as a reflectivity dip in the calculated spectrum.
Small imperfections of the actual grating, e.g. ® 7 and chirp, and noise in the

measurement system cause the deviations from the calculated spectra.
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Figure 3.6. Calculated and measured reflection and time delay spectra of a 50 mm long
DFB fibre laser with k = 231m '~ =dn.s = 1.15 x 107 and ® = 7 phaseshift in the
centre. The laser would operate at the narrow reflection dip at the centre of the grating
stop band. This feature is not resolved in the measured spectrum. Deviations from the
calculated spectra are caused by small imperfections of the actual grating and noise in the

measurement system.
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3.5 The DFB fibre laser model

The flowchart of the DFB fibre laser model based on the algorithm described in
[81] is shown in Figure 3.7. The DFB fibre laser was divided into M = 50 — 100
sections. The coupled mode equations were solved by a shooting algorithm [74].
This algorithm starts with the initial conditions at the left hand side of the DFB
fibre laser, i.e. the known launched pump power F,(0), R(0) = 0, i.e. no forward
propagating wave entering the laser, an estimated backward laser amplitude S(0)
and an estimated lasing wavelength A. The algorithm then steps through the DFB
fibre laser section by section. In each section the appropriate rate equations (see

Section 3.3.1) could be solved by a 4" order Runge-Kutta algorithm [74], however

FBG parameters: «;, A;, L, Az= L/M
set R(0) = 0, Poump(0), estimate S(0), A,

1=1...M

solve laser rate equations iteratively

or with 4*" order Runge-Kutta algorithm
= Ny, Ny, ...

v; = [(0eNg — 0,Ny), a,(0j,Ni)
F'(’{ivAi77i)

(Bt = F (R‘\ P, i1 =expla,Az)P,;
\oit1/ \S; /7 T BT AP JE Dt

S(L)=Suy1 <e<<17?

No Yes
modify S(0) and A,, R(0) =0
PiE = IS(0)

P = |R(L)]? = [R(M + 1)|?
Pors(z) = Pors, = |Ril? + |S4]?
Ni(z) = Ny, Nao(z) = Ny, ...

Figure 3.7. Flowchart of the DFB fibre laser model. The coupled mode equations
are solved by a shooting algorithm, using transfer matrices. At each section the laser rate
equations can be solved by a 4**-order Runge-Kutta algorithm or the much faster iterative

algorithm presented in the main text.
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U)

the faster iterative approach using the analytical solutions presented in Section 3.3.1
was employed here. This yields the steady state population densities of the energy
levels involved in the laser action. Gain and loss at the laser and pump wavelengths
inside one section are then calculated from these population densities using (3.15)

and (3.16). The relevant data is then inserted into the transfer matrix F'; (3.29-a,b) |
which is used to calculate R and S of the next section. The absorption of the pump is
taken into account by means of (3.15). After reaching the last section the boundary
condition S(M) = 0, i.e. no backward propagating wave at the forward end of the
laser, is tested. If S(M) > ¢, where € << 1, then S(0) and A are adjusted to minimise
the deviation from the boundary condition [74] in the next propagation through the

n ]
r. The ted until | {n{)<

.":T‘

were obtained with ¢ = 107%. The forward and backward laser output powers
are |R(M)|*> and |S(0)|?, respectively. Gain saturation and pump absorption are
automatically taken into account by calculating the population densities in each
section. Also, green fluorescence power and heat generated by non-radiative decays
are easily obtained for each section by calculating the relevant transition rates, e.g.
Ny /74 is proportional to the green fluorescence power and N3/73 is proportional to

heat generated under 980 nm pumping.

3.6 Experimental and modelled results

3.6.1 Pumping at 1480 nm

The measured backward output power of a L = 50 mm long DFB fibre laser, with
% =231m™! and a 7 phase shift positioned at the centre, as a function of launched
pump power is shown as filled circles in Figure 3.8. The laser was pumped with
a 1480 nm semiconductor pump diode'”. The output power of the DFB fibre laser
was measured after the WDM and isolator. The total loss at the lasing wavelength,
including splice losses, was 1.8dB. A 0.2dB splice loss between the single mode

telecommunication fibre and the Er®* : Yb3" fibre was assumed when calculating

¥Manufactured by Anritsu.
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Figure 3.8. DFB fibre laser output power after WDM and isolator (1.8 dB combined loss
at 1550 nm) as a function of launched pump power at 1480 nm, i.e. taking 0.2 dB splice loss

at 1480 nm into account. Curves show calculated output power for different homogeneous

upconversion parameters.

the launched pump power. The threshold power was ~ 15mW launched pump
power. After reaching the lasing threshold the laser output power first increased
slowly before reaching a steeper slope with a slope effciency of 0.7% above 35 mW of
launched pump power. This behaviour can be explained by homogeneous upconver-
sion. A good fit which was in excellent agreement with the experimental data was
found by modelling the DFB fibre laser with the parameters obtained from the gain
and absorption measurements of Section 3.3.2 and Table 3.2 and assuming a fraction
of 47% of paired Er** ions and Cyp = 2.5 x 10~?' m3s~!. This particular choice of
upconversion parameters will be further justified shortly. The fit is shown as a solid
line in Figure 3.8. As described in Section 3.5 the internal intensity distributions at
the pump and lasing wavelengths, the population densities of single and paired ions
and the corresponding gain and loss are automatically calculated by the model.
The simulated internal lasing and pump powers of the DFB fibre laser are shown

in Figure 3.9 for 25 mW and 100 mW launched pump power i.e. just above threshold



3 Characterisation and modelling of DFB fibre lasers 45

50 T

____________________ 1 100
40 |
> -1 80
z 1 =2
2 RS
_‘-,,‘; ~
T30t R
QL ] 0 a
: -
(3}
: 2
820t 440 &
w© . g
s a
E b T 20
- Ppump
»
0 asing , . 0
0 10 40 20

Figure 3.9. Total power distribution of the forward and backward propagating laser
modes inside the DFB fibre laser. The laser power is concentrated around the position of
the phase shift at the centre of the laser. At 1480 nm the pump power decreases by only

5% along the laser which allows serial multiplexing of several DFB fibre laser in sensor

networks.

and at a typical operating level.’® Because of the small absorption coefficient o, at
1480 nm only 5% of the launched pump power are absorped inside the laser. The
majority of the pump power is emitted from the forward end of the laser and can be
used to pump further DFB fibre lasers in a serial multiplexed sensor network [34].
The total laser power |R(2)% + S(2)?| peaks at the position of the phaseshift (see
Figure 3.9). The population densities, which are shown in the top graphs of Figures
3.10 and 3.11, on the other hand follow a significantly broader distribution, but are
also centred at the position of the phaseshift. The gain and loss associated with the
single ions and the ion pairs, respectively, are shown in the bottom graphs of those
two figures. Although around the phaseshift N; gingle > Nogingle the gain @s positive
because 091 > 012. When pumped at 25 mW the population of paired ions is not

inverted which therefore introduces a loss in the cavity. However, at 100 mW pump

18With modern 1480nm pump diodes a power of 100mW can easily be launched into the DFB

fibre laser.
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Figure 3.10. Top: Normalised population densities of the ground level 4I;5 /2 (V1) and
upper laser level *I;5 /2 (V) along the DFB fibre laser at low pump power. Single and

paired Er®* ions are shown separately. Bottom: Gain is provided by single ions, whereas

homogeneous upconversion of ion pairs causes loss.
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upper laser level 44 /2 (N3) along the DFB fibre laser at high 1480 nm pump power. Single

and paired Er®" ions are shown separately. Bottom: Gain is provided by single ions and

ion pairs. Gain of the latter is shown as negative loss.
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power this population is inverted, contributing a small gain — shown as o < 0 in
Figure 3.11.

The bottom graphs of 3.10 and 3.11 show the significant gain saturation around
the position of the phaseshift and the gain clamping at the threshold value where
the gain approaches zero [56]. Gain saturation explains the different shapes of the'
gain and laser intensity distributions. The small gain variations near the phaseshift
exactly amount for the significant change in laser intensity at the same position.

In order to justify the chosen upconversion parameters the effect of their actual
values on the laser output power has been simulated. Figure 3.8 also shows simulated
output powers when the fraction of paired ions and the upconversion coefficient Cyp
were varied by +10%. Upon this variation the deviation from the measured data
becomes significant. Figure 3.12 shows the local gain ¥(z) provided by the inverted
population of single ions and local loss a(z) provided by the non-inverted population
of paired ions along the DFB fibre laser as the upconversion parameters are varied.

The larger the fraction of paired ions the more upconversion processes take place
per unit volume and time. Consequently the threshold power of the laser increases
because for each upconversion process one pump photon is lost and the gain de-
creases. Furthermore, since one ion per pair terminates in the *I;5 /2 level the pop-
ulation inversion is reduced, leading to increased losses from paired ions which also
increases the threshold power. While keeping the number of ion pairs constant,
the initial slope efficiency of the laser output power decreases as the upconversion
coefficient C,, increases. The lasing threshold increases by a negligible amount. As
can be seen in the bottom two graphs of Figure 3.12 the larger C, the more pump
power is initially needed to overcome the losses produced by ion pairs and the slope
efficiency decreases.

Finally, at high pump powers, for the experimental date above 35 mW, the ion
pairs play only a minor role with respect to the output power. The slope efficiency

is mainly a function of the grating strength xL and constant background losses.
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Figure 3.12. Gain -y and loss « provided by an inverted population of single ions and a
non-inverted population of paired ions, respectively, at low 1480 nm pump power along the
DFB fibre laser. The lower slope efficiency of the DFB fibre laser just above threshold is a

consequence of the losses caused by paired ions. See main text for a detailed explanation.



3 Characterisation and modelling of DFB fibre lasers 50

3.6.2 Pumping at 980 nm

A DFB fibre laser with L = 50mm and s ~ 230m™! was pumped with a laser
diode!?® operating at 980nm. Taking splice loss into account the maximum launch
pump power was approximately 110mW. The phaseshift inside the DFB fibre laser-
was positioned asymmetrically at 0.44L [82]. This is the typical specification for
telecommunication type DFB fibre lasers in order to increase the laser efficiency by
emitting the available laser output predominantly in one direction. The position
of the phase shift is of only minor importance to DFB fibre laser sensors where,
in general, output power is not a critical parameter. The DFB fibre laser was
placed on an aluminium heatsink to dissipate heat generated inside the laser by
non-radiative decays — the detrimental effects caused by internal heat generation
will be investigated separately in Chapter 4. Figure 3.13 shows the backward output
power of the DFB fibre laser as a function of launched pump power. The change of
pump wavelength from 1480 nm to 980 nm and the shift of the phaseshift towards the
backward output resulted in an increase of the output power of the DFB fibre laser
by a factor of 20 (cf. Figure 3.8). The lasing threshold, however, was independent
of these changes.

The simulated output power, using the parameters listed in Table 3.4, is shown

as a solid line in Figure 3.13. The simulation predicts a lower threshold and an

creases beyond 80 mW the predicted slope efficiency decreases. A similar behaviour
is observed experimentally. This decrease is caused by the finite energy transfer
rate between Yb®™ and Er®" [83] which leads to bleaching of the pump transition
2F7/2 —2 Fy 2 and a reduction of absorbed pump power relative to the launched
pump power (see also Figure 3.14). While homogeneous upconversion has been in-
cluded in the simulation, ESA and energy backtransfer from Er®* to Yb®' have
not been taken into account. However, incorporating the last two mechanisms into
the simulation showed no significant influence on the calculated slope efficiency and

lasing threshold. One possible explanation for the discrepancy between simulated

9Nortel LC-91D-20
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Figure 3.13. Experimental and simulated output power of a DFB fibre laser after the
WDM and isolator as a function of launched pump power at 980 nm. The specifications
of the DFB fibre laser are: L = 50mm, s ~ 230m™" and a phaseshift positioned asym-
metrically at 0.44L. The parameters used in the simulation are listed in Table 3.4. For a

discussion of the discrepancy between simulated and experimental data see main text.

and experimental data could be amplified spontaneous emission (ASE) which would
lower the available gain near threshold and has not been implemented in the current
model. Furthermore, it has been shown that a gain grating, generated by the static
interference pattern of the forward and backward propagating waves, would reduce
the laser output power [57]. However, data presented in that publication suggests
that this effect is too small to explain the observed discrepancy. In Section 4.4.2 it
will be shown that insufficient heat transfer from the fibre core to the environment
of the fibre can explain some of the difference between measured and simulated data.

Figure 3.14 shows the internal pump and lasing power distribution along the
DFB fibre laser. Because of the much larger pump absorption coefficient at 975 nm
most of the pump power is absorbed inside the DFB fibre laser. Only at high pump
powers the finite energy transfer rate Cy; N1 Ng and bleaching of the Yb3* 2/ /2 (INVg)
state result in the transmission of ~ 15 % of launched pump power. Clearly, this
would not allow serial multiplexing of DFB fibre laser. However, this residual pump

power emitted into the forward direction should be terminated to eliminate possible
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Figure 3.14. Total power distribution of the forward and backward propagating laser
modes inside the DFB fibre laser under 980 nm pumping. At 25 mW of launched pump
power 100 % of the pump power are absorbed along the laser. At 100 mW this fraction
decreases to 85 % making the laser less efficient and wasting available pump power. Com-
pared with pumping at 1480 nm (Figure 3.9) a fourfold increase of the peak internal laser

power is observed.

health risks. It can also be seen in Figure 3.14 that the pump absorption d Pyymp/d2
is larger around the phase shift position than at the ends of the laser because of
the high lasing power in this central region which requires a larger number of pump
photons to be absorbed and converted into photons at the lasing wavelength.

The decrease of absorbed pump power and slope efficiency show that a Er®*:
Yb*t DFB fibre laser becomes less efficient as the launched pump power at 980 nm
is increased. As in Figure 3.9 the peak of the internal laser power distribution is
situated at the phase shift position. As a result of the higher pump absorption the
gain, shown in Figures 3.15 and 3.16, and the internal peak power increase compared
with pumping at 1480 nm.

The relative population densities of the energy levels taken into account in this
model are shown Figures 3.15 and 3.16 for launched pump powers of 25 mW and
100 mW, respectively. The majority of Yb®" ions remain in the ground state

because the emission cross-section around 980 nm is significantly larger than the ab-



3 Characterisation and modelling of DFB fibre lasers 53

1.0 T
NEr,tot=1'2’10__2_5 ions m.a Eré+ Single ions
NYb't°t=24-10£b ions m™ Yb*" — N

» 0.8 | 53% single ions —- N,

5“ 47% paired ions N;

3 Cpp=25-10""m’" - = Ny

§ 06| P =25mwW — N

‘_; —_\\ - - T EmEmEmEEEEEEE=
& ~ -

5 0.4 f N -~ |

©
o

0.0
Paired ions
— N
0.8 F —= N,
] N
[ — ]V'5
0.6 r +—-+ N

©
n
1]

Relative population N,/ N,

<
o

Ysingle ions

Cpaired ions

£ 'E
~ 10 N 110 ~
- N :
so05F  NO jo5 3
S e s
goor \ 00 &
S r g
£ -0.5 F -4 -0.5 £
8 ; 3
£ ‘10 - ’ 7] "1.0 0
E kS

-1.5F 1-1.5

20 : : . . L : -2.0

0 10 20 30 40 50

z/ mm

Figure 3.15. Internal population densities of the energy levels taken into account in the
model near threshold (top two graphs). The population density distribution is asymmetric
with respected to the phase shift at z = 22mm because of the large pump absorption.
Contrary to the assumption made in many models N3 > 0. Gain and loss coefficients
resulting from the population of single and paired ions are shown in the bottom graph

where a negative loss coefficient corresponds to gain.
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Figure 3.16. Internal population densities of the energy levels taken into account in
the model at high pump power (top two graphs). The population density distribution is
almost symmetric with respected to the phase shift at 2 = 22 mm because of the bleaching
at high pump power. Contrary to the assumption made in many models N3 > 0. Gain
and loss coefficients resulting from the population of single and paired ions are shown in

the bottom graph where a negative loss coefficient corresponds to gain.
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sorption cross-section (see Table 3.2) and the efficient Yb** — Er®* energy transfer.
e pump absorption at 25 mW launched pump power leads to a decrease
of the 2Fy, level population along the DFB fibre laser and to asymmetric popu-
lation densities of the Er®" levels with respect to the position of the phase shift.
Despite this asymmetry it can be seen in Figure 3.14 that the laser intensity dis-
tribution inside the laser remains symmetric around and centred at the position of
the phase shift. At 100mW pump power the Yb*" population densities vary little
along the length of the laser. In the centre region the population of the 2F5/2 level

(Ng) decreases slightly as the energy transfer rate from Yb®" to Er®t increases with

increasing laser intensity.

The population of the *I; /2 level is often neglected in the literature because of
its short lifetime. Figures 3.15 and 3.16 show that this simplification does not hold
for strongly pumped Er®" : Yb** codoped DFB fibre lasers, where N3 &2 N, or even
N3 > Nj.

The simulated data shows that in contrast to pumping at 1480 nm, the paired
ions, which undergo homogeneous upconversion, provide gain even at the left (pump
input) side of the DFB fibre laser at 25mW launched pump power. While the
experimental slope efficiency still increases around this pump power the simulated
one is already constant because of the gain provided by the paired ions. Further
experiments with Er*": Yb*" doped fibres with different dopant concentrations could

be carried out to quantitatively characterise the population dynamics of paired Er**

ions and their neighbouring Yb*" ions.

3.7 Conclusion

In conclusion, this versatile numerical model, based on the transfer matrix approach,
could accurately reproduce the steady state behaviour of a real DFB fibre laser
pumped at 1480 nm. The laser parameters obtained from this simulation, e.g. cross-
sections and doping concentration, of were in good agreement with the values re-
ported in the literature and with the Er®>™: Yb3* fibre specifications. The set of pump

wavelength independent laser parameters was subsequently used together with the
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980nm pump cross-sections and Yb*" — Er®* energy transfer rate to simulate the
output power of a DFB fibre laser pumped at this shorter wavelength. In this case
the predicted output power and slope efficiency were higher than the experimental
ones. However, the simulated results agreed qualitatively with the experimental
data. Possible explanations of this discrepancy have been discussed, of which the
omission of ASE in the model is the most likely.

In contrast to other DFB fibre laser models described in the scientific literature,
this new model calculates the population densities of all the relevant energy levels
of the rare earth ions. It was found that, in order to model an Er®**: Yb*t DFB fibre

laser correctly, more than just the ground and upper laser level have to be taken into

rates from Yb®" to Er®" have been investigated. Homogeneous upconversion was
identified as being the reason for the lower slope efficiency near threshold. The
role of homogeneous upconversion will be further studied in Chapter 4 and Section
7.3 with regard to self-heating of DFB fibre lasers and lasing stability, respectively.
Additional characterisation of different Er®" : Yb%" doped fibres would be necessary
to obtain further important information about processes like ASE, ESA, green fluor-
escence and energy transfer between ions. However, this lies outside the scope of
this work.

A new iterative method was employed to solve the laser rate equations consider-
ably faster than the commonly used 4**-order Runge-Kutta algorithm while yielding
the same accuracy. This offers the possibility of almost instantly exploring the influ-
ence of various gain medium and fibre parameters on, e.g., the laser threshold and
slope efficiency in order to optimise the design of real DFB fibre lasers.

The fast algorithm for calculating the population densities of the relevant energy
levels allows this DFB fibre laser model to be easily extended to incorporate, for the
first time, self-heating caused by non-radiative decays. This important extension of

the model and the respective experimental foundations will be discussed in the next

Chapter.



4 Internal heating of DFB fibre

lasers caused by non-radiative

decays

4.1 Evidence of self-heating

Self-heating of Er®": Yb*" DBR [84, 85] and DFB [60] fibre lasers pumped at 980 nm
has been reported previously. The sources of this self-heating are non-radiative tran-
sitions of Er®*. The most prominent non-radiative transition is the I;; /5 — I35 /2
which occurs under 980 nm pumping. When the lasers are pumped at 1480 nm the
non-radiative transition within the 475 /2 manifold becomes important (see p. 24). In
addition the *Iy/» — *I13/5 non-radiative transition which is part of the upconversion
process described on p. 28 generates heat. One has to distinguish between uniform
and non-uniform self-heating which have different effects on DBR and DFB fibre
lasers. As a result of uniform self-heating along the laser its wavelength increases
according to (2.11). In addition to the wavelength increase non-uniform self-heating
can reduce the laser output power of DBR fibre lasers [84] due to a mismatch of
the centre wavelengths of its FBGs. The reduction of laser output power of a DFB
fibre laser reported in [60] is most probably caused by the same effect which chirps
the DFB grating and reduces feedback. Furthermore, variations of the thermal en-
vironment along the laser, e.g. forced air convection, result in local temperature

fluctuations and subsequently laser instability [85].
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The detrimental effects of self-heating of Er®t: Yb3" DFB fibre lasers were also
observed during different experiments described later in this thesis. First, under
1480 nm pumping the laser wavelength shift due to self-heating was found to be
a linear function of launched pump power, see Figure 5.7 which could potentially
lead to measurement errors of strain and temperature sensors. When pumped at
980nm the output power of the DFB fibre lasers depended strongly on the heat
transfer from the lasers to their environment. Low heat transfer lead to a reduction
of output power, and the lasers ultimately stopped operating. Good heat transfer
could be achieved by forced air convection or by placing the DFB fibre lasers on good
thermal conductors, e.g. metal plates. The first method easily induces vibrations
of the laser and temperature fluctuations at the fibre surface.
wavelength variations. Placing the DFB fibre lasers on metal plates increased the
heat transfer only along the small surface area which was in contact with or in close
proximity of the plates. By covering the lasers in oil the overall heat transfer could
be increased further and a better lasing stability could be achieved.

This study, which combines experimental and modelled results, is of great impor-
tance in choosing the right materials and designing suitable structures for effective
packaging of DFB fibre lasers. The DFB fibre laser model which has been developed
in the previous Chapter provides an excellent base for theoretical investigations of
self-heating effects. In this Section, for the first time, the generation of heat by
non-radiative transitions and its transfer from the fibre core to the environment will

be incorporated into a DFB fibre laser model.

4.2 FHExtended DFB fibre laser model with heat
generation and heat transfer

For a three level laser like Exr3* the heat generated by non-radiative decay from the
pump level Nj to the upper laser level Ny within a doped core section of length Az

per unit time is given by

N3(Z)
T3

Qpump(z) = hAvA Az, (4.1)
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where N; and 73 are the population density and lifetime of the pump level, h is
Planck’s constant, Av = v, — vy = ¢(1/A, — 1/ A,) is the optical frequency difference
between the pump light at wavelength A, and the laser wavelength at A, and A, is
the core area. Equation (4.1) can be simplified for Er®* lasers pumped at 1480 nm
which are successfully modelled as two level systems (see Section 3.3.1). Because of
the fast non-radiative decay from the pump level to the upper laser level within the
‘I3 /2 manifold stimulated emission at 1480 nm can be neglected and each absorbed
pump photon is converted into a photon at the lasing wavelength. Then the heat

generated within a length of fibre is simply given by

Qpump (z) = 1A P,(2), (4.2)

where 1 = (v, — V) /1, is the fraction of pump photon energy converted into heat
and AP, is the absorbed pump power per fibre section of length Az.
Homogeneous upconversion of paired Er®" ions also contributes to self heating
of DFB fibre lasers when the upconverted ion decays non-radiatively to the 4113/2
level. Using the simplified upconversion term (3.7) the heat generated by this process

within one core section becomes
Qupconv (Z) = CupNgthAcAz- (43)

The equilibrium temperature distribution inside the DFB fibre laser can be found

VAT (2) + Q(z) = 0, (4.4)

where k is the thermal conductivity of the silica fibre. The boundary condition at the
fibre surface is determined by the heat transfer from the fibre surface at temperature

Teurt to its environment at temperature T, [86, 87):
_kVTéurf(Z) = hc(Tsurf(Z) - TO); (45)

where h. is the heat transfer coefficient. The latter depends on the nature of the
heat transfer, e.g. natural convection, forced convection or thermal conduction [86].
For uniform heat generation along the DE'B fibre laser the longitudinal compo-

nent of the heat transfer vanishes and only the radial component has to be taken into
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account [87]. Under these conditions an analytical solution of (4.4) with boundary

‘‘‘‘‘‘‘‘‘‘ xists [86, 87]. However, as shown 3.14 and 3.15 the

pump power absorption and population density of the pump level N3 vary along
the DFB fibre laser, the heat generation becomes non-uniform and in general no
analytical solution can be found. An elegant numerical approach for solving (4.4) is
the Gauss-Siedel method [86] which has been incorporated into the DFB fibre laser
model described in Section 3.5.

The DFB fibre laser is divided into a number of cells. An energy balance is
performed for each cell, taking into account the heat generated within the cell and
the heat flow in and out of it at its boundaries. The cylindrical symmetry allows
o be divided into the cell grid shown in the top of Figure 4.1 where only
one half of the fibre cross-section needs to be considered. This half is divided into
core and cladding cells, whereby the latter include the B/Ge ring and the silica
cladding (see Section 3.2. Along the longitudinal fibre axis the cells coincide with
the fibre sections used in the transfer matrix approach for solving the coupled mode
equations (see Section 3.5). A two-dimensional representation of the cells is shown
in the bottom of Figure 4.1. All cells are located at the boundary of the fibre half
under consideration. One boundary is the cladding surface which is in contact with
the environment, the other is the iso-thermal surface between the two fibre halves.

The energy balance for the core cells is given by [86]

k Aint
b

k Acore

Az (Tsurt,i — Teore,i) + @i = 0, (4.6)

(Tcore,i—l - 2Tcore,i + Tcore,i—}-l) +

where the Tiore; and (); are the temperature of and the heat generated within the
i*® core cell, respectively, and 0 is the cladding radius. The areas Acore and Agur are
shown in Figure 4.1. The first term in (4.6) describes the heat transfer by conduction
across Acore at the left and right side of core cell 7. The heat transfer is proportional
to the temperature difference between the adjacent cells. The second term accounts
for radial heat conduction from the core cell to the adjacent surface cell. No heat is
transferred across the iso-thermal surface because the temperature gradient is zero.
In thermal equilibrium the amount of heat inside a cell remains constant and the

sum of all terms in (4.6) equals zero.
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Figure 4.1. Division of the DFB fibre laser into core and cladding cells in order to
calculate the temperature distribution along its length. Heat, which is generated by
non-radiative transitions in the core cells, is transferred to neighbouring cells and the
environment of the fibre by heat conduction and free convection, respectively. The fibre
symmetry allows to reduce the 3-dimensional representation (top) into a 2-dimensional
one (bottom). The Gauss-Siedel method is used to calculate the steady-state temperature

distribution inside the core and on the fibre surface.

Similarly the energy balance for the surface cells is given by

kAin
Tt (YTsurf,i - Tcore,i) - h'cAsurfTsurf,i = Oa (47)

kAcald
Az

(Tourtio1 — 2Tsurt i + Toursis1) +
where the last term describes the combined heat transfer by conduction and convec-
tion from the fibre surface to the environment. Since only the temperature difference
between the fibre and the environment is of interest, the latter is set to Ty = 0. No
heat is generated inside the surface cells. When the DFB fibre laser is in ther-
mal equilibrium its surface temperature is proportional to the temperature of the
Er®*:Yb®*-doped core [87].

In order to take longitudinal heat transfer from the DFB fibre laser to the lead

fibre into account ten core and surface cells have been added on both sides of the

laser. Depending on Az these cells represent about 5-10mm of fibre in which no
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heat is generated. The temperature of the cell furthest away from the laser was
set to Ty = 0. This choice of additional fibre length was confirmed by temperature
measurements which showed that the surface temperature of the fibre decayed to
ambient temperature within this distance from the DFB fibre laser.

Equations (4.6) and (4.7) can be solved for Tiore; and Tsug,, respectively. Af—~
ter setting all initial temperatures to zero the Gauss-Siedel method then iteratively
calculates Teore; and Tayrsy, © = 1. .. N, immediately overwriting the old cell temper-
atures with the new ones. This process is repeated until for all ¢ |Thew; — Tow;| < €

which was chosen to be 1079 K.

After the equilibrium temperature distribution along the DFB fibre laser is found,
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the grating period A
is adjusted according to its temperature using (2.12) and (2.13) with the values
a = 0.5x1078K"! [40] and ¢ = 4.6 x 1078 K~ (see Section 5.1.4). Then the
coupled mode equations are solved again for the new DFB grating. This process is
repeated until the temperature distribution changes by less than a predefined value
from one iteration to the next. An adequate choice is to demand that in average
the cell temperatures between two iterations varies by less than 0.05K. This way
the temperature distribution and the thermally-induced FBG chirp are calculated

in parallel with the resulting output power and lasing wavelength.

4.3 Experimental arrangement for investigating
self-heating effects

A comprehensive study of self-heating of DFB fibre lasers requires the simultaneous
measurement of laser output power, lasing wavelength and longitudinal temperature
profile as a function of pump wavelength, pump power and heat transfer to the
environment.

The experimental arrangement for studying self-heating while pumping in the

980 nm band is shown in Figure 4.2. A master oscillator power amplifier (MOPA)?

1SDL 8630
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Figure 4.2. Experimental arrangement to study self heating effects of DFB fibre lasers.
DFBguq Was subject to various self-heating conditions, determined by the pump power,
pump wavelength dependent absorption and heat transfer from the fibre surface to its
environment. The latter was changed by placing the DFB fibre laser in MDF board or an
aluminium block without and with an additional oil cover. DFBgens was used as a very

sensitive temperature sensors (see Section 5.1).
MOPA=master oscillator power amplifier, VA=variable attenuator, WDM=wavelength
division multiplexer, ISO=isolator, PM=power meter, OSA=optical spectrum analyser,

1480 = 1480 nm pump diode, PIN=photo detector, RFSA=RF spectrum analyser.

was used as a pump laser whose wavelength could be varied between 970nm and
980 nm. The light from the MOPA was coupled into the 980 nm input of a four port
WDM. The pump intensity could be varied with a variable attenuator positioned

between the MOPA and the fibre launch optics. A maximum pump power of =
130 mW was incident on the DFB fibre laser spliced to the 980/1550 output of
the WDM. The backward output of the DFB laser passed through the WDM and
an isolator. Output power and laser wavelength were measured with an optical
spectrum analyser?. At the forth port of the WDM a small fraction of the pump
light could be detected to monitor the pump wavelength and pump power. The
ratio between the pump power in this arm of the WDM and the amount incident
on the DFB fibre was approximately —38 dB and had been measured for different
pump wavelengths before the DFB fibre laser was spliced to the WDM.

While the output power and lasing wavelength of DFB fibre lasers are of imme-

diate importance in telecommunication and sensor applications, the surface temper-

?Manufactured by ANDO, resolution 0.1 nm.



4 Internal heating of DFB fibre lasers 64

ature distribution of the laser yields valuable information about its actual thermal

environment. This information can be used to improve the thermal management of
the laser and potentially increase the output power and decrease wavelength shifts.

The surface temperature of the DFB fibre laser could potentially be measured with .
a small thermocouple. The available readout units for the thermocouple had a tem-

perature resolution of only 0.1°C (see also Section 5.1.3). On the other hand, a DFB

fibre laser temperature sensor with an accuracy of 0.04°C will be demonstrated in

Section 5.1. Because of its higher accuracy this DFB fibre laser temperature sensor

was used to measure the surface temperature distribution along the DFB fibre laser

under investigation (DFBguq in Figure 4.2). The DFB fibre laser sensor (DFBgeps)

was pumped at 1480 nm” and its temperature dependent polarisation beat frequency

was measured with an RF spectrum analyser* (see Section 5.1.3). The temperature

response of the sensor was —0.87 MHz/°C.

DFBgens was placed perpendicular across DFBgyyg and could be moved along the
axis of the latter with a manual translation stage. The surface temperature rise
of DFBgiua was measured at intervals of 2-4 mm along the laser. At the cross-over
point of the two lasers a polystyrene cube (3mm x 3 mm x 3 mm) was placed on top
of the two laser to achieve good thermal contact between them. The small weight
of the cube ensured that its influence on the two lasers was kept to a minimum.

As the temperature sensitivity of DFB fibre lasers is greatest at the position of
their phase shift [52] the cross-over point of DFBgens and DFBgyq had to coincide
with the phase shift position of the former. This optimuin position of DF Bgens was
found by translating the sensor perpendicular (y-direction in Figure 4.2) to the fibre
axis of DFBg;,q and measuring the polarisation beat frequency change induced by
the surface temperature rise of the latter. Figure 4.3 shows the frequency response
of DFBgens as a function of the distance y between its phase shift and its contact
point with the heated DFBg.q. A Lorentzian curve has been fitted to the data.
The FWHM of the fitted curve is 5mm, which is expected from the internal lasing

intensity distribution of the DFB fibre laser shown in Figure 3.9. This curve shows

31480 pump diode: Philips, CQF 858
4Tektronix 2782
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Figure 4.3. Polarisation beat frequency change of the DFB fibre laser sensor as a function
of the distance between its phase shift and its contact point with the DFB fibre laser
under investigation. The latter was heated by pump light at 975nm. The FWHM of
the Lorentzian curve is 5 mm. The sensor DFB is most sensitive at its phase shift which

therefore has to be positioned exactly on the DFB laser whose temperature should be

measured.

that small transverse movements of DFBge,s with respect to DFBy;,q introduce errors
in the order of a few percent when the frequency shift is converted into a temperature
change.

The phase shift of DFBgi.q was positioned asymmetrically at 0.44L so its output
was predominantly towards the backward direction (see ref. [82] and p. 50) with only
a negligible fraction of light being emitted in the forward direction. This allowed to
measure the grating reflectivity and time delay from the forward output while the
DFB fibre laser was operating. This additional measurement was used to verify the
measured temperature distribution by comparing the measured spectrum with the
spectrum calculated from the temperature distribution.

In order to vary the heat transfer properties at the fibre surface DI'Bgy,g was
either placed on a medium density fibre (MDF') board or an aluminium block. Alu-
minium has a thermal conductivity of 247 Wm™'K~! [88] and h, is expected to be
high. The thermal conductivity of MDF was assumed to be similar to that of ply-
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Y
lasers and associated temperature fluctuations. .
Because self-heating effects under 1480 nm pumping are small the experimental
effort could be reduced to the setup shown in Figure 3.2. The main effect is a small
wavelength increase with pump power which has been measured for a symmetric
DFB fibre laser and is identified in Section 5.1.5 as an effect that could potentially
reduce the measurement accuracy of a strain and temperature sensor.

In order to verify the extended DFB fibre laser model simulated output power

and wavelength shift were compared with experimental data.

4.4 Laser efficiency and wavelength increase un-
der different heat generation and heat trans-

fer conditions

4.4.1 Self-heating under 1480 nm pumping

Figure 4.4 shows the experimental wavelength shift with pump power at 1480nm
and a straight line fit indicating a linear dependence on pump power as shown in
Figure 5.7. The wavelength change with pump power predicted by the extended
DFB fibre laser model is shown in addition. The thermal conductivity of the fibre
was assumed to be k = 1.4 Wm ™K~ [87, 13]. All other laser parameters were the
same as in Chapter 3. The linear fit is best approximated with A, = 11 Wm2K™!,
where the error of A, is less than 10 %. This value of h, is a factor of eight smaller
than the value reported in [87]. However, the reported value is valid for natural air
convection which might have been reduced as the DFB fibre laser was placed inside
a small oven (see Section 5.1.3) resulting in a smaller h,. It is also shown in the

Figure that homogeneous upconversion contributes only a marginal amount to the

pump dependence of the wavelength shift.
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Figure 4.4. Laser wavelength change as a function of pump power at 1480 nm due to
self-heating of the DFB fibre laser. The experimental values and the linear fit are the same
as in Figure 5.7. The simulated wavelength change is shown for a heat transfer coefficient
at the fibre-air interface of h. = (11 = 1) Wm™?K ™! with the thermal conductivity of the
fibre k = 1.4 Wm™'K~!. Homogeneous upconversion contributes only a marginal amount

of heat to the expected wavelength change.

Figure 4.5 shows the calculated temperature distribution along the DFB fibre
laser using the thermodynamic parameters found from Figure 4.4. In the top graph
heat contributions from non-radiative decay within the 415 ,2 manifold and homo-
geneous upconversion are taken into account while in the bottom graph only the
contribution of the latter is considered. Comparing the top and bottom graphs
reveals that the shape of the temperature distribution is determined by the heat
generated by homogeneous upconversion which according to (4.3) is proportional to
NZ Lair- The relation between the calculated Nj pqir, shown in Figures 3.10 and 3.11
for 25 mW and 100 mW of pump power, and the resulting temperature distributions
can clearly be seen.

From Figures 4.4 and 4.5 one can observe that despite the fact that the overall
temperature distribution along the DFB fibre laser is determined predominantly by

the homogeneous upconversion mechanism, the lasing wavelength shift with pump

power is dominated by the non-radiative decay inside the 4113/2 manifold. The
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Figure 4.5. Calculated temperature distribution along a DFB fibre laser pumped at
1480 nm for three different pump powers. The top plot shows the temperature distribu-
tion when heat generated by non-radiative decay within the *I;4 /2 level and homogeneous
upconversion is taken into account. The bottom graph shows the contribution from up-

conversion only.



4 Internal heating of DFB fibre lasers 69

latter is concentrated around the position of the phase shift where the local grating
wavelength determines the lasing wavelength.

When taking the grating chirp due to self-heating into accéunt the calculated
output power increases by < 3 uW below and > 10 uW above 80 mW pump power
compared to the calculated values without self-heating because x decreases towards
its optimum value. These small output power changes are not expected to pose any

problems in wavelength based sensor application.

4.4.2 Self-heating under 980 nm pumping

Figure 4.6 shows the output power, lasing wavelength and pump absorption of a
DFB fibre laser (DFBgyq in Figure 4.2) as a function of launched pump power for
different pump wavelengths while the laser was placed on the MDF board with low
thermal conductivity and low heat transfer. When the DFB fibre laser was pumped
at 971 nm and 980 nm the lasing threshold was approximately 5mW. The output
power increased with pump power until & maximum of ~ 2.3 — 2.4 mW was reached
for a launched pump power of 45mW and 65mW, respectively. Upon a further
increase of pump power the laser output power decreased. When pumped at 975 nm
the lasing threshold was &~ 70 mW and the output power reached only 0.3 mW.
Depending on the pump wavelength the laser wavelength increased with pump
power a
the higher the pump absorption the larger the wavelength shift because the former
results directly in an increase of the non-radiative transition rate d/N3/d¢ and there-
fore in an increase of Qpump and 7. It will be shown in Chapter 5 that for the DFB
fibre lasers used in this thesis the temperature dependence of the laser wavelength
is & 8 pm/°C. Therefore, an effective temperature rise of 0.14 — 0.22°C/mW pump
power can be derived from the measured wavelength increase. Here ‘effective tem-
perature’ means the average temperature of the DFB fibre laser which would cause

the same wavelength shift. This wavelength shift with pump power is a factor of

10-16 higher compared with pumping at 1480 nm.
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Figure 4.6. Measured DFB fibre laser output power and wavelength as a function of
launched pump power for different pump wavelengths. The laser was placed on a medium
density fibre (MDF) board which had an estimated heat conductivity of 0.11 W/ (mK).
At pump wavelengths with low absorption (971 nm and 980nm) the laser output power
showed a maximum before decreasing at a further increase of pump power. At pump
wavelength with high absorption (975 nm and 977 nm) the output power was drastically
reduced. The lasing wavelength increased with pump power as a result of self-heating of
the laser. At high 971 nm pump powers Yb3t-ions were bleached and the absorbed pump

power remained constant, leading to an almost constant output power and a smaller

wavelength increase.
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The pump absorption decreases with increasing pump power. This is partly due
o bleaching of the GSA, as well as thermal detuning of the cavity, i.e. chirp, caused
by excessive heat generation. The latter reduces the laser efficiency and therefore
the number of absorbed pump photons needed to support the laser action [56]. This .
can be observed by comparing the output powers and pump losses for 971 nm and
980 nm pumping. Although Figure 3.5 indicates that the absorption at both pump
wavelengths is very similar Figure 4.6 shows that the lower the slope efficiency of
the laser due to thermal detuning the smaller the absorbed pump power. It should,
however, be noted that this interplay between absorbed pump power, emitted laser
power and thermally induced chirp depends on the exact optical power and heat
distributions along the DFB fibre laser. As expected from the much larger GSA
shown in Figure 3.5 the absorbed pump power at 975 nm inside the laser is higher
than at the other two pump wavelengths.

Above Byymp ~ 85mW at 971nm the output power, lasing wavelength and
pump loss remained almost constant. An explanation for this behaviour is that in
this regime the heat from the additional pump power is generated at positions away
from the phaseshift. This increases the grating chirp while not affecting the grating
wavelength at the phase shift position. The increase of available gain is offset by a
reduction of grating feedback and the output power remains constant.

The same set of measurements was carried out while the DFB fibre laser was
placed on an aluminium block. The results are presented in Figure 4.7. Compared
to the previous case, the maximum laser output power had increased at all three
pump wavelengths. The smaller wavelength increase of 0.6-0.7 pm/mW was almost
independent of the pump wavelength. The heat transfer from the laser to the alu-
minium block is not perfect because only a small part of the surface of the DFB fibre
laser is in direct contact with or in close proximity of the aluminium block. The
laser performance can, however, be further increased by covering its surface in oil.
This significantly improves the heat transfer from the laser surface to the aluminium
block as shown in Figure 4.8.

The experimentally observed effects of self-heating under pumping in the 980 nm

band in various thermal conditions will now be compared with predictions made by
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Figure 4.7. Measured DFB fibre laser output power and wavelength as a function of
launched pump power for different pump wavelengths. The laser was placed on an alu-
minium block which has a higher thermal conductivity than MDF board. Larger heat
transfer from parts of the laser’s surface to its environment resulted in a smaller rise of
its effective temperature and less chirp. This lead to a higher output power and less

wavelength shift compared to the previous case on MDF board.
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Figure 4.8. The laser output power increased significantly when the thermal contact
between the fibre and the aluminium block was increased by covering the DFB fibre laser
with oil. The wavelength shift has been further decreased to 0.2-0.3 pm/mW. The steps

of the wavelength curve show the resolution of the optical spectrum analyser.

the extended DFB fibre laser model. Figure 4.9 shows the calculated output power,
wavelength shift and pump loss as a function of pump power for three different values
of h.. Following the discussion in Sectio’n 3.6.2 arbitrary units are used in the Figure
because the model overestimates the laser output power, possibly because ASE is not
included in the model. It lies in the nature of real DFB fibre lasers and this model
that the heat generation is closely related to the output power since both depend
on the population densities. This implies that the model would then quantitatively
overestimate the heat generation and the resulting effects on the laser output power
and wavelength shift. However, Figure 4.9 shows that the simulated results are in

qualitative agreement with the experimental data presented in Figures 4.6-4.8. In
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Figure 4.9. Simulated output power, wavelength shift and pump power absorption of
the DFB fibre laser for different heat transfer coefficients h. from the fibre surface to its
environment, representing the MDF board and the aluminium block without and with
additional oil bath. The calculated results are in qualitative agreement with the experi-
mental data shown in Figures 4.6-4.8: The equivalence of the thermal effects caused by
reducing h. and increasing the amount of heat generated by changing the pump wave-

length allowed to reduce the number of simulation runs. The reason for using arbitrary

units is explained in the main text.
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order to reduce the number of simulation runs without loss of generality only h
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his approach is justified by the fact that the
thermal effects caused by a decrease of h; or an increase of absorbed pump power by
varying the pump wavelength are similar. From the point of linking experimental |
and modelled data together this approach corresponds best to the case of pumping
the DFB fibre laser at 971 nm while it was placed on the MDF board and on the
aluminium block without and with the additional oil bath.

Also shown in the top graph of Figure 4.9 is the calculated output power in the
absence of heat generation, i.e. the case considered in Figure 3.13. In this case the
output power is similar to that calculated for high heat transfer and significantly
larger than that calculated for medium and low heat transfer. It is therefore possibie
that part of the discrepancy between the calculated and measured output power
observed in Figure 3.13 could have been caused by inadequate heat transfer during
the experiment although the DFB fibre laser had been covered in oil. However, this
hypothesis does not rule out the need for incorporating other mechanism, like ASE,

into the model. Indeed, from the temperature distributions presented in the next

Section it will become clear that further optical processes have to be incorporated

into the model.

lasers under different heat generation and
heat transfer conditions

The change of output power and the increase of lasing wavelength are the global
result of local temperature variations along the DFB laser. Therefore, in order to
increase the understanding of self-heating the surface temperature distribution has
been measured along the DFB fibre laser. Figure 4.10 shows the surface temperature
rise along the DFB fibre laser (DFBy;uq) for different pump wavelengths and pump

powers while it was placed on the MDF board. Thetemperature distribution above
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the ambient temperature was calculated from the polarisation beat frequency change
Av of the DFB fibre laser temperature sensor (DFBgens)-

The measured temperature distribution is not uniform. It decays along the DFB
fibre laser and exhibits a peak of variable size to the left of the phase shift position
(z = 0.44L = 22mm) or close to it. As expected the temperature increases with
pump power and absorption cross-section of the pump light because the larger the
number of absorbed pump photons the more non-radiative transitions “Iy; o —*I13/
take place. Since homogenous upconversion of paired ions contributes to the heat
generation the exact temperature distribution depends on the population density
profile along the DFB fibre laser.

Calculated population density profiles have already been shown in Figure 3.15
for this type of asymmetric DFB fibre laser pumped in the 980nm band. At low
pump power (Figure 3.15) the population density of the *Ij1/; level (N3ginge and
N3 pair) peaks to the left of the phase shift. The population density of paired ions in
the *T13/0 (Vo,pair) level has its maximum at the pump input (left) end of the DFB
fibre laser. It then drops before increasing slightly and reaching a plateau which
extends almost to the other end of the laser before it drops again.

To recapitulate, the DFB fibre laser model determines the expected core and
surface temperature distributions along the DFB fibre laser by calculating the heat
generation from these non-uniform population densities while taking longitudinal
and radial heat conduction inside the fibre and heat transfer at the fibre surface into
account. For low h, Figure 4.11 shows the calculated core temperature distribution
along the DFB fibre laser for three different levels of launched pump power. This
represents the case when the DFB fibre laser was placed on the MDF board. For
the same reasons stated in the previous Section, arbitrary units are used. Further-
more, the pump powers used in this simulation are significantly smaller than in the
experiments. The reason for this will be explained in the next paragraph. The tem-
perature distributions are in qualitative agreement with the measurements shown in

Figure 4.10. The steep temperature increase near the pump input end of the DFB

fibre laser which was observed experimentally, cannotbe explained by the model. A



4 Internal heating of DFB fibre lasers 7

10 1 H

9 | Apump=971nm . Ppump=71mw 10

8 r n Ppump=44mW

I
T 6%

z [
~ 5 )
Y

44

3F

2t

1F

10 F ;
9 | Apump=975nm ® Pump=123mW |
8 F L Ppump=49mW
®
7 -
T 6
=
Z5
R
J4

3

2

1

10

9| Apump=980nm ® Fmp=81imW 10

sk .

IR -8
T6F . X
2 5 [ . 6\
3 . 15
q4F 1] 9

q L ] 4

2 - \l—:' 2

L 1

O . i 1 . 1 L 0

0 10 20 30 40 50
z/ mm

Figure 4.10. Measured temperature distribution above the ambient temperature along
the DFB fibre laser (DFBgyuq) while it was placed on the MDF board with low h.. Heat
generated by the non-radiative transitions *I;; /o —*I5/2 and 41g/5 —*I13)5 (see also Sec-
tion 3.3.1) together with the heat transfer at the fibre surface determine the shape of the
temperature distribution. Shown as solid lines are approximations of the temperature
distributions by superimposing an exponential temperature decay and a Lorentzian tem-
perature peak. These approximations will be used in Section 4.6 to calculate the reflection

and time delay spectra of the chirped grating of the DFB fibre laser.
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Figure 4.11. Calculated temperature distribution as a function of pump power while the
heat transfer coeffcient A, is low. The calculated distributions are in qualitative agreement

with the experimental data presented in Figure 4.10 where the DFB fibre laser was placed
on the MDF board.

possible reason could be non-radiative decays from the 2Hy; /2 /453/2 levels which is
an alternative decay channel to green fluorescence [70].

From the calculated population densities at high pump power shown in Figure
3.16 one would expect a uniform temperature distribution across a = 20 mm long
region centred at the phase shift. However, the experimental temperature distri-
butions at high pump powers (above ~ 50mW) in Figure 4.10 do not follow this
temperature distribution. This finding, together with the overestimation of the out-
put power (see Section 4.4.2), suggests that additional physical effects need to be
incorporated into the DFB fibre laser model before it can fully describe the experi-
mental results at high pump power.

It has been shown in Figures 4.7 and 4.8 that providing adequate heat transfer
at the fibre surface can greatly reduce the detrimental effects of self-heating, i.e.
low output power and large wavelength shift. Figure 4.12 shows the surface tem-
perature profile of DFBg,q while the laser was placed on the aluminium block. The
increased heat transfer from parts of the fibre surface to the aluminium resulted in
a significant reduction of the surface temperature, which, because of equation (4.4),
implies a similar reduction of the core temperature inside the DFB fibre laser. The

large heat conduction inside the aluminium block lead to an almost uniform surface
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Figure 4.12. Measured surface temperature distribution of the DFB fibre laser placed
on the aluminium block. The block provided good heat transfer at the fibre-aluminium

interface. High thermal conductivity along the block equalises the temperature along the

fibre.

temperature distribution and the disappearance of the temperature peak to the left
of the phase shift. Only the at the fibre-air surface opposing the aluminium block
heat conduction remained poor and a residual non-uniform temperature profile was
observed which could explain the output power roll-off at 975 nm pumping (Figure
4.7) and the small wavelength increase with pump power. Therefore, increasing the
heat transfer at the fibre-air surface by covering the DFB fibre laser in oil most
probably lead to an even more uniform temperature distribution along the DFB
fibre laser and the further increase of output power and reduction of wavelength

shift shown in Figure 4.8.
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4.6 Grating chirp as a result of self-heating

To further demonstrate that self-heating and the resulting internal temperature
distribution is the cause of the observed decrease in laser efficiency, the reflection
and time delay, or dispersion, spectra of the DFB fibre laser grating have been’
measured in the following under different heat generation and transfer conditions.

The DFB fibre laser temperature sensor (DFBgens) was removed from DFBgiug
while the spectra were recorded in order to eliminate any additional perturbation
of the DFB grating spectra. Figures 4.13 and 4.14 show the grating spectra of the
DFB fibre laser while it was placed on the MDF board and pumped at 971 nm and
975 nm, respectively. At both pump wavelengths the wavelength of the allowed laser
mode, indicated by a vertical line inside the grating stop band, increased with pump
power, which is in qualitative agreement with the increasing laser wavelength shown
in Figure 4.6. For the unpumped DFB fibre laser the reflectivity of its grating was
constant over the stop band while small time delay variations were observed. With
increasing pump power the grating stop band broadened considerably on the long
wavelength side and time delay peaks appeared in this very part of the spectrum. A
comparison between Figures 4.13 and 4.14 shows that the spectral broadening was
much stronger when the DFB fibre laser was pumped at 975 nm.

The spectral broadening of the reflection spectra is the consequence of the wave-
length chirp along the DFB fibre laser caused by the non-uniform temperature dis-
tribution shown in Figure 4.10. The reflections from the warmer regions of the DFB
fibre laser near the pump input end and around the temperature peak appear in the
grating spectra at the longer wavelength edge of the stop band. Similarly, the cooler
regions near the forward laser output appear at the shorter wavelength edge. As the
temperature difference between the two DFB fibre laser ends increases with pump
power and pump absorption the bandwidth of the grating stop band increases.

Because the grating spectra were measured from the forward laser output, the
longer wavelength regions of the DFB fibre laser at the pump input end appeared
furthest away. While the light at these wavelengths propagates through the grating
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Figure 4.13. Measured grating reflectivity and time delay spectra of the DFB fibre laser
while it was placed on the MDF board and pumped at 971 nm. The lasing wavelength,
indicated by a vertical line inside the grating stop band, of the grating spectra increased
with pump power which is in agreement with the temperature induced wavelength shifts
shown in Figure 4.6. The broadening of the grating bandwidth, which is indicated by the
vertical lines, was a result of temperature induced non-linear chirp caused by self-heating
of the DFB fibre laser. The large time delay fluctuations are clipped in this superposition

of several traces to focus on the important time delay features inside the grating stop

band.
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Figure 4.14. Measured grating reflectivity and time delay spectra of the DFB fibre laser
while it was placed on the MDF board and pumped at 975 nm. The grating bandwidth
and the lasing wavelength are indicated by the vertical lines. The spectral broadening is
larger compared to Figure 4.13 due to the higher pump absorption which leads to a larger
heat generation inside the laser. Residual laser output in the forward direction appears as

a reflection peak inside the grating stop band.
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it experiences large chirp induced time delay variations which appear as peaks at
the longer wavelength edge of the grating stop band.
As shown in Figure 4.10 the measured surface temperature distributions can be

approximated by a superposition of an exponential decay and a Lorentzian curve:

C
(== D)*+ (E/2)*

The parameters of the curves shown in Figure 4.10 are listed in Table 4.1. It should

T(z) = Aexp(—Bz) + (4.8)

be noted that the superposition of the two curves is only a phenomenological de-
scription of the temperature distribution and does not originate from the extended
DFB fibre laser model described in Chapter 4. The grating spectra calculated from
ature distributions are shown in Figures 4.15 and 4.16 for A, = 971 nm
and 975 nm. It was assumed here that the surface and core temperatures are very
similar as a result of the small fibre diameter [87).

The calculated spectra are in qualitative agreement with the measured spectra,

exhibiting the broadening of the grating stop band towards longer wavelengths and

Table 4.1. The temperature distributions shown in Figure 4.10 could be approximated
by a superposition of an exponential decay and a Lorentzian curve T'(z) = Aexp(—Bz) -+

C/[(z = D)% + (E/2)?]. The fitparameters of this phenomenological description are listed

below.

A

Poump = 28mW  5.07 0.044 39.1 9.70 12.57
Ppump = 44mW  6.67 0.033 26.8 12.78 11.39
Ppump = 7T1mW  7.75 0.033 277.4 18.21 23.07

A =975nm
Poump = 49mW 514 0.081 935.3 17.66 37.01
Poup = 123mW 6.67 0.016 113.7 21.47 1157

Poump=81mW  6.00 0.020 523.7 17.74 30.49
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Figure 4.15. Calculated reflectivity and time delay spectra of the chirped DFB grating.
The grating chirp was calculated from the temperature distributions shown in Figure 4.10

for Ap = 971 nm which were described by the function and the parameters listed in Table

4.1.
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Figure 4.16. Calculated reflectivity and time delay spectra of the chirped DFB grating.
The grating chirp was calculated from the temperature distributions shown in Figure 4.10
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the appearance of two time delay peaks in the same spectral region. In contrast

+

A +tha
(A ES

the measured
grating stop band. These ripples might have been a result of additional chirp caused
by localised strain of the mounted DFB fibre laser or by manufacturing phase errors.

Finally, Figure 4.17 shows the grating reflectivity and time delay spectra under
975nm pumping when the DFB fibre laser was placed on the aluminium block.
As expected from the more uniform temperature distribution shown in Figure 4.12
the broadening of the grating bandwidth and the shift of its centre wavelength was
reduced.

Conclusion The combination of experimental and theoretical investigations lead
to a thorough understanding of the internal processes responsible for self-heating
of DFB fibre lasers and the resulting detrimental effects on the laser output power
and wavelength. Heat sources inside the DFB fibre laser are non-radiative decays
of Er®t-ions. These decays bridge the energy difference between pump and laser
photons and also occur as part of the homogeneous upconversion process. If the heat
transfer from the fibre to its environment is insufficient a non-uniform temperature
distribution is established along the DFB fibre laser which follows the distribution
of internal heat sources. As a result two detrimental effects can be observed: 1.)
The temperature rise at the phase shift position leads to an increase of the lasing
wavelength. 2.) The shape of the temperature distribution gives rise to grating
chirp which subsequently reduces the optical feedback of the laser cavity. In general
this reduction of feedback results in an increase of lasing threshold and a drop of
laser output power. Extreme heat induced chirp prevents the laser from operating.

The new DFB fibre laser model used to predict these self-heating effects was
based on the versatile model described in Chapter 3. The flexible structure of the
model made it possible to include heat generation by non-radiative decays in a
straight forward manner. For a DFB fibre laser pumped at 1480 nm the modelled
results were in very good agreement with the experimental data. When the DFB
fibre laser was pumped in the 980 nm band the model was in qualitative agreement

with the experimental data. Quantitative agreement was not expected since it has
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aluminium interface and the high thermal conductivity of aluminium lead to less broad-

ening of the FBG bandwidth and a smaller shift of its centre wavelength.
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Section 3.6.2 that further physical processes inside the DFB

=

been pointed out i
fibre laser have to be taken into account at this pump wavelength.

To minimise the detrimental effects of self-heating two avenues are possible:
e reduction of the heat generation inside the laser,
e increase of the heat transfer from the DFB fibre laser to its environment.

The heat generation can be reduced by choosing a pump wavelength with a small
energy difference between pump and lasing photons, e.g. 1480 nm, or with a small
pump absorption which deposits less energy inside the fibre. In the 980 nm region
it might therefore be convenient to pump at a wavelength away from the absorp-
tion peak at 975nm. Although smaller pump absorption would result in smaller
output power if the heat transfer is sufficient, in the case of poor heat transfer the
potential increase of output power is cancelled out by excessive heat generation and
the resulting chirp of the DFB grating. Since homogeneous upconversion was found
to shape the temperature distribution adjusting the Er** and/or codoping concen-
trations might lead to a reduction of this process while maintaining the available
gain.

Pursuing the second avenue might require placing the DFB fibre laser on a metal
plate or submerging it in heat conducting liquid or paste. This might cause packaging
problems as care has to be taken to avoid localised mechanical strain or bends
which would induce unwanted wavelength and output power changes. Furthermore,
sufficient heat transfer has to be provided over the entire length of the laser to ensure
a uniform temperature distribution. Providing this sufficient heat transfer certainly
increases the complexity of DFB fibre laser packages used in telecommunication
applications.

In order to minimise measurement errors pumping in the 980 nm region should
not be used for DFB fibre laser sensors due to excessive self-heating. Although at
this pump wavelength the pump induced wavelength shift could be reduced to 0.2—
0.3 pm/mW while the heat transfer was maximised by an aluminium plate and an
oil cover the potential build-up of localised strain as a result of the close contact

between the laser and the heat sink would introduce measurement errors. On the
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other hand, 1480 nm pumping induced a wavelength shift of only 0.1 pm/mW while
the DF'B fibre laser was surrounded by air, which, in addition, eliminated the risk

of localised strain. The smaller output power of the DFB fibre laser under 1480 nm

pumping is sufficient for sensor applications.



5 Single longitudinal mode

polarimetric DFB fibre laser

SEI1Sor

The need for simultaneous strain and temperature measurements with good accuracy
for a variety of applications has been identified in Chapter 2, where it was concluded
that DEFB fibre laser sensors would be the most promising devices to meet this need.
In the present Chapter the first single longitudinal mode DFB fibre laser sensor for

such simultaneous strain and temperature measurements will be demonstrated.

5.1 Simultaneous strain and temperature sensor

The sensor was a L = Ippg = 50 mm long DFB fibre laser written into the Er®*: Yb3t
fibre described in Section 3.2. The grating coupling coefficient was x ~ 230m™,
and the phase shift was positioned at the centre of the FBG. The laser operated in a
single longitudinal mode at A ~ 1550 nm which split into two orthogonal polarisation
modes due to the birefringence of the laser. The beat frequency between the two
polarisation modes was only ~ 1 GHz, corresponding to a wavelength separation of
~ 8 pm, which could be measured with a commercial RF spectrum analyser®.

This new sensor was based on an earlier pressure and temperature sensor demon-

strated by Kringlebotn et al. [11]. Besides the different response to lateral pressure

I Tektronix 2782
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and longitudinal strain the previous sensor did not determine its two measurands

5.1.1 Summary of theoretical background

The wavelengths of the two orthogonal polarisation modes of a DFB fibre laser are

given by (2.6)
Azy = 2ng 4 A, (5.1)

where A;, denotes the wavelengths of the two orthogonally polarised laser modes,

Ng,y are the refractive indices of the fibre, and A is the grating pitch. The strain and

temperature dependence of A, is given by

+ (a+ AT (5.2)

le=const

A)\a:y/Amy = (1 +pe)6 ‘

iT=const
(see Section 2.2.3). The discrimination between mechanical strain and free thermal

expansion is denoted by |r—const a0d |e=const-

The polarisation beat frequency v between the two polarisation modes is

v = i - XV; (5.3)
c c
- ongh 2n, A (5.4)
= c(ny — ng)/(2nsnyA), (5.5)
which for a low birefringent fibre with n, ~ n, &~ n becomes
v = cB/(2n*A), (5.6)

were B = n, — ng is the birefringence of the fibre. A first order Taylor expansion of

(5.6) around € = 0 ue, T = 0°C gives
1dB

Av 1dB
= [EE -1+ 2pe)J € ‘T:const + {Eﬁ — (a+ 25)] AT

By writing the responses AA;, and Av of the DFB fibre laser to strain and tem-

(5.7)

v o e=const

perature (equations (5.2) and (5.7)) in matrix form one obtains
A)\my kll klg €
’ = 5.8
( Av ) (kgl k’zg) (AT) ( )

-k (A€T> |
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For a well conditioned matrix K, i.e. det K # 0, (5.8) can be inverted. Strain and

temperature can then be determined simultaneously by measuring either A\, or

A)y and Av.

5.1.2 Minimum gauge length

It has been shown theoretically in Section 3.6.1 that the intensity of a DFB fibre laser
is concentrated around the position of the phase shift of the grating. As a result the
lasing wavelength is mainly determined by the grating wavelength around the phase
shift. This has been verified experimentally in [52] showing that the wavelength
response of a DFB fibre laser to local heating decreased as a heat source was moved
along the laser away from position of the phase shift. The same behaviour can be
expected for localised strain. Consequently, in order to obtain accurate strain and
temperature measurements the fibre section around the phase shift has to be in
mechanical and thermal contact with its environment. The required length of this
sensing section corresponds to the minimum gauge length for strain measurements
and the spatial resolution of temperature measurements.

With the model developed in Chapter 3 the lasing wavelength and the output
power of a DFB fibre laser has been calculated for step grating wavelength profiles

of different magnitude A\ and sensing section length lgs centred at the position of

’

the phaseshift. Thus this grating wavelength profile was described as

Ao+ AN for Al < z <lppp — Al
Ao for 0 < z < Al and (5.9)

ZDFB —Al<z < ZDFB-

Here lgens = Iprg — 2Al is the length of the sensing section. The results are shown in
Figure 5.1 for Iprg = 50 mm and A corresponding to local strain or temperature in-
creases of 100u¢/14.5°C, 500u¢/72.5°C and 1000u¢/145.1°C. Here the experimental
strain and temperature responses of the DF'B fibre laser sensor listed in Section 5.1.4
have been used. The length of the sensing section was varied between lgens = {prs,
i.e. uniform grating, and lens = 0.52/ppg. Only a minimal deviation of the las-

ing wavelength from the uniform DFB fibre laser, caused by numerical errors, were
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Figure 5.1. Simulated wavelength change and output power of 2 DFB fibre laser subject
to localised strain or temperature changes along a region centred at the position of the

phase shift.

observed for lgens/Iprp > 0.6. However, the output power dropped with decreasing
lsens/IDFB. Because the simulated DFB fibre laser operated at the grating wavelength
of the sensing section A + A\ it experienced feedback from the grating only over
the length ls,s. Consequently, the output power dropped as the effective grating

strength rleens decreased. The 'S’-shaped output power variation for ¢ = 100 um

. .
arose from the fact that the enectruim from an centre oratino section stronolv aver-
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lapped with the spectrum from the grating ends. The total feedback of the grating

then varied in a more complex form with lens/Iprs and the DFB fibre laser oper-
ated even for ls/lppg < 0.6. In this case lasing wavelength decreases slightly as
the laser is 'pulled’ towards the lower wavelength of the grating outside the sensitive
region. It was confirmed by the model that a short uniform DFB fibre laser with
a length equal t6 lsens/Iprs < 0.6 would operate at the same wavelength as a DFB
fibre laser with lsens/lprs = 1.

In summary this simulation showed that the sensing region of a DFB fibre laser

sensor should be larger than 0.7 lppp to prevent the output power from dropping

by more than a factor of 2 (-3 dB). In this case the lasing wavelength, which is the
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measure for the experienced strain or temperature, is not affected by the length of

ion. For a 50 mm long DFB fibre laser sensor the minimum gauge
length therefore is 35 mm. Shorter gauge lengths are possible with shorter DFB fibre

lasers with larger &, e.g. Ippg = 25mm and k = 300 m~L.

5.1.3 Experimental sensor arrangement

The experimental sensor arrangement is shown in Figure 5.2. Polyamide coated
single mode standard telecommunication fibre was spliced to both sides of the DFB
fibre laser, approximately 5mm away from the grating ends. The laser itself re-

mained uncoated. The gauge length of the strain sensor was defined by bonding the

|
—"‘ Gauge length, 616 mm i
1480 nm WDM . X “ H X

i §

I
=

Pump diode
/ Oven .
Standard Translation
telecom Er:Yb ~ stage
iSO "} Siifibre  DFB fibre iaser Splice

PBS

50=50\ OO0 N

PC2

Wavemeter

000

POL

EI— PIN RFSA

Figure 5.2. Experimental arrangement for investigating the strain and temperature de-
pendence of the polarimetric DFB fibre laser sensor. WDM=wavelength division mul-
tiplexer, ISO=isolator, 50:50=coupler, PC1 and PC2=polarisation controllers, PBS=
polarising beam splitter, POL=polariser, FP=Fabry-Perot spectrometer, PIN=photodio-

de, RFSA=RF spectrum analyser.
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coated telecommunication fibre to a fixed metal post and a manual translation stage?
with cyanoacrylate. Each bonded region was 10-15 mm long. The gauge length was
l, = 616 mm. If one assumes a positioning accuracy of the translation stage of 1 um,
i.e. a tenth of the tick mark separation, the strain could be set to within 1.6 pe.

An oven, consisting of a 150 mm x 15 mm X 15 mm aluminium block and a Peltier |
element, was used to heat the DFB fibre laser. A duct (3mm x 3mm) along the
longitudinal axis of the aluminium block accommodated the DFB fibre laser. Care
was taken so that the laser did not touch the aluminium block preventing unwanted
strain caused by friction. Furthermore, twist in the fibre was avoided in order not
to introduce additional birefringence. The temperature of the aluminium block was

regulated with a commercial temperature controller®.

The thermistor of the temper-
ature controller’s feedback loop was placed on the outer surface of the aluminium
block ~ 10 mm away from the edge of the Peltier element. The actual tempera-
ture of the aluminium block was measured with a K-Type thermocouple which was
placed next to the thermistor. The readout unit for the thermocouple* had a reso-
lution of £0.1°C, and the temperature controller kept the temperature of the oven
to within this resolution. The oven was isolated by 5—15mm thick polystyrene. The
dimensions of the Peltier element were 40 mm X 40 mm and clearly did not match
the dimensions of the aluminium block. However, due to the sufficiently high ther-
mal conductivity of aluminium of 247 Wm™1K~! [88] and the efficient polystyrene
insulation the temperature difference between the centre and the fibre entrance of
the oven was within the 0.1°C resolution of the thermometer. In addition the tem-
perature will be uniform over the length of the Peltier element which corresponds to
0.8lppp. From the results shown in Figure 5.1 it can be concluded that the output
power and lasing wavelength of the DFB fibre laser sensor would not be affected by

eventual temperature variations along the oven away from the Peltier element.

2Specifications: 25 mm travel, ball bearings, spindle driven by micrometer screw with tick marks
every 10 pm.

SILX LDT5412.

4Fluke 51
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of the fibre. Therefore temperature changes of the fibre section in the oven induced
thermal stress along the whole length of fibre. The strain related to this thermal

stress becomes

€ = loven o AT/lg, (510)

where [oven is the length of the fibre section in the oven.

The DFB fibre laser was pumped by a 1480 nm diode laser® and the sum of the
optical powers contained in the two polarisation modes after the WDM and isolator
was 430 uW for 82 mW of launched pump power. Pumping at 1480 nm was chosen
in order to keep self heating of the laser due to non-radiative decay to a minimum
(see Sections 3.6.2 and Chapter 4). The output of the DIFB fibre laser was split
into two arms by a 50:50 coupler. One arm was used to measure the wavelength
Azy Of one polarisation with a wavemeter®. The wavemeter had a resolution of
+0.1 pm which is one to two orders of magnitude better than commercial spectrum
analysers (wavelength measurement resolution typically 1—10pm). The polarisation
controller PC1 was used to align the polarisation axes of the laser output parallel
to the axes of a fibre pigtailed polarising beam splitter (PBS) so that only the
x-polarisation (labelling of the polarisation axes is arbitrary) was incident on the
wavemeter. The alignment of the polarisation axes was monitored at the second
output of the PBS with a scanning Fabry-Perot spectrum analyser’ with a free
spectral range of 6 GHz and a resolution of 1.2 MHz, which was sufficient to separate
the two polarisation modes. The polarisation controller PC1 was adjusted until the
signal from the x-polarisation vanished on the Fabry-Perot trace. Measuring A\;,
of only one polarisation offers a greater accuracy than measuring the change of the
mean wavelength of both polarisations. The latter method could suffer from relative
intensity fluctuations between the two polarisation modes. In the other arm of the

coupler the two polarisation modes were mixed in a polariser, and the light was

SManufactured by Anritsu.
6Burleigh WA-1500
"Newport SR-170
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detected with a photodiode®. The frequency of the beat signal was detected with

polarisation axes at 45° with respect to the polariser, thereby optimising the signal

amplitude on the RF spectrum analyser.

5.1.4 Sensor response

The wavelength A, of the unstrained DFB fibre laser at room temperature was
1549.5 nm whilst the polarisation beat frequency was v = 1 GHz with a linewidth of
~ 10kHz. Inserting v, A\; ~ 2nA, and n = 1.46 into (5.6) leads to a birefringence
of B = 7.5 x 107%. This small birefringence is a combination of the intrinsic fibre
birefringence and the birefringence induced by the inscription of the DFB grating. In
this case the UV light was polarised parallel to the fibre axis before passing through
the phase mask — as opposed to perpendicularly polarised for manufacturing single
polarisation DFB fibre lasers [82]. The polarisation beat frequency of the DFB fibre
laser used in this experiment is about 2.3 times bigger than in the one used in [11].
Two immediate explanations are conceivable: the use of different fibres for the lasers
in the two experiments while the grating writing process was essentially the same
and the dependence of the net polarisation on the angle between the intrinsic fibre

polarisation and the UV-induced polarisation.

with nine strain levels each. The accuracies of the measurements were o(A;) =
+0.5pm and o(v) ~ +£10kHz, limited by small wavelength and beat frequency

fluctuations of the laser.  The results are shown in Figures 5.3 and 5.4. Two

8New Focus 1611, bandwidth 1 GHz.
9Tektronix 2782
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— T=15.2°C
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Figure 5.3. Wavelength of x-polarisation A, and polarisation beat frequency v as a
function of strain € measured at four different temperatures. No cross-sensitivity between
strain and temperature is observed, i.e. the responses A);/Ae and Av/Ae are indepen-
dent of temperature. It can be concluded from the positive slope Av/Ae that the fibre
birefringence increases with strain. Additional asymmetric stress is probably introduced

in the strained fibre.
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Figure 5.4. Wavelength of x-polarisation A\, and polarisation beat frequency v as a
function of temperature 7T'. Data of only five strain levels is shown for clarity of the graph.
The decrease of v with increasing temperature is expected from theory as the glass softens

and internal stresses decrease. The slope Av /AT depends on the actual thermal properties

of the fibre used.
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kin = (1.147 £0.002) pm/pe,

ki, = (7.946 £0.065)pm/°C,

(
(

ky = (7.946 % 0.043) kHz/ e,
(=

lfgg = 1.623 £+ 0002) MHZ/OC.

Note that the numerical equality of k15 and kg; is a pure coincidence.
The strain dependence AX;/N\; = ki1 X €¢/A; = 0.74¢ is in good agreement
with theoretical predictions from Eq. (2.10-a) of AA;/A; = 0.78¢. The temperature

quoted for silica fibre in the literature. This discrepancy probably arises from the
rare earth doping of the fibre as the value is similar to 4.9 x 107®K~! calculated
from the results published in [11]. From the beat frequency measurement v it
can be concluded that the birefringence increased with strain. This finding is in
contradiction with the simple theory presented in [90]. Additional asymmetric stress
is probably induced in the strained fibre due to different mechanical properties of
the Er** : Yb*" core, the B/Ge-doped ring and the cladding. The decrease of v with
increasing temperature is expected from theory. The slope Av/AT depends on the
actual thermal properties of the fibre used.

At this point it is informative to compare the conditioning of the matrix K in
(5.8) and the corresponding matrices of passive FBG sensors for simultaneous strain
and temperature measurements. Two such sensors have been mentioned in Section
2.2.4, one employing two superimposed gratings [30] and another using a FBG writ-
ten into birefringent fibre [39]. As the measurand encoding of this polarimetric DFB
fibre laser sensor differs from that of the two passive FBG sensors, i.e. a combination
of one wavelength and one RF frequency in the former and two wavelengths in the

latter, it is necessary to use the relative sensor responses for this comparison:
ADy /P
1/ 1 _ my1 M2 € (5'11)
A@Z/(PZ Mo Maos AT

- M (A€T)'
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In the case of the polarimetric DFB fibre laser sensor the ®; represent A, and v,
while for the passive FBG sensors they stand for the two measured wavelengths
(30, 39].

It is well known that the larger |det M| the better the conditioning of M.
This improves the discrimination between strain and temperature and increases the
potential measurement accuracy of the sensor. The matrices M, the determinants
det M and the obtained measurement accuracies of the three different sensors are
listed in Table 5.1.10

Table 5.1 shows that for this DFB fibre laser sensor |det M| is a factor of ~
1500 — 3200 larger than for the two passive FBG sensors. In other words, the
matrix of the DFB fibre laser sensor is significantly better conditioned than that
of the passive FBG sensors. This DFB fibre laser sensor should therefore offer

a considerably higher measurement accuracy than the two passive FBG sensors.

10The measurement accuracy of this DFB fibre laser sensor will be calculated in the next Section.

Table 5.1. Conditioning of M in (5.11) for two passive FBG sensors for simultaneous
strain and temperature measurements and this DFB fibre laser sensor. For the DFB
fibre laser sensor |det M| is a factor of ~ 1500 — 3200 larger than for the two passive FBG
sensors, i.e. the matrix of the first is significantly better conditioned than that of the latter
two. The actual measurement accuracies o(e) and o(7') depend not only on |det M| but
also on the measurement accuracies o(A®;/®;) and the calibration errors o(m;;). The
stated measurement accuracies of the three sensors take these last two error sources into

account.

FBG sensor type M det M ole) o(T)
JeLoC fpe [

0.74¢r  6.71-1076°C!
0.69¢-1  7.41-10-6°C-1
0.866€  6.58 - 10-6°C~!
(0.873 el 6.19.10-6°C-
0.74¢r  5.13-107%°C
7.95¢"1 —1.62-10-3°C-!

Superimposed ( ) 0.85-107% 10 5

Birefringent ) -0.39-107% 20 2

DFB fibre laser ( ) —-1.24.107% 3 0.04




5 Single longitudinal mode polarimetric DFB fibre laser sensor 102

However, the measurement accuracy is not only a function of | det M| but also
depends on the measurement accuracies o(A®;/®;) and cali

The actual measurement accuracy of this DFB fibre laser sensor will be investigated

in the following Section.

5.1.5 Sensor accuracy and resolution

A careful analysis of the residuals was carried out to check the validity of the linear
model (5.8) and to discover possible causes for the observed measurement errors.
The residuals are shown in Figures 5.5 and 5.6. The residuals show no systematic
deviation from the linear model and no signs of cross-sensitive strain and temper-
ature responses. It can, however, be seen in the top graph of Figure 5.5 that the
deviations of the wavelength measurements from the fitted straight line are corre-
lated with the applied strain. The most probable cause is the uneven motion of the
manual translation stage which is common for this type of equipment. This assump-
tion is supported by the ‘periodic’ dependence of the residuals on the applied strain.
A similar behaviour can be seen in the bottom graph of the same Figure, although
the frequency residuals are dominated by temperature measurement errors. The
top graph also gives an idea about the positioning repeatability of the translation
stage by examining the spread of the residuals for a fixed strain value. The posi-
tioning repeatability was similar to the error from the uneven motion. The b
graph of Figure 5.6 again shows the dominance of temperature measurement errors
on the frequency residual, E.g. a small temperature fluctuation of ~ 0.1°C around
T = 15.2°C remained undetected by the thermometer but is clearly visible in Fig-
ure 5.5. In the top graph of the same Figure positioning errors of the translation
stage are, once more, the primary source of the wavelength residuals. The stan-
dard deviation of the wavelength residuals was o{Awes) = 4.1 pm which corresponds
to 0(Ares)/k11 = 3.6 ue, or a positioning error of the manual translation stage of
3.6 ue-l, = 2.2 um. Similarly the standard deviation of the frequency measurements
was 0(lwes) = 103kHz which corresponds to 0.06 °C. The accuracy of the regres-

sion coefficients ki; and ko which describe the wavelength dependency of the sensor
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Figure 5.5. Residuals of wavelength of x-polarisation and polarisation beat frequency as
a function of strain. The ‘periodic’ strain dependence of the residuals is probably caused
by the uneven motion of the translation stage. A small temperature fluctuation of = 0.1°C
around T = 15.2°C remained undetected by the thermometer but is clearly recorded by

the DFB fibre laser sensor and is consequently transformed in a correlated excursion of

the residuals.
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Figure 5.6. Residuals of wavelength of x-polarisation and polarisation beat frequency

measurement as a function of temperature. The residuals of the beat frequency measure-

ments depend predominantly on the errors of the temperature measurements.



5 Single longitudinal mode polarimetric DFB fibre laser sensor 105

were therefore limited by the uneven motion and the positioning repeatability of
the translation stage. The accuracy of the regression coefficients k; and kg which
describe the frequency response was limited by the accuracy of the temperature

control loop and the resolution of the thermometer.

By adding the calibration errors, i.e. the errors of K 1, and the accuracies of
the wavelength and polarisation beat frequency measurements, o(A;) and o(v), in
quadrature, the accuracy of this strain and temperature sensor was calculated to be
+3 pe and £0.04°C. The repeatability of the strain measurements was determined
separately (not shown in the Figures) to be £2.5 e which is in agreement with the

data shown in the Figures, i.e. wavelength residuals for a given strain setting scatter

/

by about a factor of 1.4 less than the standard deviation ().

While the accuracy of this sensor was limited by the positioning accuracy of
the translation stage and the thermometer resolution, the resolution of the sensors
was given by the accuracy of the wavelength and beat frequency measurements.
Although the resolution of the wavemeter was 0.1 pm small wavelength fluctuations
of the DFB fibre laser reduced the achieved measurement accuracy to o(};) =
0.5pm. A combination of beat frequency fluctuations and the linewidth of the
beat signal resulted in an accuracy of the beat frequency measurement of o(v) =
10kHz. The achieved sensor resolution can be calculated from o()\;) and o(v)
by first inverting (5.8) and then conducting a conventional error analysis. The
accuracy of the wavelength and beat frequency measurements corresponded to a
| sensor resolution of +0.4 ue and £6 x 1072°C. The wavelength and beat frequency
fluctuations were probably caused by vibrations of the setup, air flow through the
oven, small temperature variations and/or pump power fluctuations. A reduction
of these external noise sources together with the use of more accurate interrogation
systems would increase the sensor resolution. However, the optical linewidth of the
DFB fibre laser, which also determines the linewidth of the polarisation beat signal,
would impose a natural limit on the sensor resolution.

Although the telecommunication fibre was coated no slipping or creep of the fibre

was observed. However, at higher strain levels or over longer periods of time slipping

and creep are potential problems which can be solved by choosing appropriate glues
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Figure 5.7. Change of wavelength and beat frequency with pump power at 1480 nm .
due to self heating of the DFB fibre laser sensor. To maintain the 0.04°C measurement

accuracy the pump power must not vary by more than 2.8 mW.

and using either uncoated fibre or harder coatings. The thermal stress induced by
the rise of the fibre temperature from room temperature (25°C) to 45°C led to a
strain of &~ 2.4 ue (5.10) which lay within the accuracy of the sensor. A possible
calibration error of the thermometer is not included in the above stated accuracy of

the sensor.

wavelength and polarisation beat frequency varied linearly with pump power due
to self-heating of the DFB fibre laser. This effect had been further investigated in
Section 4.4.1. The temperature increase with pump power is 0.014°C/mW. There-
fore, in order to maintain the sensor accuracy of £0.04°C the pump power must
not vary by more than 2.8 mW. This poses no problem in a laboratory environment.
However, if the sensor is to be employed as a remote sensor with a long length of
fibre delivering the pump then variable optical losses might lead to pump power

fluctuations of this magnitude.
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5.2 DFB fibre laser sensors embedded in concrete

The strain and temperature accuracies of the DFB fibre laser sensor presented in the
previous Section are adequate for a variety of applications, including civil engineer-
ing. Therefore, a laboratory trial was carried out in which three polarimetric single
longitudinal mode DFB fibre laser strain and temperature sensors were embedded
in a concrete test specimen. A new miniature package has been developed to protect
the sensors and allow them to be employed in these typically small concrete labora-
tory test structures. The objective of this preliminary experiment) was to study the
performance of these sensors in a concrete structure and to establish where practical
problems lie, e.g. handling by technicians unfamiliar with fibre optics and the level

of dust, water and aggressive chemicals.

5.2.1 Sensor calibration

The three DFB fibre laser sensors were calibrated following the procedure described
in Section 5.1.4. Because the 1480 nm pump diode had since degraded (lower output
power, broader optical spectrum) the output power of the DFB fibre lasers was
reduced by a factor of 16 compared to the results presented in Section 5.1. As a
result the measurement accuracy was reduced by a factor of ~ 10 compared to the
previously presented results. However, the accuracy was still sufficient to justify
the laboratory trial. The wavemeter could not be used because of the low output
power of the DFB lasers and had to be replaced by an optical spectrum analyser!!.
The lower wavelength resolution made the polarising beam splitter (see Figure 5.2)
redundant. Furthermore, it was observed that coupling of optical power between
the two orthogonal polarisations along the non-polarisation maintaining lead fibre
was large enough to produce a sufficient polarisation beat signal on the detector
without the need for the polarisation controller and polariser.

The calibration constants of the three sensors are listed in Table 5.2. It should be

noted that the strain and temperature responses of the polarisation beat frequency

Manufactured by Ando, resolution 0.1nm.
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of sensor 2 are smaller than for the other two sensors. A possible explanation is the
relative alignment between the birefringence axes of the fibre and the UV-induced

grating, resulting in a different total birefringence.

5.2.2 Sensor protection

Fibre optic sensors need to be protected in order to survive the embedding process in
concrete. This does not only include the risk from the large forces generated during
concrete placement, but also from the chemical environment as good structural
concrete will have a pH ~ 14. Therefore, the sensor protection must be adequate
to withstand such forces and to prevent the ingress of high pH moisture from the
concrete mix during the wet stage. In addition, the protection must not impede
the transfer of strains from the concrete to the fibre through shear lag. A further
requirement is that appropriately protected sensors should be easy to install. As this
experiment was serving as a first test for embedding the DFB fibre laser sensors in
concrete the design of the sensor protection was kept as straightforward as possibly.
By avoiding over-engineering the sensors could be produced more easily and faster.
The simpler design would also facilitate the identification of unexpected problems.

On the basis of these specifications the DFB fibre laser sensors were protected

by tubes made from either epoxy resin (sensor 1), aluminium (sensor 2) or steel

s \
sensor 3).

—

compact enough to be embedded in a concrete test beam with the dimensions of

Table 5.2. Calibration constants of the three DFB fibre laser strain and temperature
sensors embedded in concrete. These calibrations were carried out prior to being protected

by tubes made from either epoxy resin, aluminium or steel.

sensor kvi/(pm/pe)  kio/(pm/K)  koy/(kHz/pe) koof/ (MHz/K)
1, epoxy 1.18 8.40 6.54 -1.54
2, aluminium 1.20 9.80 5.35 -0.85

3, steel 1.17 8.50 6.54 -1.54
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500 mm x 100 mm x 100 mm. The tubes were only about 10 mm longer than the DFB
fibre laser sensors and care had to be taken to prevent the glue from touching the
lasers themselves in order to avoid any perturbations of them. Therefore, the DFB
fibre lasers were only bonded to the ends of the tubes over a length of ~ 2mm by
epoxy glue'?. 1In all three cases, the fibre outside the tube was protected by a thin
(0.25 mm inner and 0.75 mm outer diameter) loose-tube PTFE sheath. Heat shrink
with an inner glue lining was fastened around the ends of the tube and the PTFE
sleeve in order to prevent the ingress of moisture and provide strain relief. The use
of tubes has the additional advantage of having the same cylindrical symmetry as
the fibre, reducing the build up of local stress.

The three different materials used to protect the three DFB fibre lasers employed
in this trial were chosen because they were easily available with the required dimen-
sions. Furthermore, the effects of different mechanical and thermal properties on the
sensor performance, e.g. strain transfer, could be investigated. The relevant material
properties are listed in Table 5.3. The table shows that steel has approximately the
same thermal expansion coefficient as concrete (12 x 1075K™1), so only very small

thermal induced stresses would be expected to occur at the concrete-steel interface.

12Devcon 2 Ton Epoxy

Table 5.3. Mechanical and thermal properties of the materials used to protect the embed-
ded DFB fibre laser sensors and concrete [88, 91]. E Young’s modulus, G shear modulus,

and « thermal expansion coefficient.

E G Ie"

10°N/m* 10°N/m* 107 /K

epoxy resin ~ 2 ~1 ~ 50
aluminium 70 40 23

mild steel 200 79 12
concrete 21-40 ~ 14 ~ 12

optical fibre 75 0.5
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The thermal expansion coefficient of aluminium is =~ 1.6 1arger than that of steel
and concrete. However, its modulus of elasticity is only £ = 72 x 10° N/ m” which is
closer to that of concrete (E = 40 x 10°N/m?). Therefore, an aluminium protection
in a concrete structure should cause a smaller mismatch in terms of its mechanical
properties compared to steel. |

Because the modulus of elasticity of the epoxy'? is only ~ 2 x 109 N/m” [88] one
might expect that the strain transfer from concrete to the fibre sensor is poor as
the epoxy deforms plastically. Consequently a simple shear lag analysis has been

carried out, using the following two equations [92]:

€s(2) = €sint(1 — exp(—pz)) (5.12)
2G
b= r2EIn(R/T)’ (5:13)

where €,(z) is the local strain experienced by a specimen embedded in a structure
made of a material with shear modulus G which is strained to €, jns. The modulus of
elasticity of this specimen is E, its radius is r and R/r &~ 5 [92]. The strain transfer
from concrete to the embedded epoxy protection is calculated by inserting the shear
modulus of concrete, the modulus of elasticity of epoxy and the radius of the epoxy
tube into (5.13). Similarly, the strain transfer from the epoxy protection to the
optical fibre is calculated by inserting the shear modulus o
elasticity of the fibre and the radius of the fibre into (5.13). The combined shear
lag parameter B can then be used in (5.12) to calculate the required length of the
sensor in order to ensure good strain transfer. The shear modulus G, of concrete

was estimated by the following relation [13]:
E./2 > G, > E./3, (5.14)

where B, is the modulus of elasticity of concrete (see Table 5.3). Therefore the
approximation 20 x 10°N/m* > G, > 7 x 10° N/m” holds, with a mean value of

G, ~ 14 x 10° N/m2. The epoxy protection tube had an outer diameter of 5 mm,

12Devcon 2 Ton Epoxy, i.e. the same epoxy was used for the protective tube and the glue.
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Figure 5.8. Schematic of the strain distribution along the epoxy protective tube. The
fibre is glued into the tube over a length of 2mm at the ends of the tube. At a position
2mm away from the ends the local strain inside the tube has reached 91 % of its actual

value, at 3.9mm this value has increased to almost 100 %. Since the fibre optic strain
points, the measurement error is only 1 %.

an inner diameter of 1 mm, and was 60mm long. For simplicity the epoxy tube is
regarded as a solid rod. Inserting the above values into (5.13) yields 8 = 1180/m
for the strain transfer from concrete to epoxy. Inserting £ into (5.12) shows that
the strain in the epoxy tube has reached 63 % of the strain in the concrete after
a length of 0.8mm, and 99 % after a length of 3.9mm. Hence, to provide perfect
strain transfer the points defining the gauge length should lie ~ 3.9mm inwards

from the ends of the tube. As the fibre is bonded to the epoxy over a length of

only 2mm (see Figure 5.8), the strain in the epoxy tube at the end of the gauge
length has only reached 91 % of the strain in the concrete. Because the gauge length

assuming that over a length of 60 mm — 2 x 3.9mm = 52.2mm at the centre the

B

sensor experiences the full strain and over a length of 3.9mm — 2mm = 1.9m
at either end only 91 %. This result suggests that adequate strain transfer can be
achieved with such an epoxy tube.

The epoxy tube was fabricated by means of a mould. Other shapes of epoxy
packages could be easily fabricated to meet different needs. Small indentations were
made into the steel tube to potentially increase the bonding with the concrete and

make the strain transfer from the concrete through to the sensor more effective.

TEY
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Figure 5.9. Photograph of the packaged DFB fibre laser sensors. From top to bottom:

Epoxy tube protection, aluminium tube protection, and steel tube protection.

The sensors, shown in Figure 5.9, were easy to handle and no special care was taken

during installation of the sensors and casting the concrete beam.

5.2.3 Concrete test specimen

A standard 500 mm x 100 mm x 100 mm concrete beam was cast from a €35 N/mm®
mix design. The maximum aggregate size was limited to 10 mm due to concerns by
the civil engineers!3, who were unfamiliar with fibre optic strain sensors, that a
larger aggregate size could damage the fibre during compaction of the concrete.
The smaller aggregate size also allowed a gauge length of ~ 55 mm to be used since
this was in excess of the recommended five times the largest aggregate size [93]. The
beam was singly reinforced with two No. 6 mm diameter mild steel bars located in
the tension zone (Figure 5.10).

Three DFB fibre laser sensors were installed within the mould. They were held
in position by thin steel wire attached to the steel reinforcement as shown in Figure
5.10. The sensors 2 and 3 were located in the tension zone of the beam, in the same
plane as the reinforcement bars, whereas sensor 1 was located in the compression
zone of the beam. In addition, 5mm foil backed strain gauges were attached directly
to the steel reinforcement allowing reinforcement strains to be measured directly

during the beam test. In addition a thermistor was located at the centre of the con-

13A group led by D. J. Richards, Department of Civil and Environmental Engineering, University

of Southampton.
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Figure 5.10. Layout of the concrete beam. Three DFB fibre laser strain and temperature

sensors were installed, two in the tension zone on the bottom, and one in the compression

zone in the top of the beam. Two resistive strain gauges were bonded to the reinforcement

bars. The reinforcement bars were bent to provide convenient fixing points for the wires

supporting the fibre laser sensors.
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Figure 5.11. Two photographs of the three fibre optic sensors and two resistive strain
gauges installed inside the mould prior to casting the beam. The two resistive strain
gauges were bonded onto the steel reinforcement with epoxy resin. The three fibre optic
strain sensors were suspended from thin metal wire running along the length of the mould.
These wires were attached to the steel reinforcement at both ends of the beam and provide

enough support for the sensor to be held in place during the placement of the concrete.

crete beam to measure its internal temperature. Figure 5.11 shows two photographs

of the sensors put in place inside the mould.

and temperature sensors were tested to ensure that they were still functioning. The

W
sensor protected by the aluminium tubing (sensor 2) failed early into the test. Since
no sign of amplified spontaneous emission (ASE) was detected from the Er’*T-doped
fibre section it had to be assumed that the lead fibre to the sensor broke during the
time between packaging of the laser and casting of the beam. The mechanically
weakest points of the sensor are the ends of the tubes where the fibre is most
likely to snap. The protective PTFE and heatshrink tubing might not have been
robust enough to prevent this happening. The other two fibre laser sensors were

still working, and wavelength and polarisation beat frequency readings were taken

while the beam remained in the mould.
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Free thermal expansion

The beam mould was struck two days after casting and the beam was then placed
into a water bath. The free thermal expansion of the beam was monitored by
increasing the water temperature in steps of 5— 10°C and noting the response of the
embedded fibre laser sensors. This experiment made it possible to re-calibrate the
thermal response of the sensors, which becomes necessary as the thermal expansion

of the concrete beam introduces apparent strain in the sensors, given by
€ = a,AT, (5.15)

where . is the thermal expansion coefficient of concrete. The wavelength and

polarisation beat frequency responses of the DFB fibre laser sensor to free thermal

expansion of the concrete beam become

AN = kJnOJCAT -+ kleT (516-&)
Av = kgl OécAT + kggAT. (516-b)

to .. Figure 5.12 shows the responses of the sensors while the beam was heated. The
wavelength and beat frequency of the sensor protected by the epoxy tube (sensor 1)
varied linearly with temperature. From linear fits to the measured data the responses
of this sensor were found to be dA/dT" = 41 pm/°C and dv/dT = —1.14 MHz/ °C.
The sensor was more sensitive than expected from (5.16-a,b) and the data of Table
5.2. A possible explanation is that the epoxy tube, which had a relatively high ther-
mal expansion coefficient, expanded inside the heat shrink as a void has probably
formed where the outer diameter was reduced from =~ 5mm at the epoxy tube to
~ lmm at the PTFE tubing. The strain sensor packaged in the steel tube (sen-
sor 3) followed the thermal expansion up to approximately 30°C. The slope of
dA\/dT = 27pm/°C is in good agreement with the value predicted from the thermal
expansion of steel and concrete of 23pm/°C. Above 30°C the temperature depen-
dence suddenly dropped to dA\/dT = 8.6 pm/ °C, the value previously measured for
the unpackaged fibre. Debonding of the fibre from the steel tube had probably oc-

curred. Due to the poor performance of the pump laser, and subsequently of the
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Figure 5.12. Free thermal expansion of the concrete beam. The solid lines represent best
fits through the data points. No fit was carried out through the two beat frequency data
points of sensor 3 (open squares). Instead the dotted line is the expected response of the
sensor protected by the steel tube, assuming a thermal expansion coefficient of concrete

of 12 x 108K !, and taking the calibration constants from Table 5.2.

DFB fibre laser, at the time of these thermal tests, only two beat frequency mea-
surements could be taken with this DFB laser sensor. Rather than fitting a straight
line through the two data points (open squares in Figure 5.12) the beat frequency
response of sensor 3 was calculated from its calibration constants and the thermal
expansion coefficient of concrete listed in Tables 5.2 and 5.3. As this procedure gives
only the slope but not the absolute value of the beat frequency a constant offset was
added such that the calculated beat frequency response passes throught the first
beat frequency data point. This calculated response is shown as a dotted line in

Figure 5.12. As a result of debonding, the data point at 42 °C lies below this line.

Three point bending

A standard three point bending test was undertaken on the concrete beam in an
Instrom 100kN test machine. The beam was placed on two roller supports 400mm

apart as shown in Figure 5.13. A single point load was applied to the beam at
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Figure 5.13. Three point bending of the concrete test specimen. The roller supports

were 400 mm apart and a load of up to 8 kN was applied to the beam at its midspan.

its midspan. From the beam section moment of resistance, length of support and
position of the applied load D. J. Richards calculated that the maximum load that

could be applied to the beam would be 8 kN. However, following concerns about

the level of reinforcement present and the assumptions used in the analysis of the
section, it was decided to load the beam up to a maximum of 5kN. The beam was

initially loaded up to 5kN in increments of 0.5 kN and then unloaded in decrements
of 1.67KkN. Then the cycle was repeated with steps of 1kN and 1.67 kN respectively.
At each load level the strain of the resistive gauges located on the reinforcement
was noted together with the readings from the remaining functional DFB fibre laser
strain sensor (sensor 1). The temperature within the beam was also recorded at each
load increment/decrement and allowed direct comparison between the temperature
output from the DFB fibre laser sensor. In the final loading test, the load was
increased to a maximum value of 8 kN, at which point the beam failed.

The strain recorded by the remaining functional DFB fibre laser sensor (sensor 1)

is shown in Figure 5.14. During the initial loading of the beam the strain measured
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Figure 5.14. Strain measured in the compression zone with sensor 1. The beam was

loaded in two cycles with load increments of 0.5 kN and 1.0kN up to 5kN. After each cycle

it was unloaded in decrements of 1.67 kIN. After the initial loading hair cracks formed in

the beam and a residual compression (negative strain) of 15 ue remained on the beam

when it was completely unloaded. In the final cycle the beam was loaded up to 8kN.

The failure of the beam can clearly be seen at the load increment from 6 to 7kN as the

compression suddenly decreased. The strain inside the compression zone remained nearly

constant when the beam was finally unloaded.

by sensor 1 decreased with load. After unloading the beam, the top beam was
still under compression. As expected from the mechanical properties of reinforced
concrete hair cracks developed in the tension zone at the bottom of the beam during
the initial loading cycle. As a result the upper part of the beam remained under
slight compression. The strain suddenly increased above a load of 6 kN and remained
almost constant as the load was decreased. This signature indicates the failure of
the beam and small cracks could be seen propagating through the concrete.
Because this sensor is placed in the compression zone of the beam and the re-
sistive strain gauges are mounted on the steel reinforcement in the tension zone,
no direct comparison between the strain readings was possible without the exact

knowledge of the mechanical properties of the beam.
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Figure 5.15. Temperature measured simultaneously with sensor 1. The calculated tem-
perature from the laser sensor scatters between +0.1 — £0.3°C which is caused by the
unstable operation of the laser and the resulting spread of the beat frequency measure-
ment. The line fitted to the data has a slope of & 1, indicating that the temperature
drift has been recorded correctly by the laser sensor. The temperatures offset between
the thermocouple and the DFB fibre laser sensor of = 0.3°C could either be caused by a
temperature gradient inside the concrete beam while the laboratory was heating up, or a

temperature offset of the thermocouple.

According to the thermocouple measurements the temperature inside the con-
crete beam increased by 0.3°C over the test cycle. Figure 5.15 shows a comparison
between the calculated temperature output from the DFB fibre laser sensor and the
thermocouple. The calculated temperature from the laser sensor scatters between
+0.1 - #+0.3°C which is caused by the unstable operation of the laser and the result-
ing spread of the beat frequency measurement. The fitted line drawn through the
data has a slope of ~ 1, indicating that the temperature drift has been recorded cor-
rectly by the laser sensor. The fitted line exhibits a temperature difference between
the temperatures measured by thermocouple and the laser sensor of = 0.3°C which
could either be caused by a temperature gradient inside the concrete beam while
the laboratory was heating up, or a temperature offset between the thermocouple

and the DFB fibre laser.
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5.3 Annealing of DFB fibre lasers for high

temperature sensor applications

5.3.1 Motivation

It is well known that the UV-induced refractive index modulation dner of Bragg
gratings decreases with time [94, 95]. From (3.18) and (3.24) it is evident that this
ageing process leads to a, usually unwanted, decrease of x and Ap, respectively.
Wavelength drift of the DFB fibre laser sensors — and indeed all wavelength based
passive FBG sensors — should be prevented in order to maintain the sensor cal-
ibration over time. Similarly, DFB fibre laser sources used in telecommunication
applications must remain within their assigned wavelength channel spacing. Fur-
thermore, x should remain constant over the lifetime of passive FBGs and DFB fibre
lasers in order to maintain their peak reflectivity and output power, respectively, as
a reduction of these parameters degrades the signal-to-noise ration (SNR) of optical
sensors and telecommunication networks.

Annealing of FBGs and DFB fibre lasers at an elevated temperature Toppea for
several hours greatly accelerates this ageing process [94]. As long as the ambient
temperature Ty, after the annealing process remains sufficiently far below Tyypea any
further decay of dnes will be insignificant over the grating lifetime [94, 95]. In this
way wavelength and reflectivity drifts can be effectively eliminated. The required
Tamnear depends on the expected maximum 7o, and the lifetime of the grating. The
lifetime of a telecommunication device is about 25 years and the maximum T, is
typically specified as 85°C. For an embedded sensor a lifetime of several decades
might be required with temperatures reaching several hundred °C. Therefore, a
higher T,ynea i8 likely to be required for FBGs applied in sensor applications.

The following experiments quantify the reduction of Ap and k during the an-
nealing process of two DFB fibre lasers and a passive reference FBG up to Tanpeat =
475°C. From these measurements the required Tynnes and the initial xy immedi-
ately after the grating writing process can be determined as a function of lifetime

and maximum 7,,. In addition laser operation at high temperatures will be demon-



5 Single longitudinal mode polarimetric DFB fibre laser sensor 121

Another source of wavelength drift of FBGs arises from the common practice of
loading Ge-doped fibres with deuterium prior to grating fabrication to increase their
photosensitivity [96, 97]. After the formation of the FBG the deuterium is allowed to
diffuse out of the fibre which leads to a reduction of the effective refractive index n.g
of the fibre and consequently A\p [98]. The diffusivity increases with temperature
allowing to accelerate the deuterium outdiffusion by keeping the passive FBG or
DFB fibre laser at an elevated temperature for some time. The effect of deuterium

outdiffusion on Ap and x will also be investigated experimentally.

5.3.2 Theory of deuterium outdiffusion

The deuterium diffusion out of the fibre is governed by the diffusion equation [99]

aC

5 D(T)V?C, (5.17)

where C' is the deuterium concentration and D is the temperature dependent diffu-
sivity. If the deuterium concentration is assumed to be constant over the fibre cross-

section the solution of the diffusion equation is of the form C = Cyexp(—Dt/b),

5.3.3 Empirical model of grating decay

A simple but effective empirical model describing the formation of FBGs and their
thermally induced decay is presented in [94]. These two processes and the associated
change of dneg are attributed to trapping and releasing of electrons at defect sites
within the glass matrix. During the FBG formation free electrons are generated by
the UV radiation. These diffuse to the minima of the UV interference pattern where
they are subsequently trapped by defects in the glass structure. This redistribution
of electrons in the glass matrix is believed to give rise to the periodic index change

[19] — although other processes may also be responsible [19].
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According to this model the trapped electrons occupy a continuous distribution
of FBGs is the result of the depletion of these traps via thermal excitation of the
trapped electrons. The higher T, nea the faster the initial detrapping rate and the
deeper — on the energy scale — the depletion of the traps, i.e. when the annealing
process is terminated the traps are depleted down to an energy Ey; < 0. As long as
after the annealing process 7T, of the FBG remains lower than the critical tempera-
ture required to thermally activate electrons trapped below Ej; further depletion of
the traps is negligible and dnes remains practically constant over the lifetime of the
FBG. In accordance with this model the decay of éneg follows a power law function
with a small exponent [94]:

et = % (5.18)
where ¢; = 1 min is introduced to keep A and o dimensionless, and meff,g is the
initially induced refractive index change. According to (3.18) k o dneg and the last
equation can be written in terms of x

Kg

= T age (5.19)

K

Equations (3.25) or (3.23) can be used to calculate x from the measured grating

bandwidth or its maximum reflectivity. The parameter
A(T) = Agexp(aT) (5.20)
is a measure for the initial decay rate and
a(T)=T/Ty < 1 (5.21)

determines the final value of dn.g or x which is reached asymptotically. The tem-
perature dependence of A and « reflects the thermodynamic nature of the depletion
of the electron traps. A(T) and a(7T) can be obtained by fitting (5.19) to the mea-
sured decay of & at individual temperatures. The fibre specific constants Ay, a and
T, which describe the thermally induced decay of a FBG as a function of T,,pea are

best obtained by fitting (5.20) and (5.21) to A(T) and «(T).
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5.3.4 Experimental arrangement

A Lppg = 50 mm long single polarisation DFB fibre laser with asymmetric phase
shift position at 0.44Lprp'* and a passive Lpgg = 10mm long reference Bragg
grating were written into the same deuterium loaded Er®* :Yb®* fibre used in the -
previous experiments. Both devices were written with an Ar™-laser using the moving
fibre-scanning beam technique [55].

The telecommunication fibre was spliced close to the DFB fibre laser to minimise
losses in the Er®":Yb** lead fibre and subsequently achieve a high output power.
As resplicing would have been impossible without damaging the DFB fibre laser the
risk of deuterium exploding in the electric arc of the splicer had to be eliminated.
Therefore, the DFB fibre laser was kept at ~ 100°C for twelve hours to allow the .
deuterium to outdiffuse before splicing. However, because optical losses were not
important it was possible to measure the decay of the reference FBG at 100°C as
the fibre ends a few centimetres away from the FBG could be heated locally prior
to fusion splicing without damaging the FBG.

The experimental arrangement for measuring the decay of the DFB fibre laser
and the reference FBG is shown in Figure 5.16. The reference FBG and the DFB
fibre laser were placed inside a fan assisted oven which was operated up to 475°C
with a temperature stability of ~ 1°C. In order to obtain clear reflectivity spectra
both devices had to be prevented from moving in the air stream
would have introduced variable strain and consequently changes of Ag. The reference

FBG was, therefore, placed on the base plate of the oven and held in place with

e DFB fibre laser was laid on an aluminium block and covered with a

nagnets. Th
second, light, aluminium block to prevent any movements but also to ensure good
thermal contact between the DFB fibre laser and these aluminium heat sinks under

lasing conditions (see Section 4.4.2). Care was taken that neither the DFB fib

re

laser nor the reference FBG were subject to thermal expansion of the aluminium

heat sinks or the oven base plate.

14The position of the phase shift is of only minor importance to DFB fibre laser sensors (see p.

50).
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Figure 5.16. Experimental arrangement to monitor annealing of a DFB fibre laser and a
reference FBG: WDM = wavelength division multiplexer, ISO = isolator, OSA = optical
spectrum analyser, BBS = broad band source. The broad band source and optical spec-
trum analyser were used to obtain fast scans of the transmission spectra of the reference
FBG and the DFB fibre laser. Higher resolution transmission spectra were obtained by

scanning a tunable laser over the same wavelength range. Intensity modulation of the tun-

able laser in combination with the optical receiver increased sensitivity but also increased

the scan time to eight minutes. The output power and wavelength of the DFB fibre laser
could be monitored on the OSA.

A broad band amplified spontaneous emission (ASE) source was connected to
either the reference FBG or the DFB fibre laser. During the annealing process
their transmission spectra were recorded on an optical spectrum analyser!® with a
measurement resolution of 10pm. At the beginning of each temperature setting
the spectra were recorded every 3-5min. As the annealing process slowed down the
measurement intervals were increased up to 120 min. Each spectrum took about 15s
to record. For comparison some transmission spectra with a resolution of 2 pm were
taken of both devices by scanning a tunable laser across the same wavelength range.

However, the higher resolution could only be obtained at the expense of scan time,

15 Advantest Q8384
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which increased to 8 minutes. Therefore, tunable laser scans where only possible

(3 an I

after the initial fast decay of the reference FBG and the DFB fib

fi

Prior to annealing the minimum transmission through the reference FBG was
Tmin = 5.4%(=1010g(0.054) = 12.7 dB transmission loss) at Ap = 1546.2nm. From |
(3.23) one finds k = 214m~! and a grating strength xLpgg = 2.1. The large
kLppp of the DFB grating resulted in Ty, & 0 or Rpax = 1, both of which were
difficult to measure accurately enough. However, the bandwidth of the DFB grating
could be determined with sufficient accuracy to calculate k. The bandwidth of
the DFB grating prior to annealing was dA = 133 pm. Inserting this value into
equations (3.25) and (3.18) yields x = 254m™'. The grating strength of the DFB
grating then becomes K Lppg = 12.7 which is significantly stronger than the reference
FBG. Therefore, for the weak reference FBG x was calculated from the minimum
transmission, while for the strong DFB grating dA was used throughout the entire
experiment.

In order to verify that the DFB fibre laser could operate at elevated oven temper-
atures it was pumped with a 975 nm grating stabilised pump diode'®. The maximum
launched pump power was 79mW. The backward output power and the operating
wavelength of the laser were measured on the optical spectrum analyser.

Once the DFB fibre laser and the reference FBG were in place inside the oven any
further fibre alignment was avoided to prevent strain induced wavelength changes
and, more importantly, alterations of the carefully adjusted heat sinks of the DFB
fibre laser. Movement of the latter could easily cause output power changes. The

deuterium outdiffusion and annealing process were then carried out in one continu-

ous experiment.

5.3.5 Wavelength shift as a result of deuterium outdiffusion

The reference FBG was kept at —35°C for several days before this outdiffusion
experiment was carried out. The low temperature ensured that outdiffusion of deu-

terium was minimised over this period. The oven temperature was then first set

16SDL.0O-2564-150.
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to 100°C. From data presented in [95] it was assumed that x would only decrease
by a minimal amount at this temperature, but the reduction of Az as a resul
deuterium outdiffusion would be significant [98]. Figure 5.17 shows A and & of
the reference grating as a function of time. The centre wavelength \p decayed ex-
ponentially with a time constant of 250 min to a final value which was ~ 0.4nm
lower than its initial value. After twelve hours at 100°C the wavelength was still
22 pm larger than the final value, while after 24 hours this difference had reduced
to 1.3 pm. The first value corresponds to a frequency difference of 2.8 GHz from the
final value which is acceptable in a telecommunication network with 50 GHz channel
spacing. Using the strain and temperature responses of the DFB fibre laser sensor
ction 5.1.4 22 pm correspond to a strain of 19 ue, or a temperature differ-

ence of 2.8 °C which would introduce a significant systematic measurement error in
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Figure 5.17. Deuterium outdiffusion from the reference FBG at 100°C. The centre
wavelength A\p decayed exponentially with time while the deuterium was diffusing out of
the fibre. After twelve hours the wavelength was within 22pm (£2.8 GHz) of its final
value. While this wavelength difference is acceptable for telecommunication applications,
it would introduce a significant systematic error into a strain or temperature sensor. Con-
sequently, for sensor applications the outdiffusion time has to be extended to 24 hours.
The grating coupling coefficient x decreased by only 2% which reduced the grating reflec-
tivity insignificantly by 0.4%.
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sensor applications. Therefore, the outdiffusion time for this particular fibre, initial
deuterium concentration and temperature should be 24 hours in order to meet the
more stringent sensor specifications.
During the deuterium outdiffusion at 100 °C « decreased by only 2%. This small
decreasé corresponds to an insignificant reduction of the grating reflectivity of 0.4%.
The lasing wavelength shift and the reduction of « of the DFB fibre laser during

deuterium outdiffusion was not monitored because the necessary lead fibres could

only be spliced to it after all deuterium had diffused out of the fibre.

5.3.6 Annealing up to 475°C

A selection of characteristic transmission spectra of the reference FBG and the
DFB fibre laser during the annealing process is shown in Figures 5.18 and 5.19. The
temperature induced wavelength shift was subtracted from the spectra in order to

overlay them in the Figures. The transmission spectra of the reference FBG were

100

(o]
O

[=)]
o

e
(e

Transmisivity T/ %

—— 100°C, 1756min
------ 250°C, 222min
— — 400°C, 147min
— = 475°C, Tmin
-—- 475°C, 720min

-0.2 -0.1 0.0 0.1 0.2

[y
o

Figure 5.18. Superposition of characteristic reference FBG transmission spectra at var-
ious stages during the annealing process. The shown spectra were recorded at the end
of each temperature setting. Temperature induced wavelength shifts are subtracted from
the grating spectra. The transmissivity increased as the UV-induced refractive index

modulation of the grating becomes smaller.
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Figure 5.19. Characteristic transmission spectra of the DFB fibre laser at different
times and temperatures during the annealing process. Spectra obtained by the two dif-
ferent methods described in Section 5.3.4 are in good agreement. The grating bandwidth
decreases as the grating decays. After 150 min at 400 °C the transmission dip at the centre
of the stopband becomes just visible. The spectral features at the long wavelength side at

475°C are a result of grating chirp caused by the movement of the aluminium cover block.
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in close agreement with simulated spectra. The minima and maxima were clearly
the minimum transmissivity could be easily measured. As the annealing
progresses the decay of the reference FBG could clearly be observed in form of the
increase of Ty (3.23) and decrease of FBG bandwidth (3.25).

The spectral features of the DFB grating were less clearly visible which made
the bandwidth measurement less accurate. Because of the great strength xLppg of
the DFB grating, its minimum transmissivity remained close to 0 %. The extremely
narrow transmission peak at the centre of the stop band could not be resolved by the
spectrum analyser. After 150 min annealing at 400 °C the transmission peak became
just visible as kLppp decreased sufficiently and the peak widened. At 475°C the
grating coupling coefficient decayed significantly which led to an increase of the
minimum transmissivity and a further widening of the transmission peak at the
centre. The actual width of the peak, however, was narrower than it appeared
in the spectrum. The latter was limited by the spectral resolution of the optical
spectrum analyser. The spectral features at the long wavelength side at 475 °C were
a result of grating chirp probably caused by the movement of the aluminium cover
block due to vibrations of the oven.

Figure 5.20 shows the decay of the maximum reflectivity Ryax = 1—Tin and the
calculated & of the reference FBG with time and temperature during the annealing
process. A fit of equation (5.19) to the calculated & is shown as solid lines in the
Figure. While for this grating the empirical model is in excellent agreement with
the experimental results there is some disagreement in the literature whether or not
this model can actually be applied to gratings written into hydrogen loaded fibre
[100]. The fit parameters of the power law function (5.19) are shown in Figure 5.21
together with fits according to equations (5.20) and (5.21), respectively. Equation
(5.20) fits the calculated A very well, whereas o deviates significantly from the
fitted line. The calculated values of A and « as well as the quality of the fits are in
agreement with the results presented in [94].

Figure 5.22 shows the narrowing of the grating bandwidth d\ of the DFB fibre

laser and the decrease of the calculated « during the annealing process. The grating
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temperature during the annealing process. The coupling coefficient x was calculated using
equation (3.23). The lines represent a fit according to equation (5.19), the empirical power

law model.

bandwidth was measured between the first peaks of the transmission spectrum,
which are equivalent to the first zeros in the corresponding reflection spectrum.

It was expected that the decay parameters Ag, a and Ty would be the same for
the DFB fibre laser and the reference FBG because both devices were written into
the same fibre under the same conditions. The dotted curves in Figure 5.22 show
the expected decay of the DFB fibre laser grating using the decay parameters of
the reference FBG. It can be seen that these parameters underestimate the decay
of x in this case. Separate power law curves, shown as solid lines, were fitted to the
experimental data. Because of the lower accuracy of the bandwidth measurement
some measured data points clearly lie outside the expected decay curves and are
omitted from the fitting process. The fit parameters A and o are shown in Figure
5.23. They scatter significantly as a result of the bandwidth measurement errors.
The solid straight lines represent a least square fit but should not be regarded as
the true functional relationships. The fit obtained from the reference FBG are also
shown for comparison. The reason for the unexpected difference between the decay

parameters of the reference FBG and the DFB grating is unknown to date and
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Figure 5.21. Power law factors A and « as function of temperature and fit according to

(5.20) and (5.21), respectively. Note, it follows from (5.21) that o(7T" = 0K) = 0.
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Figure 5.22. Bandwidth of the DFB laser grating as a function of time and temperature
during the annealing process.The coupling coeflicient x was calculated using equations
(3.18) and (3.25). Also shown is the predicted decay of k using the annealing parameters
of the reference FBG.

.

further experiments with a larger number of DFB fibre lasers and reference FBGs
should be carried out to improve the statistical significance of the data.

Because the rise of the oven temperature from one setting to the next takes ap-
proximately 15min the initial rapid decay of k¥ does not take place at a constant
temperature. The data shown in the Figures 5.20 and 5.22 is taken after the oven
temperature reached its target value so the early part of the rapid decay was not
measured. This procedure was chosen to allow the DFB fibre laser to remain undis-
turbed inside the oven avoiding parasitic influences on its output power from the
way it was mounted. The reference FBG was also kept inside the oven permanently
to experience the same thermal history as the DFB fibre laser. The large error bars
at T = 598 K = 325°C in Figure 5.21 arose from the lack of accurate data during
the initial fast decay at rising temperature. At low temperatures the initial decay
is relatively slow and therefore only slightly affected by the time lack of the oven.
At high temperatures, > 400°C, the difference between the initial and final & is

large so that the lack of data during the very first minutes of the rapid decay again
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Figure 5.23. Power law factors A and «a as function of temperature for the DFB fibre

laser. Because of the larger measurement errors the lines which were fitted according to

(5.20) and (5.21) should be treated with caution.
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Figure 5.24. Relative grating decay «/g as a function of temperature for different points
in time. Example: after 25 years at T = 85°C & would have reduced to 87 % of its initial
value xg. The same decay can be achieved by annealing the grating at Tynpeat = 214 °C for

24 hours. The annealing time can be reduced to 12 hours if Tynneal is increased to 236°C.

plays only a minor role. The error bars are, therefore, largest in
temperature regime.

From the data presented in Figures 5.21 or 5.23, which fully describes the grat-
ing decay with time as a function of temperature, one can calculate the initially
required kg in order to obtain the optimum or specified & at the end of the anneal-
ing process. As discussed in Section 5.3.1 Tynnea depends on the grating application.
Furthermore, the required annealing time is a function of Tynneas Which allows these
two parameters to be adjusted to speed up the annealing process or to use lower
temperatures at the expense of a longer annealing time. Figure 5.24 shows the rela-
tive decay s/ko as a function of ambient temperature after different points of time.
The left set of curves in the Figure depicts the relative decay while the grating is
operational, i.e. over many years. The right set of curves shows by how much a
grating can be annealed during a few hours at a given temperature. All curves are
calculated using the data presented in Figure 5.23, i.e. for the DFB fibre laser which

is of interest here. If the FBG or DFB fibre laser will be used in a telecommunication
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application with 7o, not exceeding 85 °C over 25 years then the x will decay to 87 %

of kg. The same decay can be induced by annealing the grating at Toppes = 214°C
for 24 hours. The annealing time can be reduced to 12 hours if Tynpea is increased
to 230°C. The Figure shows that the grating decay becomes significant over long
timescales if Tg;, is increased above ~ 150 — 200 °C. Therefore, k¢ has to be about
three to four times larger than the optimum value for T,, ~ 200°C and up to ten
times larger for Top, ~ 300°C. In the latter case the grating has to be annealed at

Tanneal ~ 450°C for 24 hours.

5.3.7 DFB fibre laser operating up to 400°C

It is well known that in order to achieve low threshold and high output power from a
DFB fibre laser the product L has to be carefully chosen [57]. As « decreased during
the annealing process it was expected that the threshold and the output power of
the DFB fibre laser would vary. DFB fibre lasers employed in telecommunication
applications are not expected to experience operating temperature in excess of 85 °C.

From the experimental data presented in the last Section k¥ would decrease by
13 % over 25 years which is expected to alter the threshold and output power of the
DFB fibre laser. The variations of the threshold and output power where measured

during the annealing process up to 7' = 475°C described in the previous Section.

1. T

£ 11 A
L uviie 1Jr

ne output power o
points in time during the annealing process is shown in Figure 5.25. The initial

= 250m™! was higher than the optimum value. Therefore, the slope efficiency

iy

rst increased as the DFB fibre laser was annealed up to 325 °C. The lasing threshold
remained constant. When the annealing temperature was raised to 400°C a small
drop of the slope efficiency was observed during the first two minutes. Then within
the next ~ 40 min the slope efficiency dropped dramatically and the maximum laser
output power decreased to less than 0.1 mW, two orders of magnitude less than the
maximum power reached at 325°C. The drop of output power can be attributed to
the further decrease of x below its optimum value. The theoretical dependence of

the output power on s will be described in the next paragraph.
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Figure 5.25. Output power of the DFB fibre laser as a function of launched pump
power at 975 nm at different times during the annealing process. The DFB fibre laser was
L = 50 mm long and its phase shift was positioned at 0.44L. The initial £ was ~ 250 m™!
which was higher than the optimum value. As a result of the decreasing x the slope

efficiency first increased up to 7' = 325°C and dropped significantly at T' = 400°C (see

also Figure 5.26). The laser threshold remained almost constant.

Although the output power predicted by the model described in Chapter 3 is
higher than the measured output power of a DFB fibre laser when pumped near
980 nm its dependence on k can be examined qualitatively. In Figure 5.26 the
predicted output power at 80 mW of pump power at 975 nm is shown as a function
of k. The calculated output power was normalised to its maximum value at x =
212m~', which for this 50mm long DFB fibre laser corresponds to kL = 10.6.
The experimental result shows a similar behaviour, with the output power at its
maximum for k = 197m™~! which is in good agreement with the calculated value.
However, the measured output power dropped far more rapidly than expected as
k decreased. One possible reason is that the laser has moved slightly inside the
oven between the two aluminium heat sinks as a result of vibrations of the oven.
This small movement could have caused chirp along the DFB fibre laser grating
and consequently reducing the feedback inside the laser. Excessive chirp at 475°C

can be observed in Figure 5.19. However, visual inspection did not reveal any
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Figure 5.26. Calculated and measured output power at Byymp = 80 mW as a function of
k for a L = 50 mm long DFB fibre laser with the 7 phase shift positioned at 0.44L. The
output power has been normalised to its maximum value. The unexpected decrease of
the measured output power might have been caused by a small movement of the carefully
aligned DEB fibre laser between the aluminium heat sinks. This could have induced grating

chirp, as observed at 475°C in Figure 5.19, and consequently reduced the feedback.

obvious movement of the DFB fibre laser and careful realignment was impossible at

T = 400°C.

5.3.8 High temperature polarimetric DFB fibre laser sensor

A dual polarisation DFB fibre laser with an initial x ~ 230m™!, L = 50 mm and
asymmetric phase shift position was annealed at 7' = 350 °C for just over nine hours.
From Figure 5.24 one finds that this allows the DFB fibre laser sensor to operate
at 200°C, 170°C or 140°C over 1, 10 or 100 years, respectively. As expected from
Figure 5.25, after the annealing process the DF'B fibre laser was operating with a
reduced output power of 1.3 mW for 85 mW launched pump power at 975nm. This
is not the desired pump wavelength for a DFB fibre laser sensor but no 1480 nm
pump diode was available at that time. The laser was placed inside the fan assisted

oven and held down onto the base plate of the oven by a heavy metal weight several
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Figure 5.27. Wavelength and polarisation beat frequency as a function of temperature
for a DFB fibre laser previously annealed at 350°C. Wavelength and beat frequency
response show a small quadratic term due to the non-linear expansion coefficient of silica.
The linear terms, however, are in agreement with the sensor presented in Sections 5.1 and
5.2. Self heating as a result of pumping at 975 nm prevented the sensor to operate above

200°C.

centimetres away from the laser itself. The other side was held down by a lightweight
metal rod which allowed the laser to expand freely as the temperature was increased.
The lasing wavelength was measured on a wavemeter!” with an accuracy of 1pm.
The polarisation beat frequency signal was mixed down from ~ 1 GHz to ~ 0.3 GHz
so it could be measured on a 400 MHz RF spectrum analyser'®. Figure 5.27 shows
the wavelength and polarisation beat frequency as a function of oven temperature.
The solid lines represent quadratic fits to the measured data.

The linear terms of the thermal response are in good agreement with the calibra-
tion of the sensor described in Sections 5.1 and 5.2. A small quadratic dependence
was observed which is in agreement with previous reports [20]. This quadratic re-
sponse becomes noticeable when the sensor is used over large temperature ranges.

It remained undetected within the small temperature range over which the sensors

17Burleigh WA-1500
18Marconi 2380
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were calibrated in Sections 5.1.4 and 5.2.1. The reason for the non-linear response

an analysis of the residuals the sensor accuracy was found to be +2.1°C. This accu-
racy was limited by errors of the beat frequency measurements which were caused
by self heating of the sensor and forced convection in the air flow in the oven. Using
only the wavelength measurement, which was more accurate due to the longer inter-
nal averaging time of the wavemeter, yielded an accuracy of £0.4°C. Self heating
caused instable laser operation above 7" = 200°C. Changing to a 1480 nm pump,
which minimises self heating, should make it possible to operate this polarimetric
DFB fibre laser temperature sensor at higher temperatures if its annealing tem-
perature is increased accordingly. The reduced self heating should also limit beat

frequency fluctuations and therefore increase the measurement accuracy.

5.4 Conclusion

In conclusion, the first birefringent DFB fibre laser sensor capable of measuring
strain and temperature simultaneously has been demonstrated. The achieved accu-
racy was +3 pe and +0.04°C, respectively, limited by the equipment used to calibrate
the sensor. A higher sensor accuracy should therefore be obtainable by improving
the accuracy of the calibration. It should be noted that the achieved strain mea-
surement accuracy is sufficient for most applications. The temperature measurement
accuracy is about a factor of 2-10 better than what is usually required. No cross-
sensitive strain and temperature responses were observed, the sensor responded lin-
early independent to both measurands which makes this sensor extremely useful
for structural health monitoring applications where strain and temperature have to
measured simultaneously.

It was verified that this sensor can operate at temperatures up to 400°C. How-
ever, in order to obtain maximum output power the initial coupling coefficient g
has to be high enough such that it decreases to the optimum value while the DFB
fibre laser is annealed. From the experimental and theoretical data the optimum

value for a 50 mm long DFB fibre laser written into the particular Er**: YD fibre
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is £ &~ 200 m~!. While s will only decrease by 13 % over 25 years at 85 °C, which are
typical telecommunication specifications, at temperatures of several hundred °C k
might reduce to 1/10 or less of its original value, depending on the temperature and
lifetime of the FBG. Therefore g and Tanneas have to be chosen sufficiently high.

An appropriately annealed DEFB fibre laser sensor was calibrated between 20 —
200°C. Higher temperatures should be possible if self-heating of the laser can be
reduced by using a 1480 nm pump diode instead of the available 980 nm diode. This
sensor calibration revealed a small quadratic temperature response because of the
temperature dependent thermal expansion coefficient of silica.

For the first time DFB fibre laser strain and temperature sensors have been em-
bedded in concrete. Three sensors were protected by miniature tubes of ~ 60 mm
length and 3 — 5 mm diameter made from aluminium, steel and epoxy resin, respec-
tively. This protection was one of the smallest used so far for fibre optic sensors
embedded in concrete. It allowed the DFB fibre laser sensors to be embedded in
the confined space of a small test specimen typical for civil engineering laboratory
experiments. As expected the temperature response of the sensors had to be re-
calibrated after the embedment in order to take the free thermal expansion of the
concrete into account. Damage caused to one sensor and debonding of another
require improvements to the protection system to increase general robustness and
reliability before these sensors can be used in real civil engineering applications. A
possible improvement is the use of 3 mm jacketed fibre instead of fibre protected by
simple PTFE tubing. Beside increasing the ruggedness of the lead fibre this would
also minimise the diameter mismatch between the protective tube around the DFB
fibre laser and the lead fibre, strengthening the mechanical joint at this point. The
exact reason for the debonding of one DFB fibre laser sensor from its protective
tube remains unknown. It might be prevented by choosing a more appropriate glue
to stop the fibre from slipping inside the package. However, sensor 1 (epoxy resin
protection) was successful in providing simultaneous strain and temperature read-
ings during the entire concrete testing phase. Finally, it should also be noted that

one of the two resistive strain gauges failed during the test, returning a signal too

noisy to provide useful strain readings.
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This DFB fibre laser sensor is expected to be very versatile allowing it to be
employed in a variety of civil engineering, marine and aerospace structures from
small laboratory test specimens to real size structures. It should also be possible to
embed these sensors in carbon fibre composites used in the above engineering topics.
In this case local perturbations of the DFB grating by the host matrix have to be
minimised in order to prevent grating chirp and feedback reductions.

In order to reduce cost of the interrogation system the wavemeter and RF spec-
trum analyser can be substituted by purpose designed devices, such as frequency
counters and optical filters or interferometers. This would also allow to take full
advantage of the available measurement resolution of the DFB fibre laser sensors.

As external perturbations of the lead fibre will change the polarisation state at
the input of the PBS active polarisation control or the use of polarisation maintaining
fibre should be considered if measurements with the above stated accuracy need to
be achieved. More importantly pump power fluctuations, caused e.g. by bends in

the lead fibre, have to be kept below 2.8 mW (for a 1480 nm pump) in order to avoid

loss of accuracy due to self heating of the sensor.



6 Dual longitudinal mode
polarimetric DFB fibre laser

sensor operating entirely in

the RF domain

The main disadvantage of the single longitudinal mode DFB fibre laser sensor pre-
sented in Chapter 5 was the need for two separate interrogation systems for wave-
length and beat frequency measurements. In order to reduce system complexity
and cost a DFB fibre laser sensor which operates entirely in either the wavelength
or the RF domain would be highly desirable. Operating in the RF rather than
in the optical wavelength domain would have the advantage that the laser out-
put can be immediately processed electronically without the need for cumbersome
wavelength-to-electrical signal conversion, such as optical filters or interferometers.
A low birefringent DFB fibre laser operating in two longitudinal modes which split
into two polarisation modes respectively could provide the necessary RF beat fre-
quencies between longitudinal and polarisation modes to allow simultaneous strain
and temperature measurements. While the low natural birefringence of the single
longitudinal mode DFB fibre laser sensor ensured that its polarisation beat frequency
lay within the RF domain the longitudinal mode spacing of a dual longitudinal mode
DFB fibre laser has to be chosen close enough such that their optical frequency dif-

ference lies within the RF domain.
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The use of this type of laser is not limited to sensor applications. It could

serve as a dual- or even multi-wavelengths source or as a RF frequency generator
[103, 104].
In this Chapter the first dual longitudinal mode DFB fibre laser sensor operating

entirely in the RF domain will be presented in greater detail.

6.1 Moiré DFB fibre lasers

A Moiré DFB fibre laser is essentially a superposition of two individual DFB fibre
d

g the second DFB grating on top of an existing one would increase

VAT DULUALY

lasers. Writin
the effective refractive index neg and reduce the fringe visibility v of the index
modulation (see 3.17) [105]. Consequently Ap of the first DFB fibre laser grating
would increase and its k would decrease, altering the laser threshold and slope
efficiency. It is therefore advantageous to write the Moiré structure in one step.
The scanning phase-mask moving-fibre technique [55] allows the fabrication of such
high quality gratings with accurately controlled characteristics [101]. The Moiré
structure of this dual longitudinal mode DFB fibre laser was generated by writing a
series of sinusoidally apodised grating sections of length p and introducing a 7 phase
shift between them.! In this way the slowly varying envelope, corresponding to the
difference frequency of the two superimposed gratings, is generated. The periodicity

p of the envelope or superstructure is given by [102]

——
(@]
[y

N

p = A2/ (2neaAN),

where A\ is the desired wavelength separation between the two modes, neg is the
refractive index and A is the mean wavelength. In order to obtain the necessary
net 7 phase shift in this superstructure DFB grating, the phase shift was omitted

between the pair of adjacent grating sections either side of the position of the DFB

7 phase shift [102].

1The laser was fabricated by M. Ibsen, ORC, University of Southampton.
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Figure 6.1 shows the calculated reflection spectra of dual wavelength Moiré DFB
laser for different design mode spacings A). Because for these calculations the
DFB fibre laser always consisted of an integer number of superstructure periods
its length varied by £3.5mm around a mean of 61.2mm. Two separate DFB
reflection peaks, each with the characteristic narrow reflection dip, were visible.

As the wavelength separation between the two reflection peaks was reduced, the
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Figure 6.1. Calculated reflection spectra of Moiré DFB laser gratings for different design
wavelength separations (0.8 nm, 0.4 nm, and 0.2 nm wavelength separation corresponding
approximately to the telecommunication channel separation on the 100 GHz, 50 GHz, and
25GHz ITU grids). Two separate DFB reflection peaks, each with the characteristic
narrow reflection dip, are visible. As the wavelength separation between the two reflection
peaks is reduced, the reflection dips are pushed away from the centre of the peaks towards

the outside. The actual wavelength separation of the laser modes would therefore be larger

than the designed separation.
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Figure 6.2. Difference between design and actual wavelength separation of a dual wave-
length Moiré DFB fibre laser. At small separations required for sensor applications, i.e.
< 0.1nm=10 GHz, a considerable deviation from the separation calculated by (6.1) is

observed.
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Figure 6.3. Calculated threshold gain of the individual longitudinal laser modes as a
function of mode separation. The threshold gain variations are a result of the varying
length of the simulated lasers which always consisted of an integer number of superstruc-

ture periods.
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reflection dips were pushed away from the centre of the peaks towards the outside.
The actual wavelength separation of the laser modes would therefore be larger than
the designed separation. This difference is shown in Figure 6.2.

Figure 6.3 shows the simulated threshold gain of the two individual laser modes.
The threshold gain fluctuations shown in Figure 6.3 are a result of the length vari-
ation. In theory the threshold gains of the two longitudinal modes are equal. In
reality, however, small imperfections would favour one laser mode. The closer the
mode spacing the greater are the expected effects of spatial holeburning. From the
point of laser stability larger wavelength separations have to be favoured. While
this would be possible for telecommunication applications, the DFB fibre laser sen-
sor described here relies on the close wavelength separation in order to detect the
beat signal between the two modes without the need for further frequency mixing.

The mode structure of the dual longitudinal mode polarimetric DFB laser sensor
is shown in Figure 6.4. At room temperature the wavelength separation between the
two longitudinal laser modes, determined by the period of the grating superstructure,
was about 0.12nm. This corresponds to a frequency separation of 14.9GHz at

a centre wavelength of 1551 nm. The designed mode separation was 10 GHz or

0.08 nm. About 17 pm of the difference between designed and achieved wavelength
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Figure 6.4. Mode structure and resulting RF beat frequencies of the birefringent Moiré
DFB fibre laser used as a strain and temperature sensor. The longitudinal beat frequencies
are determined by the period of the Moiré structure. The polarisation begt frequencies

depend on the birefringence of the DFB fibre laser.
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separation can be attributed to the additional ‘outward push’ of the dips of the
reflection spectra. The remaining difference might have been caused by tolerances
in the fabrication process. Because of a small birefringence of the DFB fibre laser
each longitudinal mode was split into two orthogonal polarisation modes with a
frequency difference of about 650 MHz at room temperature. The linewidths of the
RF beat signals between two laser modes are a convolution of the particular optical
linewidths. Assuming that all four laser modes have approximately the same optical

linewidth then the electrical beat signal linewidth and the optical linewidth are

approximately equal.

6.2 Theoretical sensor response

The strain ¢ and temperature 7' dependences of the wavelengths A, . of the two

longitudinal laser modes and their two polarisations are given by the well known

equation [16]
Adpe/Ame = (L4 pme)e + (@ + Ene) AT, m=1,2and e =uz,y, (6.2)

where pme = (1/nme) ANpme/de and & e = (1/npe) ANy /dT are the strain-optic
and thermo-optic coefficients, respectively, « is the thermal expansion coefficient
of the fibre and n,, . is the effective refractive index experienced by the particular
laser mode. The indices m and e denote the longitudinal mode and the plane of
polarisation, respectively. The relevant parameters can be obtained from the DFB
fibre laser sensor presented in Chapter 5, for which the same fibre had been used.
Hence p = ~0.26, o = 0.5 x 107K~} and £ = 4.6 x 1079K~!. The wavelength
responses to strain and temperature of the two longitudinal modes differ by a small
amount due to the wavelength dependences of p and &, respectively. For large
wavelength separations of several hundred nanometres this effect can be measured
with an optical spectrum analyser [30]. From the difference between the sensor
responses at 850 nm and 1300 nm presented in [30] one can estimate that for this dual
longitudinal mode DFB fibre laser sensor the responses would differ by 10™* pm/ ue

and 6 x 10™* pm/°C between the two longitudinal modes. Therefore, the wavelength
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resolution offered by commercial spectrum analysers would be insufficient to detect
train or temperature induced changes of the wavelength separation between the
two longitudinal modes. However, the small wavelength separation between the
longitudinal modes makes it possible to measure their RF beat frequency precisely

with an RF spectrum analyser.

The longitudinal mode beat frequency between the two modes polarised in the

same direction is

)
e=const

Ve = CW, e=2z,v, (6.3)
where ¢ is the speed of light. Expanding (6.3) into a linear equation in ¢ and AT
yields

Az/e (e, AT) 1
Ve ],:—L— 2 +ple +1)2e):, ‘T: onst
1
{L_ (6.4)

2a—t—§1e+§23)] AT

Where Le == AQ}e - Al’e-
It has been shown in Section 5.1.4 that the birefringence of DFB fibre lagers is a
linear function of strain and temperature. Therefore, the polarisation beat frequency

between the two polarisations of each longitudinal mode can be expressed as

Avp (6, AT) 1 dB,,
VUm I:B_ de B (1 + zpm)] (T:const
1 dB
— 2 AT .
l:Bm dT (CE T gm):, e=const’ (6 5)

where it is assumed that the strain-optic and thermo-optic coefficients are polarisa-
tion independent, i.e. Pz = Pmy = Pm a0d {nz = &my = Em-

The exact strain and temperature responses of the four beat frequencies between
the laser modes are the result of an interplay between the variations of the grating
periods A; o, the refractive indices n; » at the two wavelengths, and the birefringence

By 5. As can be seen in Figure 6.4 the beat frequencies must always obey

Vg + Uy = Uy + V1. (6.6)
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Strain and temperature can be determined by measuring two out of the four beat

N
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sensor ( AT) ’ (67)

where Kgensor is @ 2 x 2 matrix. The choice of the beat frequency pair (va,v5) deter-
mines the accuracy of the sensor which is proportional to det K, i.e. the difference
between the two beat frequency responses to strain and temperature, respectively.
Conventional error analysis will be employed in Section 6.5 to choose the pair of beat

frequency measurements that provides the highest strain and temperature accuracy.

6.3 Experimental arrangement

The experimental arrangement is shown in Figure 6.5. A 60 mm long Moiré DFB
fibre laser operating around A = 1551 nm was written into the uncoated photosensi-
tive Er¥*:Yb3*-doped fibre described in Section 3.2. The grating coupling coefficient

was k ~ 175 m™? for each of the two longitudinal modes and the effective pi phase
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Figure 6.5. Experimental arrangement to investigate the strain and temperature de-
pendence of the dual longitudinal mode polarimetric DFB fibre laser sensor. Note
the simpler interrogation system compared with the single longitudinal mode sensor
(Figure 5.2). WDM=wavelength division multiplexer, ISO=isolator, PIN=photodiode,
RFSA=RF spectrum analyser.
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shift was positioned at the centre. Standard telecommunication fibre was spliced to
both sides of the laser, approximately 5 mm away from the grating ends. The DFB
fibre laser was pumped with a 1480 nm pump? which ensured that pump induced
thermal effects inside the laser could be kept to a minimum (see Chapter 4). The out-
put of the DFB fibre laser was detected with two photodetectors, with bandwidths
of 1GHZ? and 7GHz*. The latter was still capable of detecting the longitudinal
beat signals at 14.9 GHz, where its response had rolled off by —20dB. The lower
bandwidth detector was used to detect the polarisation beat frequencies because of
its higher sensitivity and lower noise. The fibre between the laser and the detectors
was standard single mode telecommunication fibre. Bend induced birefringence in

this non-polarisation maintaining fibre led to coupling of power
onal linearly polarised laser modes as they propagated along the fibre. This coupling
between polarisation modes was sufficient to detect a beat signal on the detectors
without the need for carefully adjusting the polarisation state by means of additional
polarisation controllers and polarisers. Only one interrogation system was required
to detect the strain and temperature dependent RF beat frequencies between the
longitudinal and polarisation modes. As a result this setup is much simpler com-
pared with the experimental arrangement of the single longitudinal mode DFB fibre
laser sensor shown in Figure 5.2. Strain and temperature of the DFB fibre laser were
controlled by the same arrangement described in Section 5.1.3. The gauge length in
this experiment was increased to [, = 975 mm. Strain and temperature were applied
to the DFB fibre laser with an accuracy of about =£3 pe and £0.1 °C, limited by the

positioning accuracy of the manual translation stage and the temperature resolution

of the thermometer (see Section 5.1.5).

2Philips, CQF 858 1480nm pump diode
3New Focus 1611
4Tektronix SA42
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6.4 Optical spectrum and output power

Figure 6.6 shows the optical spectrum of the dual longitudinal mode DFB fibre laser
at different strain levels. The resolution of the spectrum analyser® was 1 pm, which
did not allow to resolve the two polarisations of each longitudinal mode. Therefore,
each peak in the spectrum was the sum of both polarisations. For unstrained DFB
fibre laser its output power at each of the two longitudinal modes, summed over both
polarisations, was 40 uW with 79 mW of launched pump power at 1480 nm. With
increasing strain the output powers of the two modes started to differ with the power
at A; increasing and at Ay decreasing. The total laser output power increased with
strain.

Figure 6.7 shows the output power of the two longitudinal modes of the slightly
strained DFB fibre laser versus pump power at 1480 nm. The output power of the
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Figure 6.6. Optical spectrum of the dual longitudinal mode DFB fibre laser taken with
1 pm resolution at different strain levels. The centre wavelength of the double peak struc-
ture increased with strain. The mode spacing was 0.12nm, corresponding to a frequency
difference of 14.9 GHz. The small change of the mode spacing with strain was not de-
tectable with the optical spectrum analyser. The power of the two longitudinal modes

varied with strain because of possible small perturbations of the grating.
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Figure 6.7. Output power of the two longitudinal modes as a function of pump power at
1480 nm while the DFB fibre laser was strained by 246 pe. The shorter wavelength mode
(A1) has a much lower lasing threshold than the longer wavelength mode (\p), possibly
because of different coupling coefficients x. Gain competition, spatial holeburning, and
self heating of the fibre laser are possible reasons for the decrease of output power of the

shorter wavelength mode when the second mode started lasing.

two modes was measured on the optical spectrum analyser. In agreement with the
spectra in Figure 6.6 the output power was devided unequally between the two
modes, with a maximum output power of 165 uW and to 32 uW at the mode with
the shorter (A;) and longer (A\;) wavelength, respectively.. The lasing thresholds
were ~ 20mW and ~ 65 mW at A; and A,, respectively. The slope efficiency of the
mode at A\; suddenly decreased when the second mode started lasing. As the output
power of the second mode increased the output power of the first mode gradually
decreased, and power fluctuations of about 10% were observed. Gain competition,
spatial holeburning, small imperfections of the 7 phase shifts between the apodised
grating sections and a small difference between coupling coeflicients s of the two
longitudinal modes are likely explanations for this behaviour.

In a non-ideal DFB fibre laser strain and temperature might affect the intensity
distribution of the laser modes and consequently the output power. Better grating

designs are expected to overcome the differential “fading” of the two modes.
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Furthermore, self heating of the laser might also have played a role. The grating
might have become chirped as a result of a non-uniform heat distribution along
the laser (see Chapter 4) which reduced the feedback. This last point was very
pronounced when the laser was pumped at 980nm. Then large heat induced cavity

detuning caused one of the two longitudinal laser modes to stop operating.

6.5 Observed sensor response

As expected from Section 6.2 Figure 6.6 shows that the wavelengths of the two lon-
gitudinal modes increased with strain. However, the wavelength separation between

he same behaviour is expected when

the two modes remained practically constant. Th
the DFB fibre laser is subject to temperature variations. Therefore, simultaneous
strain and temperature measurements are not possible in the wavelength domain
and the DFB fibre laser sensor has to be based on the beat frequencies between the
four laser modes.

The sensor was calibrated by measuring all four beat frequencies vy 5, at five
different temperatures with six strain levels each. The drop of laser output power in
the mode at A, restricted the strain and temperature range over which this sensor
could be calibrated. The linewidths of the electrical beat signals between the indi-
vidual laser modes were about 10kHz. Following the discussion in Section 6.2 the
optical linewidths of the individual modes of this dual longitudinal mode DFB fibre
laser were about 10kHgz, i.e. similar to that of the single mode DFB fibre laser dis-
cussed in Chapter 5. The accuracies of the measurements were o(v,,) ~ £30kHz
and o(vy3) &~ +10kHz, given by the resolution bandwidth of the RF spectrum
analyser and a small jitter of the longitudinal beat frequencies. Figures 6.8 and
6.9 show the measurements of one polarisation beat frequency and one longitudinal
beat frequency as a function of strain and temperature. The other polarisation and
longitudinal beat frequency exhibited a similar behaviour.

As observed previously in Chapter 5 the polarisation beat frequency increased
with strain and decreased with temperature. Small deviations from the circular

symmetry of the fibre and the DFB laser grating increase when the fibre contracts
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Figure 6.8. Polarisation v and longitudinal v, beat frequencies of the dual longitudinal
mode DFB fibre laser as a function of strain at different temperatures. Lines represent best
fits, including the strain-temperature cross-sensitivity of the longitudinal beat frequency
response. This cross-sensitivity might be explained by including a small temperature
dependence of the strain-optic coefficient into (6.4). The polarisation beat frequency
response was in good agreement with the results from the single longitudinal mode DFB

laser sensor (Section 5.1.4).
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Figure 6.9. Polarisation v; and longitudinal v, beat frequencies as a function of temper-
ature at different strain levels. Data of only four strain levels is shown for clarity of the
top graph. Lines represent best fits, including strain-temperature cross-sensitivity of the
longitudinal beat frequency response. Again, the pola,risatioh beat frequency response was
in good agreement with the results from the single longitudinal mode DFB laser sensor

(Section 5.1.4).
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radially under longitudinal strain. When the fibre temperature increases asymmet-
ric stress which had been building up in the fibre during fabrication is released
and the birefringence decreases. If the relative wavelength responses to strain and
temperature A)(e, AT)/X were identical for both longitudinal modes, i.e. p; = p,
and & = &, then it follows from (6.4) that the longitudinal beat frequency would
increase with strain and temperature. The experimental results show that the longi-
tudinal beat frequency indeed increased with strain but decreased with temperature.
It will be shown in Section 6.7 that small differences of the parameters p; ¢, ps and
1,6, &2, Detween the two longitudinal modes at A1 can explain this result. Un-
like the polarisation beat frequency, the response of the longitudinal beat frequency
showed a cross-sensitivity to strain and temperature, i.e. the strain response dv,/de
depended on the fibre temperature and vice versa. This is clearly visible in the
bottom graphs of Figures 6.8 and 6.9. A possible explanation for this behaviour will
be given in Section 6.7.

Using Equation (6.5), planes 14 2(e,T") were fitted to the polarisation beat fre-

A k k €
& S “|=k, . (6.8)

AVQ k:21 kgg AT AT

The fit parameters k; ;, i.e. the beat frequency responses, and vy, (e = 0 ue, T = 0°C)
are shown in Table 6.1-a and -b, respectively. The relative strain and temperature
dependences of the polarisation beat frequency (Avy,/vy,) are in agreement with the
DFB fibre laser sensors presented in Chapter 5. Similarly curved planes vy (e, AT)
were fitted to the longitudinal beat frequencies, with a term proportional to eAT
being added to (6.4) in order to take the strain-temperature cross-sensitivity of the
longitudinal beat frequency responses into account. The modified equation (6.4) can

be expressed in matrix form as
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Table 6.1. Beat frequency responses k;; and beat frequencies at € = O ue, T' = 0°C found

by fitting Equations (6.8) and (6.9) to the experimental data.

kij J
1 2 3
i JkHz/ue  /kHz/°C /Hz/(ueC) v(e=0pe, T =0°C)
1 5.06+0.19 -966+5 v = (675.21 £0.14) MHz
2 5.18£0.15 -944=£5 Vo = (658.63 £0.13) MHz
3 12685+£0.12 -56+12 -381+43 vy = (14.8602 =+ 0.0003) GHz
4 124.82+0.09 -54+£8 -2944£32 vy = (14.8442 4 0.0002) GHz
a b
/ \ / \
A k31 ksz K ‘ )
V$
_ | Rer Rs2 Ra AT =K. | ar | (6.9)
Ay, kar ks Kas
eAT eAT

Again, the fit parameters k; ; and v.(e = Ope, T = 0°C) are shown in Table 6.1-a
and -b, respectively.

Because the fibre birefringence changes very little over the longitudinal mode
spacing of 0.12nm, the relative strain and temperature responses (Avy,/vp), m =
1,2, differ by a very small amount only. Thus employing the two polarisation beat
frequencies v 5 results in large strain and temperature errors because det K, =~ 0.
The errors o(e) and o(T) can be calculated by adding the calibration errors o (k;;)
and frequency measurement errors o(v;o) in quadrature. Over a strain range of
0 — 1000 pe o(e) increases from =28 ue to £1630 pe. Similarly, o(T') increases from
+0.2°C to £8.8°C over a temperature range of 0 — 50°C. Clearly measuring the
two polarisation beat frequencies does not allow to determine strain and tempera-
ture with the necessary accuracy. Inserting vy & vy into (6.6) yields v, =~ v, which
explains why the responses of the two longitudinal beat frequencies to strain and
temperature, respectively, are almost identical. Consequently, measuring the two
longitudinal beat frequencies v, also results in large errors with o(e€) ranging from
+24u€ to £1100 ue and o(7") from £3°C to £450 °C over the same strain and tem-

perature span as above. It is, therefore, neither practical to replace the wavelength
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measurement of the polarimetric single longitudinal mode DFB fibre laser sensor
in Chapter 5 by the second polarisation beat frequency nor to rely entirely on the
different strain and temperature responses at the two longitudinal modes. However,
the fit parameters in Table 6.1(a) and Figures 6.8 and 6.9 show that the polarisa-
tion and longitudinal beat frequency responses were sufficiently different. Therefore
a pair of one polarisation beat frequency and one longitudinal beat frequency pro-
vided the necessary parameters to measure strain and temperature simultaneously.

For the pair (v1, v;) the set of linear equations can be written as

(Zl ) - (Z :: st ) (iﬁ ) ~ e k :::; } ’ (610)

and similarly for the three other pairs of polarisation and longitudinal beat frequency.
Figure 6.10 shows a contour plot of Ar; and Av, in the strain-temperature plane.
Because of the strain-temperature cross-sensitive response the Ay -contour lines are
curved, The strain response of Ay, decreases with increasing temperature while
its temperature response increases with increasing strain (see also Figures 6.8 and
6.9). Solving (6.10) for € and AT results in two pairs of solutions. In the strain and
temperature range over which this sensor has been calibrated one pair corresponded
to the actual strain and temperature while the other yielded a strain of the order of
several thousand pue, i.e. well above the breaking point of the fibre, and a temperature

close to 70°C so the correct solution could be easily identified.

6.6 Sensor accuracy

The measurement accuracy of this sensor, which employed the beat frequency pair
(v1,vy), was calculated by adding the errors of the corresponding frequency responses
o(ki;) and the frequency measurement errors o{v1), o(v,) in quadrature. The result
is superimposed on the contour plot in Figure 6.10 in form of error bars. It can
be seen that the measurement error increased as the crossing angle between two

frequency contour lines decreases. Because of the strain-temperature cross-sensitive
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Figure 6.10. Contour plot of polarisation beat frequency change Awr; and longitudinal
beat frequency change Ay, in the strain-temperature plane. Error bars show the accuracy
of the sensor calculated from the uncertainties of the fit parameters, i.e. calibration errors,
and the frequency measurements at the applied strains and temperatures. The tempera-

ture accuracy is £0.1 — £0.3°C and its error bars are not visible at low temperatures.
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Figure 6.11. Averaged strain and temperature calculated by using all four pairs of
longitudinal and polarisation beat frequencies. The error bars represent the error of the

averaged value.
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response the calculated strain error became unacceptably large for many applications
at elevated strain and temperature values (up to 38% at ¢ = 500 pe, T = 50°C).
The calculated temperature error was between £0.1°C and +0.3°C at low and high
temperatures, respectively. Its error bars are therefore not visible in the graph at
low temperatures.

These strain and temperature errors originated mainly from o(k;;). These sys-
tematic calibration errors could be reduced by using a more accurate translation
stage and thermometer. If the observed strain and temperature dependent intensity
ratio between the two longitudinal modes was caused by variable mode competition
and self heating, it is plausible that this effect could have altered the longitudinal
mode spacing slightly. Systematic beat frequency errors would be the consequence.
These errors could potentially be reduced by minimising imperfections of the grating
structure and spatially separating the intensity profiles of two longitudinal modes.

The frequency measurement errors o(rq) and o(v,) are statistical errors. Al-
though (6.6) always holds, the individual frequency measurements are statistically
independent. Therefore, four combinations of polarisation and longitudinal beat fre-
quency pairs can be used to calculate four statistically independent (e, T’) pairs from
which the mean values € and T can be calculated. Figure 6.11 shows the average
of the four (¢, T) pairs together with the actually applied strain and temperature.
The statistical errors o(¢) and o(T) of (¢,7) were much smaller than the systematic
calibration errors shown in Figure 6.10. While € lied well within these systematic
calibration errors T and the applied temperature differ by more than the system-
atic calibration error. This difference seemed to be systematic and could have been
caused by an inaccurate reading of the applied temperature. Finally, the standard
deviation of the differences between applied and measured € and 7' gives an esti-

mate of the actually achieved accuracy of this sensor, which is 15 ue and £0.2°C,

respectively.
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6.7 Cross-sensitive response

Finally the origin of the significant strain-temperature cross-sensitivity of the longi-
tudinal beat frequency response will be investigated. To recapitulate, the measured
strain and temperature responses of the longitudinal beat frequency depend on the
small difference between the relative wavelength changes A, (e, AT)/A, of the
two longitudinal modes m = 1,2. These differences can only be predicted theoret-
ically if the wavelength dependent strain-optic and thermo-optic properties of the
different materials which make up the optical fibre are known precisely. However,
the numerical values of these differences can easily be calculated from the experi-
mental data. The strain and temperature dependent terms of Equation (6.4) may
be treated separately. Then inserting the experimental strain and temperature re-
sponses Avg(e)/ve(e = 0,T) = f(T) and Ave(T)/ve(T = 0,¢) = f(e) (e = z,y),
which can be calculated from the fitted planes, into the separated terms of (6.4)

leads to
1 Av, Le
pr-py = (25 48) {7 = (D) (611)
and
1 Av, L.
G-t = (Fot +3a) {2 = 10 (612)

where A\g/L. — 1 = M\ /L.+ 1 and A\ = Ay = X have been used. As indicated
ps — p1 and & — & are functions of temperature and strain, respectively, repre-

Bt N

senting the strain-temperature cross-sensitivity. Figures 6.12 and 6.13 show the
relative differences (py — p1)/po and (& — &1)/& as a function of temperature and
strain, where py = —0.26 and & = 4.6 x 107%/K~' are the mean strain and tem-
perature responses of the wavelengths of the two longitudinal modes. The small
relative difference in the order of 10* — 1073 shown in Figures 6.12 and 6.13 would
explain the observed strain and temperature responses of the longitudinal beat fre-
quency. The calculated relative differences (p2 —p1)/po and (§3 — £1)/&o decrease by
—~1.1x107%/°C and —4.2 x 1077/ ue, respectively. This small decrease would explain
the observed strain-temperature cross-sensitivity of the longitudinal beat frequency
response. Furthermore, if one assumes that p, —p; and & — &; are constant then the

strain-temperature cross-sensitivity, expected from the exact equation (6.3), would
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Figure 6.12. Relative difference between the strain responses at the two longitudinal
modes as a function of temperature, calculated from the planes fitted to the experimental

data in Figures 6.8 and 6.9.
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Figure 6.13. Relative difference between the temperature responses at the two longitu-
dinal modes as a function of strain, calculated from the planes fitted to the experimental

data in Figures 6.8 and 6.9.
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only be 0.3 Hz/(ue°C), three orders of magnitude smaller than the experimentally
observed value. Hence, this initially expected cross-sensitivity would have been
negligible, justifying the original linear expansion of (6.3) into (6.4). These small
differences and their variation with strain and temperature would remain undetected
if commercial spectrum analysers with a wavelength resolution of 0.1-1 pm are used.
However, the frequency resolution o(v,) = 30kHz of this sensor corresponds to a
wavelength resolution o(A1z) = A} ;0 (vz)/c = 0.24fm at A1, = 1550 nm revealing
this, here significant, strain-temperature cross-sensitivity.

The underlying physical reason for this cross-sensitivity becomes evident from

the definitions of [43]

p=—0.5n*(p12 — p(p11 + p12) (6.13)
and [45]
_1{0n  Ondp
f—'ﬁ(gj:‘i‘g;aT)? (6.14)

where py; and pio are the photo-elastic coefficients, u is the Poisson ratio and p is
the density of the fibre. While p and £ are regarded as constant in wavelength based
strain and temperature sensors, the cross-sensitivity arises from the temperature
dependent refractive index n(T) in (6.13) and the strain dependent density p(e) in

(6.14). Furthermore, it is reasonable to assume that p, p1; and pi2 are temperature

ight be responsible for parts of

the observed strain-temperature cross-sensitive responses.

No cross-sensitivity could be detected in the polarisation beat frequency re-
sponses. Replacing n in (6.13) by n(T") = ne(1 + £) and inserting this modified
P, into the strain dependent term of (6.5) shows that the expected cross-sensitivity

of the polarisation beat frequency response lies within the experimental error of the

fit parameters.
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6.8 Conclusion

In conclusion, the first polarimetric sensor for simultaneous strain and temperature
measurements based on a birefringent dual longitudinal mode Moiré DFB fibre laser
has been demonstrated. Strain and temperature could be determined by measuring
one longitudinal and one polarisation beat frequency. The use of two RF frequen-
cies, as opposed to one RF frequency and one wavelength measurement in Chapter
5 offers the possibility of employing a variety of low cost and precise frequency de-
tection schemes. By averaging the strain and temperature measurements obtained
from four frequency pairs an accuracy of £15 pe and 4+0.2°C could be achieved.
Systematic calibration errors were probably related to the quality of the DFB fibre
laser, in particular small imperfections of the 7 phase shifts. The sensor responded
linearly to strain and temperature but a cross-sensitivity of the longitudinal beat
frequency response was observed which limited the accuracy of the sensor at higher
strain levels. It has been shown that the observed strain-temperature cross-sensitive
response can be explained by taking small temperature and strain dependences of
the strain-optic and thermo-optic coefficients into account.

The fit parameters k;; of the sensor calibration contain only the fibre specific
parameters ppy e, {me, @, and npy, .. Consequently the k;; are expected to be valid for
all DFB fibre laser sensors made in a particular type of fibre. However, to account
for possible variations of fibre properties and grating writing conditions each sensor
should be calibrated individually — a procedure that could potentially be automated
in serial production.

The sensor accuracy might be increased in future by reducing imperfections of
the DFB fibre grating and separating the two longitudinal modes spatially along
the fibre laser. The latter could potentially minimise gain competition and spatial
holeburning which should reduce intensity variations with strain. Furthermore, the
polarisation beat frequency responses of a birefringent Er®* : Yb®* DFB fibre laser
operating at widely separated wavelengths, e.g. 1060 nm and 1550 nm, might differ
significantly to realise a more practical sensor without suffering from cross-sensitive

frequency responses.
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external feedback

Remote pumping and interrogation of DFB fibre laser sensors through a long lead
fibre might be desirable or even required in many applications. In this case the laser
will experience Rayleigh backscattering from the lead fibre. When several DFB fibre
laser sensors at different wavelengths are multiplexed along the same fibre [106] each
laser may also experience reflections from the grating sidelobes of other lasers. It is
well known that external feedback can cause excess frequency and intensity noise and
self pulsing in semiconductor DFB lasers [107]. Therefore such backreflections and
backscattering should also be avoided in the case of DF'B fibre lasers. Intensity noise
and self pulsing have detrimental effects on the performance of telecommunication
networks, e.g. increased error rate, while frequency noise reduces the sensor accuracy.

Inserting an isolator near the sensing laser could reduce unwanted feedback from
Raleigh backscattering and grating side lobes by typically 40-55 dB!. However, the
use of optical isolators near the sensing point may be undesirable in confined spaces.
Inserting isolators between serially multiplexed DFB fibre laser sensors to reduce
backreflections from grating sidelobes may also lead to an unacceptable attenuation
of the 1480nm pump light. A more favourable solution could be the reduction of
grating sidelobes, by apodising the DFB fibre laser grating [108].

The optical coherence length and the @-factor and centre frequency of relaxation

oscillations are important parameters for the stability of DFB lasers [107]. However,

Single and dual stage isolators manufactured by FOCI.
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these parameters differ greatly between semiconductor and fibre DFB lasers. There-
fore a series of experiments has been carried out, partly together with co-worker E.
Rgnnekleiv?, to characterise the influence of external feedback on the output power
stability of DFB fibre lasers in telecommunication and sensor applications and on the
measurement resolution of DFB fibre laser sensors. External feedback in the form
of Rayleigh scattering, discrete reflections and grating sidelobes has been taken into

account.

7.1 Theory of external feedback

Text = Prefl/ Piaser and its phase Peyy = 270 Teyt [107], where Flaser is the laser output
power, Peq is the power backreflected into the laser cavity, v is the optical frequency
and Te 1S the external roundtrip delay. External feedback might reduce the internal
threshold gain of the laser causing laser intensity and frequency fluctuations or mode
hopping [107, 68]. The effects of external backscattering increase with decreasing
laser mirror reflectivity and with increasing distance to the external reflector [107].

For weak feedback the optical frequency v of the solitary laser will at most
be slightly changed [107]. However, the linewidth of the laser can be broadened
significantly. As the feedback increases phase noise and mode hopping might occur.
If the feedback is increased beyond a critical value Texy = Textc the laser becomes
unstable upon which noise burst and pulsing can be observed.

Because the dynamics of the laser are largely determined by the relaxation oscil-
lations the critical feedback level rex . depends largely on the damping rate of these
oscillations. The stronger the damping, i.e. the smaller the Q-factor of the relaxation
oscillations @),, the larger is the critical feedback level for the onset of noise bursts
[107]. Mathematical models have shown that saturable absorbers play an important
role in the relaxation oscillation dynamics of rare earth doped fibre lasers [109]. The

concentration and the lifetime of these saturable absorbers affect the damping rate

2Then on leave from Optoplan AS, Box 1963, 7002 Trondheim, Norway and Norwegian Univ.
of Science and Technology, Dept. of Phys. EL, 7034 Trondheim, Norway
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of relaxation oscillations and determine whether a fibre laser operates in a stable or
unstable regime. In the former initial relaxation oscillations decay while in the latter
the laser pulses continuously. It has been shown that by increasing the pump power
above a critical level the fibre laser can pass from unstable to the stable operation
[109]. In the DFB fibre laser studied in this thesis Er**-ion pairs act as saturable

absorbers through homogenous upconversion.

7.2 Experimental arrangements — discrete back-
reflections and Rayleigh scattering

The effects of external feedback from discrete reflectors and Rayleigh scattering
were investigated at the same DFB fibre laser used in Section 5.1, i.e. L = 50mm 7
phase shift at the centre, x = 231m~!, A = 1549 nm and pumped at 1480 nm. For
the solitary DFB fibre laser the output power of the laser was measured with an
optical spectrum analyser® (see Figure 3.2 on p. 22) and an InGaAs photodiode®.
The photodiode was connected to a RF spectrum analyser® to spectrally resolve the
output power fluctuations of the DFB fibre laser. Figure 7.1 shows a typical relative
intensity noise (RIN) spectrum [64] of a DFB fibre laser. In this case the DFB
fibre laser was pumped at 980 nm and gave an output power of 1.1 mW. In this case

Mhs rian ool
ine noise peaxk

relaxation oscillations appeared around 300 kHz. near 600 MHz is
the polarisation beat frequency signal used by the DFB fibre laser sensors described
in Chapters 5 and 6.

The Q-factor of the relaxation oscillation is given by
Qr - VT/AVry (71)

where v, and Ay, denote the centre frequency and linewidth of the relaxation os-
cillations, respectively. Both parameters where obtained from the RIN spectrum of

the laser output.

3Manufactured by Ando, spectral resolution 0.1 nm.
4HP, PDT0411 followed by an OPA 655 transimpedance amplifier.
5Tektronix 2782
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Figure 7.1. Relative intensity noise (RIN) of a DFB fibre laser. A broad relaxation
oscillation peak is visible around 300kHz. The wider this peak the higher the damping
of the relaxation oscillations, i.e. the smaller the relaxation oscillation @Q-factor and the
higher the stability of the laser. The polarisation beat signal, which is used by the DFB

fibre laser sensors in Chapters 5 and 6 is visible near 600 MHz. The low frequency cut-off

of the detector was 20 kHz.

External feedback from discrete backreflections and Rayleigh scattering from a
long length of fibre was provided to the DFB fibre laser by means of the experimen-
tal arrangement shown in Figure 7.2. The DFB fibre laser was pumped from the
left, and the left output power was guided through a wavelength division multiplexer
(WDM), a polarisation controller (PC2), an isolator (ISO), and a polarisation beam
splitter (PBS) to two InGaAs detectors D1 and D2%. PC2 was adjusted such that
each detector received light from only one laser polarisation mode. Backreflections
into the right hand end of the laser with variable attenuation, phase shift, polarisa-
tion, and delay were generated by use of a variable attenuator (VA), a piezoelectric
fibre stretcher (PZT), a polarisation controller (PC1), and a selection of delay coils
of various length Le with 3.5 % (—14.5dB) end reflection. By terminating the delay

6Same as in footnote 4
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Figure 7.2. Experimental arrangement to study the effects of external backreflections
on relaxation oscillations as a function of backreflection intensity, phase, and polarisation.
WDM=wavelength division multiplexer, VA=variable attenuator, PZT=piezoelectric fibre
stretcher, ISO=isolator, PC1 and PC2=polarisation controllers, PBS=polarising beam

splitter, POL=polariser, D1 and D2=photodiodes, F.gen.=function generator.

coils with bend losses the effects of Rayleigh backscattering into the laser could be

investigated.

7.3 Solitary DFB fibre laser

Figure 7.3 shows the relaxation oscillation @Q-factor @, of the solitary DFB fibre
laser as a function of launched pump power superimposed onto the laser output
power already shown in Figure 3.8. Figure 7.3 shows that, parallel to an increase
of the slope efficiency, @), decreased steeply above a pump power of 40mW, i.e.
relaxation oscillations were increasingly damped. As a result the DFB fibre laser
was expected to become more stable and less susceptible to external feedback. An
increase in lasing stability was indeed observed: below 40 mW pump power the laser
was continously pulsing, while above pulsing stopped.

Paired Er®*-ions in the DFB fibre laser, whose effect on the slope efficiency
was discussed in Section 3.3.1, are subject to homogeneous upconversion (see p.
28). This process reduces the population inversion and therefore leads to a smaller

gain. Figure 3.10 shows that at low optical power the population inversion of paired
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launched pump power at 1480 nm. As the saturable absorbers in form of Er®t-ion pairs
were bleached with increasing pump power the relaxation oscillations were increasingly

damped and consequently @), decreased dramatically above 40 mW of launched pump

power.

ions is even negative (Vi pair > Nopair) and as a result generates loss at the lasing
wavelength. However, the finite lifetime of the upconversion process C,,N, (see
Eq. 3.8) allows to obtain a positive population inversion when the optical power
is increased. This is shown in Figure 3.11, where it can also be observed that the
paired ions contribute gain rather than loss at the lasing wavelength.” In summary,
the absorption of paired Er**-ions decreases with increasing optical power. They
therefore act as saturable absorbers [56].

External feedback at the lasing wavelength will cause small deviations from the
steady state population densities, changing the losses inside the DFB fibre laser
cavity. From (3.2-a), (3.2-b), (3.3), the saturable 10ss Cigat = 012V1 pair — T21V2 pair

and setting, for simplicity, Wi, = Wy = W and 012 = 09; = o it follows that

dasat 20
= AN 7.2
W T Ry2w 1 4, (7.2)

where AN = N, — N; < 0 is the population inversion of the paired ions and

"Although the actual population inversion does not appear to be positive it contributes gain

since g91 > 012. For 021 = 012 the population inversion would indeed be positive.
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A, = 1/7}. Consequently, for small internal optical power, i.e. small W, R and
AN << 0, small fluctuations dW of the internal power at the lasing wavelength due
to external feedback cause large loss variations dogs;. These in turn lead to output
power fluctuations, i.e. spiking or relaxation oscillations. With increasing pump
power W and R increase while |ANN| decreases, i.e. the absorption at the lasing
wavelength caused by Er®" ion pairs is bleached. Therefore dasat/ dW decreases,
relaxation oscillations are largely damped and the DFB fibre laser becomes less
susceptible to external feedback.

A more quantitative discussion would include the difference between o5 and 09y
as well as the non-uniform distribution of the population densities of paired ions

shown in Figures 3.10 and 3.11.

7.4 Critical feedback level

7.4.1 Discrete backrefiection

Figure 7.4 shows intensity noise bursts of the DFB fibre laser subject to the external
backreflection from the cleaved end of a L¢q = 22.3m long fibre. The launched
pump power was 79 mW and the DFB fibre laser gave an output power of 400 uW.
The phase of the external backreflection was modulated by applying a triangular
waveform to the PZT. The external amplitude reflection coefficient was adjusted
to its critical value 7o = —28.3 £ 1 dB where relaxation oscillation noise bursts
started to occur for worst case settings of PC1 and PZT drive voltage. At these
worst case settings the noise amplitude was at its maximum. It can clearly be seen
that noise bursts of the optical power occurred when the external roundtrip phase
Do was a multiple of 2. The feedback periodically reached its critical value and
the laser became unstable.

When PC1 was in its worst case position, the fast power fluctuations of the two
laser polarisation modes were practically equal in amplitude and in phase. This
indicated equal backreflection phase delay ®ey for the two polarisation modes. For

other settings of PC1, the relaxation oscillation frequencies of the two polarisation
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Figure 7.4. Oscilloscope trace of the laser output power F, of the z-polarised mode
(see Figure 7.2) and of the triangular phase modulation signal ®,; applied to the PZT.
Lexy = 22.3m and rex; = Text,e. Noise burst of the optical power were observed when Py

was a multiple of 2.

modes would still be equal, but the sign of these power fluctuations could be made
opposite for the two modes. The critical external reflection coefficient sy, could
then be increased by at least 10 dB as one polarisation mode was backreflected into
the orthogonal mode. Because the two polarisation modes had slightly different op-
tical frequencies v the backreflected light was out of phase with the light in the laser
cavity and a higher backreflected amplitude was required to cause laser instabilities.

It has been pointed out in Section 7.1 that the critical backreflection coefficient
Text,c dOes not only depend in the phase delay @, but also on the external cavity
length Ley. Therefore in the following experiment 7.y . has been measured as a
function of Ley at different pump powers and with PC1 adjusted to its worst case
setting. Simulation results reported for semiconductor lasers [110] predict that rex;
versus Ley decreases by more than 20dB per decade for Ley < L, = ¢/2negv, and
flattens out for longer external cavity lengths. Here L, corresponds to a feedback
delay of one relaxation oscillation period. The experimental results for the DFB
fibre laser shown in Figure 7.5 were in qualitative agreement with these simulations.

For Ley = 22.3m and Leyg = 318 m the measurements satisfy 7ew . o< @1 which
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Figure 7.5. Measured critical external reflection coefficient Text,c fOr several external-
cavity lengths Leyxy and pump powers. According to the theory developed for semiconduc-
tor DFB lasers the laser should be stable below the “stability limit” line. However, this
DFB fibre laser showed sustained relaxation oscillations in this regime (see main text).
Also shown is the expected Rayleigh backscattering level of -72 dB/m from a fibre of length
Leyi. It was confirmed experimentally that for 83 mW pump power the DFB fibre laser

operation was stable when subject to Rayleigh backscattering from Leyx < 135 m.

is expected because the more the relaxation oscillations of the solitary laser are

oscillations. For L = 1518 m deviations from reme o Q7' were observed. A
possible explanation is that @), of the solitary lasers was modified slightly by the
presence of external Rayleigh backscattering from the long length of fibre.

The estimated limit below which the DFB fibre laser should always be stable
(107, 77] is shown as a dotted line in Figure 7.5. However, sustained relaxation
oscillations of the DFB fibre laser were observed in this regime. This could have
been partly due to uncertainties of the parameters used to estimated the stability
limit. Another explanation could be that DFB fibre lasers with a comparatively

high @), become unstable because ¢, will be modified to some extent by the external

reflections.
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7.4.2 Rayleigh scattering

For 83mW of pump power at 1480 nm, the DFB fibre laser (output power 400 uW)
was found to be stable when subjected to Rayleigh scattering from < 135m of fibre,
corresponding to a reflectivity of —51dB. At 135 m noise burst could be observed
in response to acoustic noise, such as clapping hands in the laboratory. For a
fibre length above 200m (reflectivity —49dB) the laser was continuously pulsing.
The dashed line in Figure 7.5 shows the typical Rayleigh backreflection level of
—72dB/m. The cross-over point with the straight line connecting the points of the
discrete reflection measurements is at 175 m, (reflectivity —50 dB) which is in good

agreement with the Rayleigh backscattering measurements.

7.5 Experimental arrangements —
backreflections from grating sidelobes

Backreflections from grating sidelobes and their impact on laser stability and mea-
surement resolution were studied with the experimental arrangement shown in Fig-
ure 7.6. One dual polarisation DFB fibre laser (DFB1) was set up in a similar way
as the sensor described in Section 5.1.3. Its output was split by a 50:50 coupler and
could be detected in one arm after an isolator. The other arm was connected to
the output of a second DFB fibre laser (DFB2). Its output could be monitored at
the forth arm of the 50:50 coupler. A variable attenuator was inserted between the
two DFB fibre laser, reducing backreflections from grating sidelobes and the laser
output power from one laser incident on the other. The two DFB fibre lasers were
pumped by two separate pump diodes, thereby avoiding laser intensity noise in the
second DFB fibre laser as a result of variable pump absorption in the first. The
latter would be caused by laser intensity noise in the first DF'B fibre laser. Because
only one 1480 nm pump diode was available DFB2 was pumped at 980 nm. Taking
the 50:50 coupler and isolator into account the output powers of the DFB fibre lasers
were Pppp; = 230 uW and Pppg: = 200 uW for launched pump powers of 82mW at
1480 nm and 50 mW at 980 nm, respectively. Both lasers were placed together in
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Figure 7.6. Experimental arrangement to investigate laser stability and measurement
resolution as a function of backreflections from a second DFB fibre laser. The wavelength
difference between the two DFB fibre lasers could be strain tuned from —1 to + 2.5nm.
A variable attenuator (var. atten.) was used to adjust the level of coherent back-
reflections from grating sidelobes of DFB2 into DFB1. PC=polarisation controller,
WDM=wavelength division multiplexer, ISO=isolator, OSA=optical spectrum analyser,

RFSA=RF spectrum analyser.

an oven to prevent relative wavelength drifts due to variable environmental temper-
ature differences. The wavelength separation Aprge — Apre1 between the two lasers
could be tuned from —1 to + 2.5 nm. The wavelength tuning was carried out in two
steps: coarse strain tuning of DFB2 over =~ 2.5nm and fine tuning with a manual
translation stage of DFB1 over 1nm. The amplitude of the backreflections from

DFB2 into DFB1 could be adjusted by a variable attenuator between the two DFB

fibre lasers.

7.6 Reduction of sensor accuracy

The experiments described in Section 7.4 clearly show that amplitude and phase of

backreflections have a critical influence on the stability of DFB fibre lasers. The
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grating sidelobes in a serially multiplexed DFB fibre laser sensor network represent
reflectors with wavelength dependent reflectivity and phase delay. In addition nar-
row linewidth optical signals emitted from other DFB fibre laser sensors are incident
on a particular DFB fibre laser.

The reflectivity and time delay spectrum of DFB2 is shown in Figure 7.7. The
decreasing reflectivity with increasing distance from the reflection peak is expected
from modelled grating spectra. The increasing time delay fluctuations were probably
induced by phase noise in the grating and in the detection electronics. Modelled
time delay spectra of uniform noiseless gratings predict a sharp decrease of time
delay variations with increasing distance from the centre wavelength.

The top axis of the Figure shows the wavelength difference between the two DFB
fibre lasers. A guardband of ~ 1 nm would typically be left between the wavelengths

of multiplexed passive and active Bragg grating sensors to avoid ambiguous sensor

readouts.
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Figure 7.7. Reflectivity and time delay spectrum of DFB2. The wavelength difference
between the two multiplexed DFB fibre lasers (see Figure 7.6) is shown on the top x-
axis. The effects of backreflections from DFB2 into DFB1 have been characterised at the

wavelength differences indicated by the thick vertical line and the horizontal arrow.
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The channel spacing in current telecommunication networks is 100 GHz=0.8 nm
and is likely to decrease to 50 GHz=0.4nm or even 25GHz=0.2nm in the near
future. For the latter two cases backreflections from grating sidelobes would increase
significantly unless the DFB gratings are apodised.

Although the wavelength difference between the two DFB fibre laser sensors
should be kept above &~ 1nm, first the worst case scenario was investigated with
maximum backreflection from the grating stopband of DFB2. The wavelength of
DFBI1 was strain tuned from 0.42nm below to 0.42nm above the operating wave-
length of DFB2 by applying a strain of 0 — 707 pe. The wavelength and polarisation
beat frequency of DFBI as a function of applied strain are shown in Figure 7.8 for
Pprgz = OW and Ppppy = 200 uW, of which 50 % where incident on DFB1. Straight
lines were fitted to the data. Small deviations from the expected linear responses

were caused by the uneven motion of the manual translation stage. Wavelength
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Figure 7.8. Wavelength and beat frequency of DFB1 as a function of applied strain
for DFB2 being switched off and operating with 200 uW output power, respectively. The
wavelength and frequency response do not depend on the operation of DFB2. Small devia-
tions from the fitted straight lines are due to the uneven motion of the manual translation
stage used to strain DFB1. A temperature increase of = 4-0.3°C is the likely reason for

the beat frequency downshift of ~ 500kHz between the two sets of measurements.
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and beat frequency response were independent of the mode of operation of DFB2.
The beat frequency was shifted down between the two measurements by ~ 500 kHz,
which is probably due to a small temperature change of &~ +0.3 °C between the two
measurements. The beat frequency response is in agreement with the responses of
the sensors in Section 5.2.1.

While the sensor response was not altered by the presence of the second DFB
fibre laser it is of great interest to investigate how the sensor accuracy depends
on backreflections, in particular on those from grating sidelobes of DFB2. Optical
frequency, or wavelength, noise and polarisation beat frequency noise determine
the measurement resolution of the sensor. The accuracies of the wavelength and
polarisation beat frequency measurements o();) and o(v) (see Section 5.1.5) are
directly proportional to this noise.

Optical frequency noise as a function of backreflection intensity has been mea-
sured by Rgnnekleiv and Lgvseth [65]. The maximum frequency variation was
+170 kHz caused by Rayleigh backscattering from 13 km of fibre (=—31 dB backscat-
tered power). This optical frequency noise corresponds to wavelength fluctuations
of AN = ¢/v? Av ~ %1 fm which is two orders of magnitude smaller than the wave-
length resolution of the wavemeter used to measure the wavelength of the DFB fibre
laser sensor in Section 5.1. Optical frequency noise of DFB fibre lasers is therefore
negligible for most practical strain and temperature sensors.

In the following experiment the fluctuations of the polarisation beat frequency of
DFBI, i.e. the second parameter of the polarimetric strain and temperature sensor
described in Section 5.1, has been measured as a function of the backreflection level
of grating sidelobes.

While the instantaneous linewidth of the polarisation beat frequency signal re-
mained at around 10kHz, its centre frequency fluctuated considerably as a result
of backreflections. Figure 7.9 shows the FWHM of the ﬂ{lctuations of the beat fre-
quency signal FWHM(v) as a function of wavelength separation for three cases of
backreflection: DFB2 lasing with 60 W output power, DFB2 off, and DFB2 off with
20dB additional attenuation induced by the variable attenuator between the two

lasers. The frequency fluctuations were measured by averaging the instantaneous
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Figure 7.9, FWHM of the polarisation beat frequency fluctuations FWHM(v) of DFB1
as a function of wavelength separation between the two DFB lasers. The effects of backre-
flections from DFB2 into DFB1 are shown for three different cases: DFB2 operating with
60 uW output power, DFB2 off, and DFB2 off with 20 dB additional attenuation between
the two lasers. DFB1 was operating with an output power of 250 uW in all three cases.
The frequency fluctuations are measured with a resolution bandwidth of 30kHz. The
right axes show the corresponding FWHM of strain and temperature measurements, i.e.
the measurement accuracy. FWHM (v) was dependent on the backreflection level from the

sidelobes of DFB2. Additional attenuation of backreflection levels significantly reduced
FWHM(v).

beat frequency signals on the RF spectrum analyser whose a resolution bandwidth
had been set to 30kHz. As expected, FWHM(v) generally decreased with increasing
wavelength separation because of the decreasing reflectivity of the sidelobes of DFB2.
However, large fluctuations of FWHM (v) were observed as the wavelength difference
was increased. An explanation is the wavelength dependent backreflection level into
DFBI, caused by the sidelobes of DFB2. The fluctuations of FWHM(v) were of
the same order of magnitude whether DFB2 was operating or turned off. Hence,
there was no evidence that the optical output of DFB2 affected DFB1 at wavelength
separations > 1 nm, although the ratio 0.5 Poppa/Pore1 = Text = —9.2 dB?® was high

8The factor 0.5 accounts for the 50:50 coupler, so only half of Pppp: is incident on DFBL.
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compared to reflection levels in the previous experiments. The FWHM(v) could be
reduced to the measurement resolution of 30kHz by introducing an additional loss
of 20dB between the two DFB fibre lasers.

These results can be interpreted by keeping in mind the difference between coher-
ent backreflection from grating sidelobes and the out-of-resonance optical signal from
DFB2. Similar to backreflections from discrete reflectors and Rayleigh backscatter-
ing coherent backreflection from grating sidelobes cause laser instabilities. These can
be reduced by decreasing the backreflection coeflicient, i.e. by introducing additional
loss between the two DFB fibre lasers. Compared to coherent backreflections from
grating sidelobes the output of DFB2, which is not in resonance with the optical
field inside DFB1 because of their wavelength mismatch, has an insignificant effect
on beat frequency fluctuations and measurement accuracy of the sensor.

Figure 7.9 shows that if the temperature resolution of £6 x 107%°C reported in
Section 5.1.5 should not be exceeded the maximum permissable backreflection level
is equal to the DFB2 grating reflectivity at Aprp2 — Aprp1 = 1.4 nm minus a further
20dB attenuation. From Figure 7.7 one finds a reflectivity of ~ —22dB at this
wavelength separation. Therefore the total backreflection into the DFB fibre laser
sensor should not exceed 7o &~ —42 dB. The typical wavelength separation between
multiplexed FBG sensors is 1 nm. If the DFB fibre laser sensors are employed in a
serially multiplexed network they have to be apodised in order to suppress sideband
reflections below ~ —42dB. An alternative approach is to multiplex the DFB fibre

lasers in a parallel sensor network.

7.7 Potential role of the grating time delay

It has been shown theoretically [107] and experimentally (Figure 7.4) that the laser
stability depends on the magnitude and phase of the backreflections. The grating
sidelobes are not only described by their wavelength dependent reflectivity but also
by the wavelength dependent time delay they impose onto the reflected light. One
can therefore expect that small wavelength variations of the light emitted by DFB1

lead to backreflections with varying intensity P.g and roundtrip phase @ex. On
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the other hand, for small wavelength variations A) a cleaved fibre end represents
a reflector with constant reflectivity and roundtrip delay if phase changes A®e =
27 Loyt /A2 A X due to the varying wavelength can be neglected.

In a preliminary experiment frequency and )-factor of the relaxation oscillations
and variations of the polarisation beat frequency FWHM(v) were measured as a
function of backreflection levels from one grating sidelobe and a cleaved fibre end.
In both cases the external cavity length was Ley, &~ 4 m. For reflections from grating
sidelobes the wavelength difference between the two DFB fibre lasers in Figure 7.6
was kept at 1.13nm and DFB2 was switched off. The resolution bandwidth of the
RFSA was 10kHz. The DFB fibre laser was pumped with 82mW at 1480 nm and
emitted P = 230 uW.

Figure 7.10 shows FWHM(v), v, and @, as a function of the optical power reflec-
tion coefficient rey for reflections from the chosen grating sidelobe. The.top graph
shows that FWHM(v) remained between 15-35kHz for rey < —42dB For larger
backreflections levels FWHM(v) increased steeply. This behaviour is in agreement
with the results shown in Figure 7.9 where a value of 7oy &= —42 dB was found above
which FWHM(v) would increase above = 30 kHz. It can also be seen in Figure 7.9
that at a wavelength separation of 1.13nm FWHM(v) increased significantly when
the backreflection level was increased by 20 dB.

The relaxation oscillation frequency v, remained constant below a backreflection
coefficient re = —b0dB and increased above. Around the same 7y @, decreased
in a step-like function. The decreasing Q.-factor is a clear sign of increasing laser
stability (see also Figure 7.3). A possible explanation is that the DFB fibre laser
moved from one stability regime into another [107, 109].

Figures 7.11 shows the same laser parameters when the backreflections originated
from the fibre end cleave. Qualitatively the DFB fibre laser behaved similarly to the
previous case. However, the laser appeared to be less stable as for 74 < —37dB Q,
was higher. It is intuitively reasonable that as a result of small lasing wavelength
fluctuations the roundtrip phase delay ®ey(A) caused by the wavelength dependent
time delay of the grating sidelobe could have stabilised the DFB fibre laser. This

behaviour is similar to a harmonic oscillator which is driven by a periodic external
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Figure 7.10. FWHM of the polarisation beat frequency fluctuations, relaxation oscil-
lation frequency v, and Q-factor @, as a function of the reflection coefficient rex; for
reflections from a grating sidelobe. The wavelength difference between the two DFB fibre
lasers was 1.13nm. DFB2 remained unpumped during these measurements. Solid lines
are superimposed on the data to guide the eye. The increase of FWHM(v) is in agreement
with the results presented in Figure 7.9. The DFB fibre laser appears more stable, i.e.
smaller ()., under backreflections from grating sidelobes than from a fibre end cleave (see

Figure 7.11). The resolution bandwidth of the RFSA was 10 kHz.
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Figure 7.11. FWHM of the polarisation beat frequency fluctuations, relaxation oscil-
lation frequency v, and Q-factor @, as a function of the reflection coefficient rey for
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eye. In this case FWHM(v) is larger than for backreflections from grating sidelobes.
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force whose phase is time dependent. It can be seen in the top graph in Figure 7.11
that the DFB fibre laser tolerated only re = —51 dB backreflection from the fibre
cleave before FWHM (v) increased steeply upon which the potential sensor resolution
would have decreased.

Further theoretical and experimental investigations are needed to understand
in detail the observed dependence of FWHM(v), v, and @, on 7eq and ®Pe. The
steady state DFB fibre laser model presented in Chapter 3 includes the Er®*-ion
pairs whose population dynamics play an important role in the laser stability. This
model could potentially be developed into a dynamic model. In order to investigate
time delay variations due to lasing wavelength fluctuations gratings with constant

o 1.

reflectivity but different chirp could be used as refiectors.

7.8 Conclusion

As expected from the behaviour of their semiconductor counterparts DFB fibre
lasers were susceptible to external feedback from discrete reflectors and Rayleigh
scattering which lead to increased intensity noise.

The tolerable external optical power incident on a DFB fibre laser depended on
the external cavity length, the phase of the incident optical wave and the relaxation
oscillation @-factor @, of the DFB fibre laser. Er®*-ion pairs which undergo homo-
geneous upconversion acted as saturable absorbers. At low pump and lasing power
their absorption coeflicient was high and very sensitive to power fluctuations at the
lasing wavelength, caused e.g. by external feedback. This resulted in the experimen-
tally observed noise bursts and sustained relaxation oscillations of the DFB fibre
laser. With increasing pump and lasing power the loss caused by Er®'-ion pairs
became smaller and less sensitive to those power fluctuations. The DFB fibre laser
therefore became more stable, which was reflected in a decreasing @-factor of the
relaxation oscillations.

Under typical operating conditions of a DFB fibre laser sensor, i.e. 83 mW pump
power at 1480nm and 400 W output power, Rayleigh backscattering from up to

about 135 m of fibre were tolerable without the onset of intensity noise. This would
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limit the length of lead fibre acceptable for a remote sensor application. Longer fibre
lengths might be possible if @, could be decreased, e.g. by reducing the number of
saturable absorbers, i.e. Er®" ion pairs.

For the first time backreflections from grating sidelobes of another DFB fibre
lasers have been investigated. Wavelength dependent phase delay of the backre-
flected light seemed to increase the stability of DFB fibre lasers compared to discrete
backreflections from a fibre end cleave.

Beside the output power fluctuations the effect of external feedback on the mea-
surement resolution of the polarisation beat frequency was investigated. It was
found that in order to maintain the sensor resolution achieved for a single DFB
fibre laser sensor in Section 5.1 only —42 dB backrefiection were permissible. This
low backreflection level will usually be exceeded by standard multiplexed DFB fibre

laser sensors. Apodisation of the DFB fibre laser grating might be a solution to this

problem.
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Although a large variety of fibre optic strain and temperature sensors has been

developed over the last two decades they only play a small role compared to well

optic strain and temperature sensors can only be achieved if their well known tech-
nological advantages are paired with lower cost and higher practicability.

The aim of this project was to address these two important issues and develop
new accurate, practical and cost effective fibre optic sensors for simultaneous strain
and temperature measurements which can be used in a variety of applications such as
aerospace, marine and civil engineering. Based on the advanced and relatively widely
accepted technology of passive fibre Bragg grating sensors two novel polarimetric
DFB fibre laser, i.e. active fibre Bragg grating, sensors were developed.

The first type of polarimetric DFB fibre laser sensor operated in a single longitu-
dinal mode which split into two polarisation modes as a result of a small birefringence
of the fibre and the DFB grating. Wavelength of one polarisation mode and the RF
beat frequency between the two polarisation modes were used to determine strain
and temperature simultaneously. The maximum demonstrated operating temper-
ature of this DFB fibre laser sensor was 200 °C but experimental and theoretical
evidence suggests that operation up to 400°C is possible. The measurement ac-
curacy of the sensor was +3 e and 40.04 °C while its resolution was £0.4 pe and
46 x 1073°C. These specifications are suitable for many applications, especially
in the field of civil engineering. The accuracy and resolution could potentially be
increased further by using more accurate calibration equipment, reducing external

noise sources such as pump power fluctuations and replacing the employed com-
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mercial multi-purpose laboratory test equipment by a purpose built interrogation
system. However, the cost and practicality of the various interrogation systems hav
to be kept in mind.

Three single longitudinal mode polarimetric DFB fibre laser sensors were bonded
into prototypes of miniature protective tubes and subsequently embedded in a small
concrete laboratory test specimen. These tubes allowed the fibre optic sensors to
be installed by personal who was unfamiliar with such sensors. Thermal cycling
and a three point bending test were carried out as a proof of principle. It was
demonstrated that a protective tube made from epoxy resin provides sufficient strain
transfer from the concrete to the DFB fibre laser sensor. Potentially the epoxy resin
could be moulded into other shapes, depending on the application. Building on
the experience gained from this simple demonstration further applications of this
simultaneous strain and temperature sensor should emerge.

Detailed experiments have revealed a reduction of the strain and temperature
measurement accuracy up to a factor of two and five, respectively, as a result of
external feedback into DFB fibre laser sensors and pump induced self-heating. These
two effects are likely to occur if these sensors are multiplexed or installed remotely.
It is expected that the detrimental effects of external optical feedback could be
reduced by optimising the DFB grating design and reducing the number of paired
Er®*-ions, which act as saturable absorbers. It was shown that sufficient thermal
contact between the DFB fibre laser and its environment reduces the self-heating of
DFB fibre lasers.

The complexity of the interrogation system of the single longitudinal mode DFB
fibre laser sensor could be reduced to a minimum with the development of the
second type of polarimetric DFB fibre laser sensor. This birefringent DFB fibre
laser operated in two longitudinal modes which split into two polarisation modes
respectively. The longitudinal mode spacing was chosen small enough to lie within
the RF domain. Therefore, the strain and temperature dependent beat frequen-
cies between longitudinal and polarisation modes could be measured with a single
frequency meter without the need for cumbersome wavelength-to-electrical signal

conversion. In a first laboratory demonstration a single commercial RF spectrum
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analyser was used but purpose build frequency meters would lead to an even simpler,
more compact and cheaper interrogation system. The sensor accuracy was +15 ue
and +0.2°C limited by an unexpected strain-temperature cross-sensitive response of
the longitudinal beat frequency which was probably caused by previously undetected
small temperature and strain dependences of the strain-optic and thermo-optic co-
efficients, respectively. Increasing the longitudinal mode spacing by operating the
Er** : Yb*" DFB fibre laser simultaneously in the 1060 nm and 1550 nm band and
employing only the two polarisation beat frequencies might be a way to eliminate the
unwanted cross-sensitive response while still operating entirely in the RF domain.
Mode competition, spatial hole burning and self-heating together with small fabri-
cation errors limited the strain and temperature measurement range. Minimising
fabrication errors and/or spatially separating the internal intensity distributions of
the two longitudinal modes along the DFB fibre laser are potential ways to increase
its measurement range. In the medium term such an improved version of the dual
longitudinal mode polarimetric DFB fibre laser sensor could be employed in a real
aerospace or civil engineering application.

Self-heating of DFB fibre lasers, caused by non-radiative transitions, was identi-
fied as a major problem area. Heat-induced non-uniform grating chirp was respon-
sible for a significant reduction of the output power and an increase of the lasing
wavelength. Under extreme self-heating the DFB fibre lasers ceased to operate.
Sufficient heat transfer from the laser to its environment could prevent or at least
reduce these unwanted effects. It was pointed out that heat management would play
an important role in the design of DFB fibre laser packages for telecommunication
applications.

In order to further the understanding of these unwanted effects a DFB fibre
laser model was developed which for the first time included self-heating caused by
non-radiative transitions. The conventionally used two-level Er** laser model was
extended to take two Yb®*- and four Er®*-energy levels and the relevant radiative
and non-radiative transitions into account. In addition, homogeneous upconversion
of a fraction of paired Er® -ions was included. The traditional Runge-Kutta algo-

rithm for solving the laser rate equations was replaced by a new, about three orders
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of magnitude faster, iterative approach based on analytical solutions of the rate
equations. The model calculated laser output power, lasing wavelength, internal
pump and lasing intensities, population density distributions, core and surface tem-
perature distributions and grating chirp. The increased speed of the new algorithm
allowed to almost instantly observe the influence of several physical parameters on
the predicted behaviour of a DFB fibre laser. The unknown values of those param-
eters could be determined by comparing the predicted laser behaviour with experi-
mental data. This comparison also revealed that, in a next step, additional optical
processes, e.g. ASE, have to be incorporated into the model to fully describe the
DFB fibre laser. Additional spectroscopic investigations of various Er**: Yb®* fibres
would be needed to provide enough experimental data for a meaningful extension
of the model.

In conclusion DFB fibre lasers are excellent candidates for successful strain and
temperature sensors and for optical sources in telecommunication applications. De-
spite their apparently simple design and mode of operation some important problems

and fundamental questions are still waiting for solutions and answers.
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