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UNIVERSITY OF SOUTHAMPTON
ABSTRACT
FACULTY OF ENGINEERING AND APPLIED SCIENCE
DEPARTMENT OF ELECTRONICS AND COMPUTER SCIENCE

Doctor of Philosophy
Q-SWITCHED FIBRE LASER SOURCES FOR DISTRIBUTED SENSING
APPLICATIONS
by Gareth P. Lees

This thesis examines pulsed fibre sources for distributed sensing applications. A number of
Q-switched fibre laser sources optimised for high peak powers, narrow linewidth and short
pulse duration are described. The source specifications were dictated by the requirements of
Raman and Brillouin distributed sensing systems. The spatial resolution of distributed
sensors is related to the pulse width whereas the range is dependent on the power launched
into the sensing fibre. Brillouin distributed sensors also require that the source linewidth is
less than 10 GHz, the separation between the Rayleigh and Brillouin backscattered light.
This constraint on laser linewidth leads to coherent Rayleigh noise on the Rayleigh
backscattered trace. This noise can be reduced by a technique of frequency shift averaging.
A Q-switched laser incorporating this technique was developed, which resulted in a
Brillouin distributed temperature sensor with a temperature resolution of 1.4°C and a spatial
resolution of 10metres over a range of 6.5km.

The development of high power Q-switched fibre lasers leads to the possibility of generating
Raman shifted pulses at wavelengths of 1.64-1.65um. Interest in this wavelength region
stems from the increase in sensitivity to fibre micro-bend losses at these higher wavelengths
and the ability to monitor the fibre whilst carrying out live data transmission. A diode
pumped, pulsed source at 1.64um producing 8Watt, 10ns pulses through a process of Raman
generation was demonstrated. Q-switched laser technology was also used to increase the
dynamic range of 1.65um OTDR. The technique utilised delayed Raman amplification of
the 1.65um signal pulse by a co-propagating 1.53pm pump pulse. Amplification occurs
when the two pulses overlap. The position of the overlap is determined by the initial delay
between the pulses and the fibre dispersion. An increase in dynamic range of 17.5dB has
been observed and the 1.651um OTDR range was extended to in excess of 100km.
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Chapter One

Introduction

The principal aim of this thesis is to investigate novel Q-switched fibre laser configurations
as pulsed sources for a wide range of applications from commercial distributed temperature
sensing systems to spectroscopy. The development of Q-switched laser sources and their

implementation into optical fibre distributed temperature sensors are explored in detail in

this work.

The device specifications which are important in the field of distributed temperature sensing
are high spatial and temperature resolutions. The pulsed laser characteristics which fulfil
these specifications are short pulse widths to achieve the required spatial resolution and high
peak powers to generate a large signal from which the temperature information is extracted.
During the course of this work a number of different Q-switched lasers were modelled,
constructed and evaluated experimentally. This had two desired objectives, 1) to satisfy the
source requirements for both Raman and Brillouin based distributed sensors and 2) to
understand the dynamics of Q-switched fibre lasers. Q-switched lasers using different

dopants and novel fibre structures were investigated along with a number of different

methods of Q-switching.

The applications of Q-switched fibre lasers are many and two of these applications were
demonstrated in this work. The principal application is distributed sensing, or any
application which relies on an OTDR mode of operation. The second application
demonstrated was based on Raman gain. When a pulse of light is transmitted down a fibre,
light at the stokes Raman shifted wavelength will experience gain. It is this principle which
led to the demonstration of an 8watt, 10ns pulse at 1.64um. Using the same Raman gain
principle the light from a Q-switched laser was used to increase the dynamic range of OTDR

at 1.64um.



The work carried out is based primarily on the author’s own research. Any material adopted

from other sources is clearly referenced and introduced to make this account more

comprehensive.
The thesis is divided as follows:

Chapter 2 explores the concept of optical fibre distributed temperature sensing. This
includes a theoretical overview of both the Raman and Brillouin mechanisms and how their
physical characteristics can be used to obtain spatially resolved temperature and strain
measurements. It also provides a literature review of past work in the field of distributed
temperature sensing. The chapter also outlines the specifications required for a suitable

pulsed laser source for both Raman and Brillouin sensing.

Chapter 3 provides an overview of Q-switched fibre lasers, starting with the historical
background. Different methods of Q-switching fibre lasers, and the use of different dopants

and fibre types to increase the performance of Q-switched fibre lasers are discussed.

Chapter 4 provides a quantitative model for the Q-switched fibre laser. This allows
parameters such as peak power and pulse width to be modelled with respect to fibre length,

mirror reflectivity and cavity losses.

Chapter 5 describes the experimental work carried out with regards to Q-switched fibre laser
sources for distributed sensing. A number of designs were experimentally investigated with
the aim of increasing understanding of Q-switched laser dynamics and to provide ultimately
Q-switched fibre lasers which fulfil the specifications required by both Raman and Brillouin

temperature sensors.

Chapter 6 utilises the laser sources developed in this research and applies the source to

construct a Brillouin distributed temperature sensor.

Chapter 7 describes the investigation of a novel method for increasing the dynamic range of

1.65um OTDR systems. This novel method utilises the high peak powers obtained from the



Q-switched Erbium doped fibre lasers to generate and amplify signals in the 1.6um

wavelength region using Raman gain.

Chapter 8 1s the final chapter of this work and provides a summary of the results of each

chapter and states the overall conclusions of the thesis.



Chapter Two

Optical Fibre Distributed Temperature Sensing

2.1 Introduction

Optical fibre temperature sensors have been the subject of research for a number of years
[ 1] 2 ][ 3 ] Optical fibre distributed temperature sensors (DTS) enable the temperature
profile along a length of fibre to be continuously monitored. The sensors operate on the
powerful optical time domain reflectometry (OTDR) principle where a pulse of light is
transmitted down the fibre and the light which is backscattered within the numerical
aperture of the fibre 1s measured. The time between sending the pulse of light into the fibre
and detecting the backscattered light provides a measure of the distance along the fibre. The
physical characteristics of the backscattered light can provide valuable information on fibre
parameters such as optical attenuation, temperature and strain. The backscattered light is
characterised by three scattering mechanisms, Rayleigh, Raman and Brillouin, each of
which provide different information regarding the fibre characteristics. In this chapter a
detailed investigation of the use of both Raman and Brillouin scattering mechanisms for

temperature sensing systems is carried out.

2.2 Distributed Temperature Sensing using Raman Scattering

2.2.1 Theory of Raman Scattering

In a molecular structure there exist molecular vibrational modes. The energy of these
vibrational modes can be expressed in terms of phonons, the quanta of the molecular
vibrations. It is the interaction between the incident light and these molecular vibrations
which gives rise to inelastic scattering processes such as Raman. The molecular vibrations
can be categorised into two types, either high frequency ‘optical’ vibrations which gives rise
to Raman scattering or the lower frequency ‘acoustic’ vibrations which gives rise to

Brillouin scattering.



g, _ Vimallevd _

Virtual Level

| AE E, [ | AE

Rayleigh Scattering Raman Stokes Shifted Raman Anti-Stokes Shifted
A=A, A<, AR,

Figure 2-1 - Rayleigh and Raman Scattering

Figure 2-1 shows a simple schematic of the molecular vibrational energy levels in a glass
and illustrates the inelastic Rayleigh process in which the light is scattered from the
molecular lattice without any change in energy. The Raman Stokes and anti-Stokes
processes are also shown in which the incident photon undergoes a change in energy, AE,
either through accepting energy from the molecular vibrations (phonon annihilation) or
giving up energy to the molecular vibrations (phonon creation). The energy distribution of
the thermally generated molecular vibrations follows Boltzmann statistics, which means that
the density of phonons in the higher vibrational energy states is generally less than the lower
states, and hence the probability of anti-Stokes scattering is less. This can be seen
experimentally in Figure 2-2 where the anti-Stokes band is weaker than the Stokes band.
Although the anti-Stokes band is the weaker of the two, it is more sensitive to temperature
as the percentage change in signal for a given temperature variation is higher than the
Stokes. The temperature dependence of the Raman signal arises from the thermal population
of the lattice vibrational energy states or phonons and it is this thermal population which is

interrogated by the incident light.

Another important property of Raman scattering is the broadband nature of the Stokes and
anti-Stokes bands. The molecules in the glass lattice all experience different local electric
fields because of the non-crystalline, amorphous nature of the glass. The molecules
therefore all have different vibrational energies. It is this non-crystalline form of the silica
glass which gives the Raman scattering its distinctive broadband nature. Raman scattering

can extend over a large wavelength range up to 1000cm™ from the incident wavelength with



the peak occurring at 440cm™. Figure 2-2 shows the spontaneous anti-Stokes and Stokes

signals as a function of wavenumber [ 5 ].

N Stokes -
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Figure 2-2 - Plot showing the Stokes and anti-Stokes Raman signals as a function of wave

number [ 5 ]
2.2.2 Raman Distributed Temperature Sensing Systems

The first demonstration of optical fibre distributed temperature sensing using Raman
backscattered light was shown in 1985 [ 1 ]. This initial experiment measured the ratio of
the intensity of Stokes and anti-Stokes backscattered signals in order to provide an absolute
temperature measurement along the length of the fibre. Importantly this measurement 1s
independent of the pump light intensity, launch conditions, fibre composition and fibre
geometry. However due to the large wavelength separation (=200nm at A=1530nm) between
the Stokes and anti-Stokes signals, a correction has to be made for the difference in fibre
attenuation at these wavelengths.

The ratio R(t) of Stokes to anti-Stokes signals is given by the formula:



A hev
R(H) =) —— -
(=G expl=" (2-1)
where As and A, are the measured Stokes and anti-Stokes wavelengths, vis their

wavenumber separation from the pump in metres™, h is Planck’s constant, c is the speed of

light, k is Boltzmann’s constant and t is the absolute temperature of the fibre core [ 1 ].

Although the mtensities of both the Stokes and anti-Stokes signals depends on temperature,
in many systems (York DTS 80, 800) only the weaker but more temperature sensitive
anti-Stokes signal is used. This results in a simplified operation of the device [ 6 ]. However,
the anti-Stokes signal can only be used to measure absolute temperatures when a reference

length of fibre at a constant known temperature is used to calibrate the sensor.

In the next section Raman distributed temperature sensing systems, currently available from

York Sensors, are investigated along with the laser source characteristics which are required

for their operation.
2.2.2.1 Source Considerations for Raman DTS systems

A schematic showing the principle of operation of a commercial Raman based optical fibre

distributed temperature is shown in Figure 2-3.

Source at
1560 nm
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Figure 2-3 - Schematic of Optical Components in a DTS system



A laser source launches pulses of light into the sensing fibre using an optical fibre
wavelength division multiplexer (WDM). The returning backscattered signal, which is at the
anti-Stokes shifted wavelength, then returns through the WDM onto the detector and the
associated electronics. The electronics collects the backscattered data from the detector in
real-time and then proceeds to average further data to produce the required temperature and
spatial resolution. The following section studies the factors to be considered when designing

an effective source for Raman DTS.

The choice of operating wavelength for the DTS depends on many factors, not least is the
required range of the sensor. At short wavelengths (0.9um, 1.06pm etc.) the attenuation of
single mode fibre is in the region of 1dB/km which is a factor of five times higher than the
0.2dB/km attenuation at 1.55um. However, the silicon detection technology at the shorter
wavelengths benefits from lower noise characteristics than the higher wavelength
Germanium detectors. This is caused due to the smaller energy band gap in the Germanium
detectors which increases the thermally generated dark current. A typical Silicon photodiode
(1mm?) generates a dark current of 20pA compared with a dark current of 600nA from a
Germanium photodiode of the same physical dimensions under the same operating

conditions (Hamamatsu, S1336-18 Silicon and B1720-02 Germanium photodiodes).

However, the advent of ternary alloys such as Indium Gallium Arsenide (InGaAs) has
revolutionised detectors in the near infrared (NIR) regions. A typical lImm? InGaAs detector
(Hamamatsu, G5832-01) has a dark current of 1nA, decreasing to 70pA when cooled to
-25°C, which is a significantly better performance than the equivalent Germanium detectors
at near infra-red wavelengths. The ternary alloys have lower dark currents because their
bandgaps can be tailored to the desired wavelength by adjusting the concentrations of the

constituent components.

Sources, such as high power semiconductor lasers (0.9um) and Neodymium doped
Q-switched fibre lasers (1.06pum), which are compatible with the silicon detector technology
have been used successfully for short to medium range sensing systems. Semiconductor
lasers operating a 0.9um have been used to produce 3W, 15ns pulses at a 10kHz repetition
rate whilst Q-switched Neodymium fibre lasers at 1.06pum have produced 2kW pulses, 1.4ns

pulses at a 1kHz repetition rate [ 7 ].



The limiting factor for long range sensing systems is the intrinsic attenuation of the signal
by the fibre. In order to minimise this effect, a move to the 1.56um wavelength region
reduces the attenuation of the fibre to 0.2dB/km. However there are few sources at this
wavelength with the required high power, short pulse characteristics. Semiconductor lasers
are readily available at 1.48um and 1.55pum but provide only low powers, currently limited
to 30mW for 1.55um laser diodes. Because of these low powers the lasers need to be
amplified. Recently a long range (>30km) DTS system has been reported using a pulsed
1.55um semiconductor laser in conjunction with an Erbium doped fibre amplifier. An

output power of up to 20Watts was reported [ 3 ].

Whatever operating wavelength is selected, the source design for Raman DTS has to fulfil a

number of other criteria; i.e. constraints on repetition rate, peak power and pulse width.

The length of the sensing fibre places an unavoidable constraint on the maximum repetition
rate of the laser because only one pulse may be launched into the sensing fibre at any one
time and a second pulse can only be launched after the backscattered signal from the first
pulse has been collected. A 30km length of fibre for example would limit the maximum
repetition rate to 3.3kHz. Shorter sensing fibres enable higher repetition rates and therefore

faster measurement times to be obtained.

The pulse width of the laser source determines the minimum spatial resolution of the sensor.
The shorter the pulse the higher the spatial resolution which can be measured. A 10ns pulse
width limits the spatial resolution to 1 metre. An important factor to consider is that the
magnitude of the backscattered light is proportional to the energy of the launched pulse.
Therefore by decreasing the pulse width to obtain the required spatial resolution, the

magnitude of the backscattered signal is reduced, making detection increasingly difficult.

Finally, let us consider the constraints on the peak power of the source. The power of the
laser must be below the threshold at which Stimulated Raman scattering occurs. Stimulated
Raman scattering can occur at relatively low pump powers because of the long interaction
lengths and high power densities which occur within the fibre core. The pump light
generates Raman Stokes shifted light as it travels along the fibre. Above a threshold pump
power this Raman Stokes shifted light is found to build up exponentially. This can lead to



almost all of the pump power being converted to the Stokes shifted wavelength. The
threshold pump power for stimulated Raman scattering is defined as the input pump power
required so that the Stokes power becomes equal to the pump power at the fibre output and

is given by the formula [ 8 ][ 9 |:

_16x 4,

(2-2)
Leﬁ" x gR

th
5

where A.¢r and Legr are the effective area and length respectively and gg is the Raman gain

coefficient (1x10™"°m/W).

In order to calculate this threshold, the effective fibre core area, A, has to be calculated.
This is done by calculating the fibre spot size which is a function of core radius and

normalised frequency (V) of the fibre and is given by [ 11 ]:

3

w=r-(0.65+1619V 2 + 2879V ) (2-3)

The normalised frequency V for a typical single mode fibre at 1.55um with a core radius of
2.5um and an NA of 0.15 is 1.52. Using these values the spot size is calculated to be 4.4pm.

The effective area is then given by the formula:

Ay =m-w (2-4)

which gives a value of 60pum®.

The final parameter to calculate is the effective fibre length. For long pulses this can be

calculated using the equation:

1
Ly =——(1-exp(-a,L)) (2:5)

p

10



where o, 1s the pump absorption coefficient of the fibre, which at 1.55um is 5%x10° m™. The
effective length for a 10km length of fibre is 7.87km, using these values and a pulse width

greater than 30ns, the threshold power for stimulated Raman scattering is 1.26 Watts

When the pulse width becomes short (less than 20-30ns) then a second factor becomes
dominant when calculating the effective length. This factor is due to the significant
wavelength difference between the pump and the signal (100nm). The difference in group
velocities at the two wavelengths leads to pulse walk-off where the pump and signal pulses

move apart as they travel down the fibre [ 10 ]. The walk-off distance is given by:

L=—"— (2-6)

where W, is the pulse width, D is the fibre dispersion parameter (17ps nm™ km™) and A is
the wavelength separation between the pump and signal, 100nm. For a 10ns pulse, Ly is

Skm. Figure 2-4 shows how L, and Legr vary with pulse width.

Distance (km)
[\
wn
|
I

0 | | | | | . ;
0 10 20 30 40 50 60 70 80
Pulse Width (ns)

Figure 2-4 - A plot of walk-off length (L,,) and effective length (Ley against pulse width
for a 30km length of sensing fibre. At pulse widths less than 28ns the walk-off
length becomes the dominant factor.

For a 30km length of fibre, with a pulse width of 100mns, the effective length would be
15.5km, and coupled with the effective area and the gain coefficient the threshold pump

11



power for stimulated Raman would be 620mW. This increases to 1.63Watts with a pulse

width of 10ns due to pulse walk-off effects.
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Figure 2-5 - Plot of Raman threshold against Pulse Width (ns) for a 30km sensing fibre

Figure 2-5 shows the variation of Raman threshold with pulse width, illustrating the

increase of the Raman threshold with short pulses.

The maximum peak power which can be launched into the sensing fibre is limited by this
Raman threshold. However as the backscattered Raman signal is proportional to the
launched pump power, the launched power should be made as high as possible within this

threshold, in order to maximise the backscattered signal.
The next section leaves Raman scattering for temperature sensing and investigates the

alternative Brillouin scattering mechanism, which can be used to measure both temperature

and strain along the sensing fibre.

12



2.3 Distributed Temperature Sensing using Brillouin Scattering

The Brillouin temperature sensor operates on the same OTDR principle as the Raman based
system, 1.e. a pulse of light is transmitted down the fibre and the backscattered Brillouin
signal is interrogated. As we shall see, one advantage of Brillouin scattering over Raman, is
that the backscattered signal contains information on both temperature and strain along the
length of the fibre. It is therefore possible to construct a simultaneous distributed
temperature and strain sensor. This thesis focuses on suitable sources for this type of sensor.
In the following sections the theory of Brillouin scattering will be considered along with the

differences between this and the previously examined Raman scattering.
2.3.1 Theory of Brillouin Scattering

The fundamental difference between Raman and Brillouin scattering stems from the fact
that ‘acoustic’ phonons participate in Brillouin scattering whereas ‘optical’ phonons
participate in Raman scattering. Spontaneous Brillouin scattering results from the
interaction between the pump light beam and thermally generated acoustic waves within the
fibre (acoustic phonons). The thermally generated acoustic waves occur over a wide range
of frequencies determined by discrete phonon energies, but it is only frequencies satisfying
the Bragg condition which gives rise to Brillouin scattering (Figure 2-6).

Ap Ao
7

"/
N\
\y

I

Acoustic Wave
with Velocity v,

Figure 2-6 - Illustration of Bragg scattering from a moving acoustic wave of wavelength A
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The Bragg condition for scattering is given by:
. 0
2n/1Asm§=/1P (2-7)

where n 1s the refractive index, A4 and Ap and the acoustic and pump light wavelengths
respectively and 6, 1s the angle between the incident and scattered light.

By substituting

Ay=—= (2-8)

where v, 1S the acoustic velocity, we obtain an expression for the acoustic frequencies, L4,

which satisfies the Bragg condition:
V,=—"V, -sin— (2-9)

This expression gives a quantitative value for the frequency shift experienced by the light
which is scattered from the acoustic waves (phonons). It is dependent on the velocity of the
acoustic waves (acoustic velocity in silica [ 12 ] = 5960nv/s), the angle between the incident
and scattered light wavefronts and the wavelength of the pump light. The expression gives a
maximum frequency shift when the light is scattered in a backward direction and zero in the
forward direction. The two maximum positions correspond to the Stokes and anti-Stokes
shifted signals where the pump light travels co- and counter-propagating to the acoustic
wave and is Doppler shifted down and up by a frequency, va given by equation 2-9. If we

consider only these maximum positions where 6=n, then equation 2-9 reduces to:

v, =2"/1'VA (2-10)
P

where, n, is the refractive index (1.46), va, is the acoustic velocity in silica (5960m/s), and

Ap 1s the wavelength of the pump light. This expression gives a value for the maximum

14



frequency shift experienced by the pump light due to scattering by the acoustic waves. At a
wavelength of 1.53um the frequency shift for Brillouin scattering is calculated to be
11.3GHz whilst for Raman scattering it is approximately 12.5THz i.e. three orders of

magnitude larger.

It has been shown that this spontaneous Brillouin frequency shift increases linearly with
both strain [ 13 ] and temperature [ 14 ]. The strain and temperature dependence of the

Brillouin frequency shift may be represented by the following equations:

v,(e)=v,0)+C; ¢ (2-11)
0,(T)=0,(T;)+Cp-(T-T) (2-12)

where ¢ is the strain on the fibre, T is the temperature and Tk is a reference temperature. The

constants of strain and temperature are found to be Cg = 0.048MHz/ue and Cr=1.1MHz/K
[15].

These equations show that measurements on the Brillouin frequency shift are dependent on
both strain and temperature. As it is not possible to determine which of the two measurands
(temperature or strain) is causing the frequency shift it would be necessary to introduce a
second fibre which is isolated from either temperature or strain in order to determine

simultaneously the measurands.

Another method to resolve either temperature or strain is to measure the Brillouin intensity
along with the frequency shift. This provides two sets of coupled equations with can be
solved to provide information on both the strain and temperature profile along a single

optical fibre.

The intensity of the Brillouin signal is proportional to both temperature and strain, with a

temperature sensitivity of 0.3% K[ 16 ] and a strain sensitivity of 9.03x107% pel [17].
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The intensity of the Brillouin signal is given by the equation [ 18 ]:

1,-T
I, = 5 (2-13)
T,(p-v? B, 1)

where I and I are the Brillouin and Rayleigh intensities, respectively, Br is the isothermal
compressibility, Tris the fictive temperature, v, is the acoustic velocity, o is the density and
T is the ambient temperature. Both the density and the acoustic velocity are temperature
dependent, however the density dependence is very small and is usually neglected. It is the
temperature and strain dependence of the Young’s modulus and Poisson ratio that manifests
itself as a change in the acoustic velocity [ 19 ] that generates the change in Brillouin

intensity.

This thesis concentrates on the measurement of the Brillouin intensity as a function of
temperature. Without an effective method of generating the Brillouin signal and measuring

its intensity, a distributed strain and temperature sensing device cannot be realised.

The small frequency separation between the Rayleigh and Brillouin signals leads to a rigid
criterion on the linewidth of the pump source if the Brillouin intensity is to be measured. A
pump source with a linewidth greater than the maximum Brillouin frequency shift would
generate Rayleigh backscattered light which would obscure the Brillouin signal, making

detection impossible. This is illustrated in Figure 2-7.
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Figure 2-7 - Plot showing the Rayleigh and Brillouin spectra obtained with a narrow
linewidth 2GHz source overlaid with a theoretical Rayleigh signal with a 10GHz linewidth
width

A theoretical value of the Rayleigh spectrum with a width of 10GHz is overlaid onto an
experimental plot. The experimental plot shows a central Rayleigh peak and the Stokes and
anti-Stokes Brillouin signals either side. The intensity of the spontaneous Stokes and
anti-Stokes Brillouin signals is 30 times smaller than that of the Rayleigh signal. The width
of the Brillouin scattered signals equals that of the pump (in this case 2GHz) broadened by

plus and minus the natural Brillouin linewidth which is of the order of approximately

50MHz.
2.3.2 Brillouin Distributed Temperature Sensing Systems

Many techniques are available to extract the temperature information from the Brillouin
signal. These range from direct detection of the Brillouin signal, heterodyne methods and

interrogation of the Brillouin loss or gain characteristics.

The heterodyne technique [ 20 ][ 21 ] involves mixing the backscattered signal with a local
oscillator to resolve the Brillouin frequency shift. The first Brillouin heterodyne system was

reported in 1992 [ 20 ]. Two single frequency Nd:YAG lasers were used as the pulsed light
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source and the local oscillator. The frequency difference between the two lasers was tuned
around the Brillouin shift, to mix the light down to a frequency so that a low bandwidth
coherent receiver could be used for detection. A range of 11km was measured with a spatial
resolution of 100m and a strain and temperature accuracy of 50ue and 3K. Temperature and

strain however were not resolvable from each other.

The Brillouin loss or gain technique [ 22 ] utilises the Brillouin interaction between pulsed
and CW optical beams counter-propagating in an optical fibre. When the optical frequency
of the counter-propagating CW beam is greater than that of the pulsed beam by a frequency
equal to the Brillouin shift then the CW beam experiences a loss and the pulsed beam is
amplified. Using this technique the Brillouin frequency shift can be resolved. Because of the
counter-propagating nature of this technique, access is required to both ends of the sensing
fibre. This renders the technique unsuitable for pre-installed fibre cable or cables where
access can only be gained from one end. Another concern arising from the counter-
propagating technique is that in the event of the sensing fibre being damaged the sensing
system would stop operating.

The direct detection technique [ 16 ] determines the temperature profile along a length of
optical fibre by measuring the intensity of the Brillouin backscattered light which is
captured within the numerical aperture of the fibre. It is this technique which this thesis

expands upon.

Before using the changes in Brillouin intensity to measure temperature, it is important to
determine whether the intensity, like the frequency shift, is dependent on the strain applied
to the fibre. Recent experiments have concluded that the intensity of the Brillouin signal is
dependent on the strain applied to the fibre [ 17 ][ 15 ]. It was shown that a strain of 333pue
causes the same change in intensity as a temperature change of 1°C. Through private
communication with optical fibre cable companies and in previously published work on
strain measurements in optical fibre cable [ 23 ], it is reasonable to assume that under
normal operating conditions fibre cable can be laid within a strain tolerance of less than
600ue. This residual strain applied to the fibre during the installation process causes a
Brillouin intensity change approximately equivalent to a 2°C temperature change. This

would give a 2°C error on the temperature measurement due to fibre strain.
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However the work on the Brillouin temperature sensor is the initial stage of a combined
distributed temperature and strain sensor. With both the frequency shift and the intensity
change being monitored, values for both the temperature and strain profile can be assessed
independently. The ratio of the Rayleigh backscattered signal to the Brillouin signal is
calculated in order to determine whether the changes in intensity are due to local attenuation
of the fibre (splice losses, micro-bending) or the required temperature variation. This is
known as the Landau-Placzek ratio and is useful because of the insensitivity of the Rayleigh

backscattered light to changes in temperature [ 16 ].

What then are the possible advantages of using Brillouin scattering to measure temperature?

e One major factor is that the Brillouin gain, gg=5x10"'m/W, is larger than the peak
Raman gain, g~=1x10""m/W resulting in a larger backscattered signal for a given
launched power. This helps to overcome the fact that the sensitivity of the Brillouin to
temperature is lower at 0.3%/K than the anti-stokes Raman at 0.8%/K.

¢ Due to the narrow wavelength separation between the Rayleigh and Brillouin, the pump
wavelength can be chosen so that both the pump and Brillouin signals lie in the low loss
wavelength region of silica fibre (1.53um). Whereas in the case of Raman scattering, the
pump and Raman signals are separated by 100nm, giving the anti-Stokes and Stokes
wavelengths a higher attenuation.

¢ Another consequence of the narrow wavelength separation between the Brillouin signal
and its pump is that the wavelength can be chosen to lie within the Erbium gain
spectrum. This would allow for the possible optical amplification of the weak
backscattered Brillouin signal.

e Brillouin signals can be used to monitor both temperature and strain.

There are however a number of disadvantages in shifting from a Raman based temperature

sensor to a Brillouin based system:
e In order to resolve the Brillouin signal from the Rayleigh, the Brillouin based system

requires a high power, short pulse and narrow linewidth source. In a Raman based

system, the linewidth is less of an issue, making it is easier to develop sources for use in
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this type of sensor. It is one of the aims of this research to develop a narrow linewidth
source for Brillouin based temperature sensing.

e A narrow bandwidth optical filter (Mach-Zehnder or Fabry-Perot interferometer etc.) is
also required to separate the Brillouin signal from the Rayleigh, whereas a cheaper, bulk

dichroic filter can be used in a Raman based sensor.
2.3.2.1 Source considerations for Brillouin DTS systems

As we have seen the Brillouin signal is close to the Rayleigh signal in wavelength, a system
therefore needs to be devised which allows the Rayleigh and Brillouin signals to be
spectrally resolved. In order to do this the source and detection sections of the system must

be considered along with cost and commercial viability.

The source is a major component of the DTS system and needs to be reliable, cheap to
manufacture and able to generate a Brillouin signal with sufficient magnitude to produce a
long range sensor. The source must have a linewidth of less than the Brillouin frequency
shift so that the generated Rayleigh does not obscure the Brillouin signal. Similarly, like the
Raman DTS, the source must fulfil criteria regarding the pulse width which determines the
system spatial resolution. It must also provide an ideal peak power of just below the

threshold at which stimulated Brillouin or Raman scattering occurs.

The threshold for stimulated Brillouin scattering places a constraint on the maximum power

which can be launched into the optical fibre. The expression for the Brillouin threshold is

givenby [ 8 ][ 9 ]

21- 4,
—L (2-14)
Lejj’ 'gB

Pfh .

A

where Acsr and Leg are the effective area and length and gg is the Brillouin gain (5)(10”11
m/W). The effective area Aesr is calculated in equation (2-4) as 6Oum2. The effective
interaction length is given as half the pulse width i.e. for a 100ns pulse L.g=10metres. This
is because of the counter-propagating nature of the pump and the backward stimulated

Brillouin. Therefore if we decrease the pulse width the Brillouin threshold will increase
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proportionally and the upper limit on the launched power will be dictated by the stimulated
Raman threshold. If we plot the Brillouin threshold given by equation (8-6) and the Raman
threshold given by (3-2) we can see that for pulse widths less than 400ns stimulated Raman

dominates whereas pulse widths above this stimulated Brillouin dominates.
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Figure 2-8 - Figure showing the threshold values for both Brillouin and Raman for various

pulse widths

For sensing applications where spatial resolutions of less than 40metres are required then
stimulated Raman is the main limitation on the maximum peak power, which for a 30km

sensing fibre and a 100ns pulse width is approximately 600mW.

When using the narrow linewidth source to measure the Rayleigh it was found that the
signal contained coherent Rayleigh noise (CRN) It is necessary to reduce this in order to
achieve the required temperature resolution. This problem is dealt with by the technique of
frequency shift averaging (FSAV), which involves taking the results at discrete wavelengths

over a range and then averaging the results [ 24 ].
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2.4 Applications of Distributed Temperature Sensing Systems

Current leading edge DTS systems (York DTS 800) can monitor the temperature profile
along a length of fibre in excess of 30km with a temperature resolution of 2°C and spatial

resolution of 8m.

The main commercial markets for DTS systems are in the areas of power utilities, process
industries and fire detection. Each of these applications has different requirements on spatial
resolution, response speed, range etc. For example, power utilities require long range DTS

systems to monitor hot spots in power transmission lines.

Power transformers are often operated at well below maximum efficiency to avoid heating
effects. By continuously monitoring the temperature profile of these power cables, they can
be operated at much higher power levels, maximising power transport in times of peak
demand. The freedom of optical fibre sensors from electromagnetic interference (EMI)
makes them ideal for this application. Furthermore modern power transmission lines have
optical fibre built into the cable which makes integrating the DTS simple. Long range
sensors are however essential if large power networks are to be monitored. Figure 2-9 shows
a typical plot of the temperature distribution along a subterranean power cable [ 25 ]. As we
can see the variation in temperature along the cable is 16°C, quite a substantial range. This
data was taken without any power in the cable and shows only the ambient temperature
variation along a length of cable. The heated sections may well run alongside underground

heating ducts and the cooler sections through damp areas of earth.
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Figure 2-9 - Data from Raman Distributed Temperature Sensor for an subterranean power

cable [ 25 ]

Another application requiring high spatial resolution rather than long range, involves
monitoring chemical processes occurring in brick-lined reactors, ovens, dryers, pressure
vessels etc. A high resolution and response time will allow leaks and failures in such
containers to be pinpointed with an accuracy of less than a metre and because of the
distributed nature of the sensor, positioning of discrete sensors at possible fault locations is

not necessary.
2.5 Conclusions

In this chapter the theory of both Raman and Brillouin scattering mechanisms have been
described and related to distributed sensing applications. The source requirements, peak
power, pulse width, linewidth and repetition rate, for both the Raman and Brillouin optical
fibre distributed sensors were examined. The constraint on source peak power for short
pulse widths, of less than 400ns, was found to be the onset of stimulated Raman, whereas
for pulses widths greater than this, the onset of stimulated Brillouin. With this information,
we have ascertained the requirements for novel laser sources which will improve the current
technology in the fields of both Raman and Brillouin based distributed sensors. It is the aim

of this thesis to investigate and develop these laser sources.
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Chapter Three

Q-Switched Fibre Lasers

3.1 Historical Background to fibre lasers

The first demonstration of laser action was observed in ruby (Cr’*/Al,0,) in the early parts
of 1960 [ 1 ]. This was rapidly followed by a paper entitled “Proposed Fibre Cavities for
Optical Masers” by Snitzer which outlined the advantages of incorporating a laser gain
medium into a dielectric waveguide [ 2 ]. This insight to the use of waveguides for laser
resonators led to the rapid development of multimode, side pumped, Neodymium doped
fibre lasers in 1961 [ 3 ] and Erbium/Ytterbium doped fibre lasers operating at 1.54um in
1965 [ 4 ]. The side pumping of these lasers was however inefficient and only low power
pulsed operation could be achieved. Increased pump efficiency was achieved by the first
longitudinal pumped fibre laser structure, which was developed by Stone & Burrus in 1973

[ 5 1. This led the way to present day, laser diode pumped fibre devices.

Advances in fibre fabrication techniques (leading to efficient rare earth doping of single
mode fibre) and the development of high power pump lasers, have renewed the interest in

fibre laser technology.

The advent of the Erbium doped fibre amplifier in 1987 revolutionised the
telecommunications industry making obsolete the conventional electro-optic repeaters
previously needed for long distance telecommunications [ 6 ]. In just two years after the first
laboratory demonstration of Erbium doped amplifiers they were already being used in
submarine transmission cables [ 7 ]. Modern Erbium doped fibre amplifiers deliver small
signal gains in excess of 40dB for only modest pump powers. Many active fibre devices,
such as broadband, tuneable, high power Q-switched and CW [ 8 ][ 9 ] sources have resulted

from the development of the Erbium doped fibre amplifier and high power pump sources.
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Recent developments include the high output power Er’/Yb** cladding pumped fibre lasers
[ 10 ], single longitudinal mode fibre lasers [ 11 ] and Q-switched Erbium [ 13 ] and
Neodymium [ 12 ] doped fibre lasers. The long lifetimes of the upper lasing levels of both
the Neodymium and Erbium ions make them ideal for Q-switched operation in which
energy is stored in the upper lasing level and then released as an intense pulse of light.
These high power fibre pulsed sources can be used in a variety of applications including
optical time domain reflectometry (OTDR) and specialised optical fibre distributed

temperature sensors.
3.2 Q-switched Fibre Lasers

We now consider a number of systems involving various dopants and fibre geometries,
which are suitable for the development of Q-switched fibre lasers and operate at a
wavelength of 1.5um, which is an important criterion for long range sensing applications. In

particular we look at co-doping the Erbium with Ytterbium and also the affect of increasing

the fibre core area.
3.2.1 Introduction to the Erbium-Silica system

Optical fibres doped with Erbium were developed for use as both optical amplifiers and
lasers and are of great importance because of their operation at the third telecommunications
window. Erbium fibre devices have the following advantages: broad gain bandwidth, high
gain, high saturation output power, polarisation independent gain, no cross-talk, low noise
figure and low insertion loss. There are many pump bands for the Erbium/Silica system.
Figure 3-1 shows a simplified energy level diagram of Erbium ions in a silica glass host.
The pump bands at 514, 650, 807, 980 and 1480nm all offer highly efficient pumping
potentials. The lack of excited state absorption (ESA) from both the 980 and 1480nm pump
bands [ /4] and the availability of high power semiconductor laser diodes at these
wavelengths, make them particularly attractive. Gain efficiencies of 7.8dB/mW [ 15 ] and
2.1dB/mW [ 16 ] have been achieved using the 980 and 1480nm bands respectively. The
higher pump efficiency gained from the 980nm band coupled with the availability of higher
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power laser diodes available at this wavelength lead us to choose this over the 1480nm

band.

This 980nm pumping from the ground state to the *1,,,, is followed by a non-radiative multi-
phonon relaxation from the pump band into the *I,5, metastable band. The time constant for
this transition has been measured to be approximately 6us [ 18 ]. This is fast compared to
the 10ms lifetime of the radiative *I,, - “1,5, lasing transition. The long lifetime of the lasing
transition, in conjunction with the high pump intensities that can be achieved in the fibre

core, enables a substantial population inversion to be attained.
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Figure 3-1 - Simplified Energy Level Diagram for Erbium ions in Silica Glass

Figure 3-1 does not show the Stark splitting of the Erbium energy levels which occurs due
to the effect of the local electric field of the glass on the Erbium ions. This Stark splitting of
the “I,, and the *I,;, levels is responsible for the broad emission and absorption

cross-sections of the Erbium metastable transition that gives us the advantage of a broad

gain bandwidth (approximately 80nm).
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3.2.2 Introduction to Erbium/Ytterbium co-doped systems

Optical fibres doped with Erbium are suitable for optical amplifiers and lasers operating in
the low loss region of standard silica optical fibre. For practical purposes, (i.e. compact, low
power consumption etc), the Erbium doped fibre must be laser diode pumped. However,
since the operating wavelength of pump laser diodes varies with temperature and the
“I,,- ‘1,5, absorption of Erbium is spectrally narrow (~16nm [ 17 ]), fluctuations in the
temperature of the pump laser diode will lead to a change in performance of the fibre
amplifier or laser device. With the shift towards cooler-less 980nm pump laser diodes,
which reduce power consumption for long haul telecommunications systems, the effects of
temperature dependent performance become increasingly important due to the absence of
any temperature control mechanism. One solution to this problem is to sensitise the Erbium
doped fibre with Ytterbium [ 19 ]. Figure 3-2 shows the energy level diagram of the

combined Erbium/Ytterbium system.
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Figure 3-2 - Schematic of Er3T/Yb3* Energy level scheme

The sensitising of Erbium with Ytterbium offers an alternative route to pumping the Erbium
metastable level (‘I,,,). The Ytterbium absorbs the pump light and then, by a process of
cross-relaxation between adjacent Erbium and Ytterbium ions, allows the energy to be
transferred. Figure 3-3 shows the spectral attenuation for both the Erbium and

Erbium/Ytterbium systems. The attenuation for the Erbium shows two narrow bands at both
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the 807nm and 980nm wavelengths; corresponding to the “I;5,, — “I,,,, and *I;5, = “I,, pump

transitions respectively.
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Figure 3-3 - Spectral attenuation of Er and Ev/Yb ions in silica

The attenuation of the Erbium/Ytterbium co-doped system covers the wide wavelength
range 800-1070nm; this is caused by the Stark splitting of the *F,, Ytterbium level. The
broadband characteristics of the Erbium/Ytterbium co-doped system enables pumping over
a wide range of wavelengths, thus relieving the constraint on the temperature (hence
wavelength) stability of the pump laser diodes. The broadband nature is also advantageous
because it allows pumping in the 810nm wavelength region where pump laser diodes are
cheaper than the alternative 980nm diodes. However pumping at the 980nm wavelength still

has the advantage that it is free from exited state absorption (ESA).

The addition of the Ytterbium ion also has the added advantage of increasing the pump
absorption. This is potentially beneficial for short laser devices that require either single
frequency operation [ 21 ] or short round-trip times. The increased pump absorption is also
utilised in double clad fibre structures [ 20 ]. These consist of a single mode Er’’/Yb’" core
surrounded by a second cladding which provides a multimode waveguide for pumping the
core. The doped core can hence be efficiently pumped by multi-stripe high power diode

arrays. Typically the ratio of the Ytterbium to Erbium ions is in the region of 20:1.
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However, the lifetime of the Erbium “I,,, level places a constraint on the Ytterbium transfer
of energy. At 4-6us [ 18 ] this is sufficiently fast to allow back-transfer of energy from the

Erbium ions to the Ytterbium.
3.2.3 Large Mode Area Fibre

In this section we consider a novel fibre geometry which improves the energy storage in the
fibre. There exist two methods of increasing the energy stored within a fibre, either by

increasing the Erbium concentration or increasing the core area.

Increasing the Erbium concentration eventually leads to clustering of the Erbium 1ons, this
decreases the pump efficiency by the process of co-operative up conversion between
adjacent Erbium ions [ 22 ]. This process is illustrated in Figure 3-4 whereby an excited 1on
transfers its energy to a nearby excited ion resulting in one ion being excited to the “I,, state
whilst the other returns to the ground state. The ion in the *I,, state will then relax back to
the metastable level by a non-radiative decay. This process causes a loss in pump efficiency

as it has taken two pump photons to excite only one Erbium ion.
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Figure 3-4 - Schematic showing the process of co-operative Upconversion
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The other method of increasing the stored energy in Erbium doped fibre is by increasing its
core area. A recent numerical model has proposed that in order to achieve maximum energy
extraction a large mode field area is necessary [ 23 ]. Recently this principle was
demonstrated experimentally by using a large mode area fibre in a multi-stage power

amplifier to obtain pulse energies in excess of 150uJ [ 24 ].

The large mode area fibre is constructed by increasing the area of the fibre core. One
limitation on increasing the core area is that the fibre must remain single mode at the signal
wavelength. In order to increase the core area and satisfy this constraint, the numerical
aperture (NA.) of the fibre must be decreased accordingly. This can be illustrated by
Equation ( 3-1 ) which gives an expression for the normalised frequency (V) in terms of core

radius, numerical aperture and wavelength.

V:—z—}r-NA. (3-1)

For single mode operation the normalised frequency must lie in the range 1.4<V<2.405. If
we increase the core radius, r, then we must make corresponding decreases in the NA. of the
fibre in order for the normalised frequency to remain in the required range. Decreasing the

NA. of the fibre is achieved by reducing the refractive index between the fibre core and

cladding.

This fibre geometry has a number of disadvantages. Firstly, by decreasing the refractive
index difference between the core and the cladding the fibre becomes less guiding and
therefore more sensitive to bend losses. Secondly, by increasing the fibre core area the fibre
becomes incompatible with other fibre devices such as couplers and WDMs. This limits the

use of compact high power fibre pigtailed pump modules for pump sources.
There are two major advantages of using a large mode area fibre. First, for a given absorbed

pump power, increasing the mode area reduces the amplified spontaneous emission (ASE).

The reduction of ASE allows an increase in stored energy to be obtained. This is analogous
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to using multiple amplifiers in parallel. The combined ASE resulting from amplifiers in

parallel is smaller than that which would result from equivalent amplifiers in series.

Secondly, the increased mode area also increases the threshold for non-linear Raman and
Brillouin effects. These occur at high powers and cause the pulse energy to be shifted to
longer wavelengths. The increase in mode area of the fibre allows higher powers to be
generated in amplifier and laser devices before non-linear effects cut in and degrade

performance.

3.2.4 Q-switched Fibre laser Theory

Q-switching is a widely used laser technique for producing short intense pulses of light. In
this process, a high loss is inserted into the laser cavity to prevent feedback. The continuous
pumping process results in a population inversion, which is larger than usually achieved in
an optimised laser cavity. On removing the loss from the cavity, the energy stored in the
enhanced population inversion is released in an intense burst of light. This switching from
high loss (low Q) to low loss (high Q) can be repeated to produce a train of high power
pulses typically only a few tens of nanoseconds in duration.

An illustration of the processes involved in Q-switching is shown in Figure 3-5.

Loss
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Time
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CW Lasing
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Figure 3-5 - Diagram showing processes occurring during a Q-switched pulse
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The cavity loss is initially set to a high value. The pumping process enables a population
inversion (and thus gain) to build up in the laser cavity that is higher than under CW laser
conditions. When switched to a low loss state, the high gain in the cavity rapidly amplifies
the spontaneous emission, which then develops into a giant pulse of laser light. This pulse
depletes the population inversion and the gain falls rapidly to a value below threshold,
where the pulse dies out. If the cavity remains in this low loss state the population inversion
will recover to the CW steady state. The high loss should therefore be restored in sufficient

time to allow the population inversion to recover its initial high value.

The amount of stored energy in the fibre is limited by the spontaneous emission that exists
from the upper laser level to the ground state. The presence of this spontaneous emission

causes the population inversion and hence stored energy to be reduced.

3.3 Methods of Q-switching Fibre Lasers

As we have already discussed, Q-switched lasers operate by periodically modulating the loss
in the laser cavity. It is important however that the high loss state is sufficient to prevent the
occurrence of any CW lasing, which would deplete the population inversion and thus stored

energy within the cavity.

Several factors must be examined when considering Q-switching methods. The first is the
extinction ratio; this is the ratio of the output of the switch in the high and low loss states.
For efficient Q-switching operation, the extinction ratio must be maximised. Insufficient

extinction is characterised by CW lasing when the cavity is in a high loss state.

Another important factor to be considered is the switching time of the device. This is the
time taken for the device to switch from the high to the low loss state and vice versa. For an
efficient Q-switch device, the switching time must be significantly shorter than the pulse
build up time. The pulse build-up time is defined as the finite delay between the time when
the Q-switch opens and the time when the output power is equal to the steady state power
when operating CW [ 25 ]. If the Q-switch opening time is greater than the pulse build-up

time, two detrimental effects occur:
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1) A decrease in pulse energy is observed, as energy is lost through the switch during its
opening time.

2) If the opening time of the switch is sufficiently long, multiple output pulses are
observed. These secondary pulses can cause measurement and a variety of other errors in

practical applications.

To avoid these effects, the opening time required for a Q-switch is typically tens of
nanoseconds or faster [ 25 ]. However with a high gain system (e.g. an optimised Erbium
doped fibre), a fast rise time can lead to a pulsed structure within the Q-switched envelope.

The investigation of this behaviour is one of the topics of this research.

Finally, the repetition rate of the device is also an important consideration. Erbium doped
Q-switched fibre lasers operate typically in the region of 10Hz to in excess of 10kHz, so

suitable devices should cover this range.
3.3.1 Mechanical Chopper

The simplest method of introducing a loss into the cavity is to use a mechanical, rotating,
chopper wheel, or other form of mechanical switch such as a rotating mirror. The primary
advantage of the mechanical switch is its high extinction ratio, which ensures that lasing
does not occur in the high loss state. The laser can only oscillate during the brief interval
when a clear path exists between the two mirrors. Another significant advantage is the zero
insertion loss when the switch is in the low loss state. Other forms of Q-switching are
unable to compete on these two factors. However, the major disadvantage of the mechanical
switch is the extremely low switching speed. For a typical chopper wheel (radius - Scms)
this is approximately 100us, which is very slow compared to other devices. Mechanical
switches also suffer from vibration and mechanical noise that lead to problems with pulse to

pulse stability.
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3.3.2 Acousto-Optic Switches

An acousto-optic modulator (AOM) is an acousto-optic device that relies on an acoustic
wave to diffract the optical beam out of the cavity [ 26 ][ 27 ][ 28 ]. An acoustic wave is
produced by the application of an RF signal to a transducer that is bonded to the medium in
which the acoustic and optical waves interact. This stimulates a travelling acoustic wave in
the medium, with a frequency of the applied signal and a velocity dependent upon the
material properties of the medium. The acoustic wave generates strain upon the medium that
causes the refractive index to be periodically modulated. This periodic modulation, being
equivalent to a moving phase grating, may diffract the light incident upon it. An optical
beam incident on the modulator at the Bragg angle will be predominantly diffracted into the
first order. The incident beam is deflected by the acoustic wave into its diffracted and

undiffracted components. The Bragg angle that governs the angle of diffraction is given by:

sinHBJ"f (3-2)
2-v

where f is the acoustic frequency, v, the acoustic velocity, A, the wavelength and 6;, the
Bragg angle. For a Tellurium Dioxide (TeO,) acousto-optic modulator, which has an
acoustic velocity of 4190m/s [ 29 ], operating at a wavelength of 1.55um, with a 110MHz

drive frequency, the Bragg angle is 1.2°.

Acousto-optic modulators offer a number of advantages for Q-switching. They provide high
switching speeds (10-100ns) and fast repetition rates (MHz). However, when operating at

1.55um, they suffer from low diffraction efficiencies, typically in the region of 60-80%.

The switching time of the device is primarily determined by the time required for the
acoustic beam to sweep across the optical beam. If we assume a Gaussian beam that is
focused into the modulator with a beam waist of 50um, then the transit time, again assuming

a TeO, medium would be approximately 12ns.
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The diffraction efficiency of the acousto-optic modulator is dependent on a number of
variables, notably the RF power, the interaction length and the overlap between the acoustic
and optical beams. If the optical beam is focused inside the modulator to increase the rise
time performance then this is achieved at the expense of reduced diffraction efficiency or the
need for higher RF powers. Conversely failure to focus the optical beam to a sufficiently
small diameter will also result in reduced diffraction efficiency, since the acoustic beam fails

to intercept the entire optical beam. A trade-off therefore exists between the modulator rise

time and diffraction efficiency.

In a Q-switched laser, acousto-optic modulators can be operated in two different regimes,
zero and first order, where the feedback into the cavity is provided by the undiffracted and
diffracted beams respectively. The choice between the two regimes of operation depends
upon the diffraction efficiency of the AOM and the round-trip gain of the cavity. When
operating in the zero order regime, switching the modulator on, causes an increase in loss
within the cavity. If this loss is not sufficient to prevent CW lasing then the population
inversion is clamped to the level at which CW lasing commenced which seriously affects
the Q-switching performance. Operating in first order operation, the loss is introduced when
the modulator is switched off, and hence there are no problems which arise from the effect
of CW lasing. However the lack of CW lasing is bought at the expense of an increase in

intra-cavity loss by a factor equal to (diffraction efficiency)’.

In general, for systems with a low round trip gain, zero order operation is the preferred
operating regime and for systems where zero order operation offers insufficient hold-off a

move to first order operation is required.

3.3.3 Electro-Optic Switches

The Pockels cell, or electro-optic modulator relies on the application of an electric field to a
non-centrosymmetric crystal. This electric field induces a birefringence in the crystal, which
rotates the polarisation of the light passing through it. The electro-optic effect can be utilised

in two regimes for Q-switching fibre lasers both of which require the Pockels cell to be used
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in conjunction with a polarising element. In one form a voltage is applied to the Pockels cell
to form a quarter wave plate. On one complete cavity round trip the light is rotated through
90° and is extinguished by the polarising element. Switching the cavity to the low loss state
is then achieved by removing the applied electric field. An alternative arrangement is that a
quarter wave plate is inserted into the cavity to achieve the high loss condition and then an
electric field is applied to the Pockels cell to cancel this effect. This has the advantage that
the Pockels cell is in the off state for the long high loss period and is switched on briefly to

allow the pulse to build-up. However, it does require an additional quarter wave plate within

the cavity.

Electro-optic Q-switching provides the fastest form of Q-switching (<4ns) with good pulse
to pulse stability and a high extinction ratio (95-99%). This however is coupled with the
need for high-switching voltages, 0-5kV, which can produce severe electrical interference to

nearby equipment and high cost.
3.3.4 Mechanical all-fibre modulators

In 1993, Chandonnet et al [ 30 ] demonstrated a novel all-fibre intensity modulator which
could be used as a Q-switch for fibre lasers. This modulator operates by changing the loss in
the fibre by coupling out the evanescent field. The fibre is side polished down to the core
and a piezoelectric crystal changes the position of an overlay on the surface of the fibre,

which has a refractive index matched to the fibre core. This switches the loss in the fibre by

coupling out the light.

The switching time was measured to be 175ns from a 10dB to a 3dB attenuation. The
maximum repetition rate from this device is 400Hz. The Q-switched laser which was
demonstrated when pumped with 100mW of 980nm from a Ti:Sapphire produced pulses
with a peak power of 400watts and a 15ns pulse width [ 30 ].
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3.4 Conclusions

In this chapter a number of systems suitable for the development of Q-switched fibre lasers
were investigated. The advantages and disadvantages of Erbium and Erbium/Ytterbium
doped silica systems were exposed. We also considered a novel fibre geometry in the form

of a large mode area Erbium doped fibre.

The theory and methods of Q-switching were then covered, stating the strengths and
weaknesses of the following techniques; mechanical, acousto-optical and electro-optic
switches and mechanical all-fibre modulators. In the next chapter we discuss computer
modelling of these systems, starting with a mathematical model of an Erbium amplifier.
This will predict pump absorption and the effects of spontaneous emission on the stpred

energy in a continuously pumped Q-switched gain medium.
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Chapter Four

Modelling of Erbium doped Q-switched Fibre
Lasers

4.1 Introduction to Modelling Q-switched Erbium doped Fibre Lasers

Computer modelling is a powerful tool in physics as it can be used to reinforce experimental

results and anticipate trends.

Much previous research has focused on the theoretical analysis of Erbium doped fibre
amplifiers. A comprehensive treatment of excited state absorption (ESA) on small signal
gain has been given by Armitage [ 1 ], and the spectral evolution of amplified spontaneous
emission (ASE) has been given by Desurvire and Simpson [ 2 ]. An in-depth description of
Erbium doped fibre amplifiers can be found in Giles and Desurvire [ 3 ] which provides
valuable information on saturation effects in these systems. This model is particularly useful
as it predicts pump absorption and the effects of ASE on the population inversion in the

Erbium doped fibre.

In the sphere of Q-switched fibre lasers, a theoretical investigation is provided by Gaeta et al
[ 4 ] who describe the influence of fibre and cavity parameters on the peak power and pulse
width of the laser. Their model takes into account the effects of modal overlap between
pump and signal fields within the fibre. A more comprehensive and thorough description of
Q-switched lasers is presented by Siegman [ 5 ]. Of particular importance is his rate
equation analysis which can be expanded to obtain a number of useful parameters such as
pulse build up time, Q-switched pulse energy and peak power. These equations are

described fully in section 4.3.2.
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In this chapter we use Giles’ model for Erbium fibre amplifiers to calculate parameters such
as the stored energy and single pass gain in a doped fibre. This model is then expanded to
describe the gain element in a Q-switched fibre laser when in the high loss (low Q) state i.e.
to account for the gain depletion caused by the reflection of ASE from a cavity mirror. The
calculated gain is then considered to be a lumped element and combined with a rate equation

analysis of laser Q-switching (Siegman [ 5 ]) to provide a model for Q-switched fibre lasers.

4.2 Modelling of Erbium doped fibre amplifiers

4.2.1 Rate Equation Analysis of Erbium doped fibre amplifiers

In this thesis, a model of an Erbium doped fibre amplifier is used to predict pump absorption
and the effects of amplified spontaneous emission (ASE) on the population inversion in the
Erbium doped fibre. The numerical analysis of the Erbium system, as shown in Figure 4-1,

is described using a coupled rate equation method [ 3 ].

4
I 980nm 3  Pump Level
11/2
4
I 13/2 1535nm 2 Upper Lasing
ar Level
Lasing
transistion
4 .
Ground Lower Lasing
I 152 1 Level
State Erbi
romum

Figure 4-1 - Schematic showing energy levels for a 980nm pumped Er3t ion

For laser action to take place a population inversion is needed between two energy levels. In
order to build up a population inversion for laser action, ions are pumped from the ground
state into an excited state (980nm). They then decay non-radiatively into the upper

metastable level. The long lifetime of the metastable level enables a substantial population
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inversion to be achieved between this state and, in the case of the Erbium system, the
ground state. Ions in the metastable level can undergo radiative decay and fall into the
ground state; this decay can be either spontaneous or stimulated emission producing
incoherent noise-like emission or coherent laser light respectively. Equations ( 4-1 ) and
( 4-2 ) describe this behaviour. In order to simplify the two equations the following

assumptions are made regarding the Erbium system:

1) When pumping at 980nm, the system is free from excited state absorption (ESA) from
the metastable level.

2) The transition rate from the pump band to the metastable level is sufficiently fast (=6pis)
compared with the metastable lifetime (~10ms), enabling the system to be treated as a

quasi-two level system.

3) The wavelength dependence of the emission and absorption cross-sections is neglected.

The rate of change of population densities of ions in the upper and lower lasing levels with

time can therefore be written as [ 3 |:

o
M:Aanz‘P ._‘3_711’_.]\/1+(pa++pa—+ps).%.]\[2_(pa++Pa—+ps).fl_2_77i.Nl
dt " hv,A ho A hv A
(4-1)
dN,(z,t) o137, . - 0,1 - 01,77
— 22 =4 N, +P - —L.N —(P +P +P) =N, +(P +P +P) —*=-N,
ds 21472 V4 ) 1 ( a a x) hUSA 2 ( a a s) hUSA 1
(4-2)

The first and second terms on the right hand side of the equation describe the spontaneous

emission and the pump rate respectively, whilst the third and fourth terms describe the

stimulated emission and absorption rates.

Table 4-1 shows the definitions of the variables and constants used in equations ( 4-1 ) and

(4-2)
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Symbol Description

N, N, Population Densities of Upper and Lower lasing levels (m™)
Ay Spontaneous decay rate from the metastable level (s™)

P, P, Pump Power & Signal Power (W)

P’ Forward and Backward ASE powers (W)

Gy, Oy Signal emission and absorption cross-sections (m*/ion)

Gy3 Pump absorption cross-section (m?/ion)

N Np Signal and Pump overlap factors

Vo V, Signal and Pump frequencies (s)

Av Equivalent ASE Bandwidth (GHz)

A Effective Core Area (um?)

Table 4-1 - Definitions for Symbols used in the Rate Equations

Now consider how the pump power, signal power and ASE vary along the length of the
doped fibre. The variation of pump power as a function of distance along the fibre can be

written as:

dF, (2)
dz

:_Pp'np'o_m'N](Z) (4-3)

and because we are assuming that the ions decay immediately to the metastable level, there

is no stimulated or spontaneous emission from the pump level to the ground state.

Similarly for the variation of signal power with fibre length, it follows that:

MZ P(2)-n,- (6N, —o,N,)
dz (4-4)

which as expected is proportional to the population inversion given by N,-N,. The signal is

amplified or attenuated depending on the sign of N,-N,.
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The power of the forward and backward ASE is provided by the expression:

dr* "
—=*F(z)-n,- (0N, —0,,N)) i20'21N2(Z,Z)77ShVSAV

dz (4-5)

where the + sign denotes the forward or backward travelling ASE respectively. The first
term in the expression is simply the growth or decay of the spontaneous emission provided
by the population inversion with the gain medium. Whereas the second term in the
expression gives a value for the spontaneous emission produced per unit length in the

amplifier bandwidth. This is the expression which initiates the evolution of the amplified

spontaneous emission.

Using these five equations, a computer model was developed to calculate the variation of
pump, signal and ASE powers and population densities along a length of Erbium doped
fibre. With no signal present (P;=0) the model provides the total population inversion or
energy stored in a length of pumped Erbium fibre. This result is later used for the

Q-switched laser model.
4.2.2 Results obtained from the Erbium fibre amplifier model

Table 4-2 lists the numerical parameters used for this amplifier model, these values are seen

as typical for an alumino-silicate Erbium doped fibre.
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Parameter Numerical Value
P, 45mW

A, 83s"' (1=12ms)

N, 1.716x10* m” 800ppm of Er’*
N.A. 0.15

R 2.5um

n 1.550m

Av 250GHz or 2nm

A (core area) 58um?

m 0.600

Np 0.811

oy, 7.0x10% m?

oy 6.5x10% m?

Cys 1.75x10% m?

Table 4-2 — Numerical Values used in the computer simulation

The signal and pump overlap factors are calculated to represent the overlap of the signal and
pump mode field diameters with the Erbium doped core. They give the fraction of the total
signal and pump intensities which are contained within the core of the fibre. We have
assumed that both the pump and the signal propagate in the LP,, mode and that the dopant
distribution is uniform across the core and zero in the cladding (top hat profile). The mode
field diameter is then given by equation ( 4-6 ) where w is the mode field radius, r the core

radius and V is the normalised frequency or V number:

3
w=r(0.65+1619-V 2 +2879-V™) (4-6)

Using this equation we calculate the mode field radius for the pump and signal wavelengths.

We then calculate the fractional intensity which lies within the fibre core to give the overlap

factors for the pump and signal (1, & n,).
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Figure 4-2 — Variation of the population density of the upper and lower levels along a
length of Erbium doped fibre

The results from the model show the powerful influence of ASE on both the absorbed pump
power and the population inversion density (gain) along the fibre. Figure 4-2 shows the
population inversion density of the upper and lower levels as a function of distance along
the length of the Erbium doped fibre. An interesting point to note is that the population
inversion at the near and far ends of the fibre has been depleted. At the near end of the fibre
this depletion is due to backward propagating ASE. Whilst at the far end of the fibre, the

depletion is caused by both the forward ASE and the lower pump intensity.
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Figure 4-3 — Variation of Forward and Backward ASE power along a length of Erbium
doped fibre

Figure 4-3 shows the variation in the forward and backward ASE power as a function of
distance along the fibre. The ASE is at a minimum close to the centre of the fibre and thus
the local gain is at a maximum, as illustrated in figure 4-3. The increased pump intensity and
therefore higher population inversion at the front end of the fibre has the effect of allowing

the backward travelling ASE to be amplified to a higher value than the forward ASE.
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Figure 4-4 — Variation of Pump Power along the length of Erbium doped fibre
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From these results it is clear that the presence of the ASE has a marked impact on the gain
of the amplifier and it is for this reason that power amplifiers contain methods of reducing
the ASE. A simple method of achieving this is to put an optical isolator in the centre of the
Erbium fibre, which would prevent the build-up of backward ASE [ 6 ]. Other more
sophisticated methods such as using an AOM to gate pulsed signals through an amplifier
chain whilst blocking the ASE can also be used. These methods have the added advantage

of decreasing the non-linear Raman effects that occur in long amplifier systems and cause

decreased efficiency.

An important concept governing the generation of high energy pulses, is the process of gain

saturation which limits the maximum amplification achievable from a fibre amplifier.

4.2.3 Gain Saturation in Erbium doped Fibre Amplifiers

Gain saturation occurs when the signal itself becomes strong enough to deplete the
population inversion to such an extent that the rate of signal growth is decreased. A signal
propagating through a power fibre amplifier will grow exponentially along the length of the

amplifier until saturation effects occur, as illustrated in Figure 4-5.
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Figure 4-5 - Results from amplifier model showing the variation of output signal with input

signal
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The expression for the saturation intensity is thus vital in determining the maximum power
extraction available from a fibre amplifier and in a laser gain medium where the gain can be
saturated by the amplified spontaneous emission (ASE). The saturation intensity is defined

as (assuming a homogeneously broadened transition) [ 7 ]:

he

=———— Wm’ (4-7)
Ao T,

sat

where ¢ is the transition cross-section and T is the effective lifetime for the transition. For
the parameters used in the amplifier model (o - 6.75x10%" c¢m’, 7, - 12ms) the saturation
intensity for a signal at 1.53um would be approximately 1kW/cm®. If the core area is
58x10%cm’ this would give a saturation power of 0.6mW. The saturation intensity is defined
as the input power required to reduce the gain (dB) to a value of half of its small signal
value [ 5 ]. This is illustrated in Figure 4-6 where the gain falls to half its value at an input
signal power of approximately 0.4mW. Importantly the saturation intensity is independent
of the pump power since neither the transition cross-section or recovery time depends on the
pumping rate. Therefore increasing the pump power for a given fibre diameter does not
change the signal power required to reduce the gain by a factor of 2 (saturation power). One
method to increase the saturation power is to increase the fibre core area, this technique is

applied later to produce high power Q-switched fibre lasers.
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Figure 4-6 - Figure showing Amplifier Gain as a function of Input Signal

4.3 Modelling a Q-switched Fibre Laser

Let us now take a more in depth look at a Q-switched laser cavity and the model of the

Q-switching process used to explain subsequent experimental observations.

A simple classical rate-equation model for Q-switching is available in many texts on lasers
[ 5][ 7 ]. For the purpose of this chapter standard results are applied to a fibre laser
geometry to obtain theoretical values for the peak power and pulse width achievable from a
Q-switched fibre laser. We can also model the effects of adjusting the fibre length and

output coupling on the laser output. The model that has been developed uses the simple

Q-switched fibre laser geometry as shown in Figure 4-7.
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Figure 4-7 - Schematic for a Q-switched laser

This consists of a laser medium, in our case a length of Erbium doped fibre, a shutter and
two mirrors that make up the laser cavity. The laser medium is pumped through a dichroic
mirror with a 980nm laser diode which provides 45mW of launched light into the fibre core.
When the shutter is closed the pump generates a population inversion in the medium until
equilibrium is reached between the pump and the spontaneous decay. On opening the shutter

a rapid build-up of light occurs and a Q-switched pulse is emitted (Figure 4-8).
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Figure 4-8 — Sequence of events during the emission of a Q-switched pulse
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In the model certain assumptions are made:

1) The Q-switched process is sufficiently rapid to neglect any influence that the pump and
spontaneous emission has on the population inversion within the pulse duration.

2) Excited state absorption within the fibre is neglected.

3) All the surfaces within the cavity are anti-reflection coated and therefore have negligible
transmission losses.

4) The rise/fall time of the shutter is fast compared to the cavity round-trip time

The model will provide information on the variation of peak power and pulse width with
output coupling and thus the effects of cavity losses on laser performance. This information
will be helpful in optimising the cavity configuration. In a later chapter it is experimentally
verified that a large core radius promotes the generation of higher pulse energies from fibre

amplifiers. The model can be used to predict this.

4.3.1 Modified Amplifier Model

Section 4.2 used a simple rate-equation analysis to calculate the energy stored in a length of
pumped Erbium doped fibre. However, before proceeding with the mathematical description
of the Q-switched model we need to consider the effect that the laser mirrors have on the
stored energy within the laser amplifier. It has been shown previously (Figure 4-3) that in a
high gain amplifier the backward ASE can grow to a substantial power (~1mW) a value
which is comparable to the saturation power. If this ASE is then reflected back into the
cavity by a laser mirror, then in a system with a high single pass gain the amount of stored
energy can be substantially reduced. This section provides a more accurate measure of the
stored energy in the laser gain medium by modifying the simple rate equation model used in
section 4.2 to account for the reflection of the ASE by the laser mirror. As the following
results show the reflection of the ASE by laser mirrors has a major effect on the population

inversion, ASE and pump power distributions along the length of the fibre.
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Figure 4-9 — Variation of Population density of the upper and lower levels along a length of

Erbium doped fibre with a 95% reflecting mirror positioned at the near end.

Figure 4-9 shows the variation of the population densities of both the upper and lower levels
of the amplifier. There is a 95% reflecting mirror positioned at the near end of the fibre, this
has the effect of reflecting the backward ASE back through the amplifier. It is this second
pass of the backward ASE coupled with the lower pump intensity which causes the heavily
depleted region at the far end of the fibre. From this plot it is obvious that the reflection of
the ASE into the cavity changes, not only the magnitude of the stored energy within the
fibre, but also the distribution along the fibre; with, in this case, the maximum population

inversion occurring at the near end of the fibre rather than at the centre as it does when no

mirrors are present.
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Figure 4-10 - Variation of forward and backward ASE along a length of Erbium doped

fibre with a 95% reflecting mirror positioned at the near end.

Figure 4-10 shows how the forward and backward ASE varies along the fibre length. In this
case the forward ASE comprises of both the backward ASE which has been reflected from
the mirror and the ASE which originates from the spontaneous emission of photons at the
near end of the fibre. The dominating component of this forward signal is the amplified

reflected ASE from the mirror. One point to note is the saturation of the forward signal with

a maximum power of 7mW.

The unusual shape of the backward ASE plot at the far end of the fibre is due to the
generation of photons in the cavity from purely spontaneous decay. At the far end of the
fibre where the forward ASE is saturating the gain (i.e. N,~N,) no amplified spontaneous
emission is expected, however spontaneous emission of photons from N, still occurs. In
order to verify this the component of the backward ASE which comprises of purely

spontaneous emission (Second term in equation (4 —5)) has been plotted.

58



Pump Power (mW)
>89

—
o

S

0 0.5 1 1.5 2 2.5 3
Fibre Length (m)

Figure 4-11 — Variation of Pump power along the length of Erbium doped fibre with a 95%

reflecting mirror positioned at the near end.

The change in distribution of the population inversion along the length of the fibre with the
presence of the mirror causes a corresponding change in the pump absorption. At the far end

of the fibre with the lower population inversion, an increase in pump absorption is observed.

With the modification to the amplifier model to account for the reflection of ASE from the
laser mirror, it was found that the magnitude of the total population inversion is reduced
from 10.8x10" to 7.8x10' ions, a reduction of 27%, for a 3m length of fibre. This new
model gives a more accurate description of the gain medium in a Q-switched fibre laser

when the cavity is in the low Q, high loss state.

4.3.2 Mathematical Description of Q-switched Model

Using the amplifier model developed in the previous section we now have a value for the
initial population inversion (n;) present in the pumped Erbium fibre when the Q-switched

laser is in the high loss state. This section provides the equations describing Q-switched

behaviour in terms of the cavity losses and the initial population inversion.
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Table 4-3 lists some of the more common definitions which will be used in the Q-switched

model and their values where appropriate.

Abbreviation | Description Value & Units
Ny, Threshold Population Inversion

N, Number of photons inside the cavity

R, R, Reflectivity of Laser Mirrors 095 &0.5

A Cross-sectional area of fibre A= 58um’

' Gain coetfficient /unit length

Olgibre Intrinsic loss of fibre /unit length Olgpre= 4.6x10° m™" (0.2dB/km)
gt Single pass switch loss O = 0.693 (3dB)
Ngips Noore Refractive Index of air and fibre core n;= 1, ng,.= 1.48
d Cavity length d= L+,

Liipre Length of gain medium (fibre) metres

Lie Length of air gap 0.15 metres

Table 4-3 - Parameters used in Q-switched Laser Model

Consider the Q-switched laser shown in Figure 4-7. After opening the switch, in one round
trip of the cavity, the number of photons within the cavity mirrors, N, will change,

depending on the various loss and gain parameters, to:

Np N (Rle . eZIﬁhm(}’“aﬁhre)—Z’waz )N ( 4-8 )

P

The rate of change in the number of photons with time is therefore given by the change in

the number of photons per round trip divided by the time for a round trip .

de (R1R2 . 621_/ihm(Y_aﬁhre)_zamvz _ 1)N
dt - 2(lair + nglﬁbrey
C

The denominator can be abbreviated to the round-trip time of the cavity gy, and recognising

. (4-9)

the criteria for CW lasing threshold to be:

Lo - o) =20
Rle .ezﬁm(m A fipre ) =20y =1 (4_10 )
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The threshold gain y,, can be written as:
e~21./ihrc}//h — Rle . emz(ﬁbrea,ﬁbre_zaxwf ( 4_11 )

Substituting equation ( 4-11 ) into equation ( 4-9 ) yields:

dN 21,/f17rc (r=vm) _
- (e 1) N, (4-12)
dt Tar

The round trip time of the cavity can be expressed in terms of the photon lifetime which 1s
the round trip time divided by the fractional number of photons surviving one round trip, in

effect the cavity photon decay constant.

;= Car (4-13)

P —R.R. - g 2 @mrelppetCin)
12

Now if we substitute Ty, from equation ( 4-13 ) into equation ( 4-12 ) and use the Taylor

series expansion, e¥ = /+x then we obtain the equation:

AN, 1+21., (y-y,)-1 N N
po_ ﬁbze(7 7”1) SO (_Z/__l)_ﬁ_ (4'14)
dt 1_(1_21ﬁbre7/rh) Tp 7/tlz Tp

Now relating the gain to the total number of inverted ions, n, and the threshold gain to the
total number of inverted ions at threshold, n,, we arrive at one of the standard equations

defining how the number of photons within the laser cavity varies with time.

dN N
L =(i_1)._1’. (4-15)
dt n, T

P

This equation states that if the population inversion (gain) is larger than the threshold value,

then the number of photons increases with time, otherwise, they decrease.
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We now need to consider a basic rate equation analysis between the two laser levels, whilst
still maintaining the assumptions quoted earlier i.e. no pumping or spontaneous emission for

the duration of the pulse.

The rate equations can therefore be written as:

dN, P00

dtlsz-hu.[Nz_Nl] (4-16)
dN Pno

i aap M (4-17)

Multiplying both sides of the equation by the volume of the gain medium (4./) and

subtracting gives:

d(NZ_NI)'A'Zﬁbre_ 2Pp7750- A l
- T abre
dt A-hv

‘[Nz—Nl] (4'18)

The term ofN»-Nj] on the right is equal to y the gain coefficient per unit length, and the
term (No_N ])-A-lﬁbre is equal to n, the total population inversion. Using Taylor series

expansion and some further algebraic manipulation equation ( 4-18 ) reduces to:

— =2 (4-19)

This is the second fundamental equation that describes the Q-switched behaviour. The factor
of two is fundamental in that it states that if the number of photons within the cavity

increases by one then the population inversion, n, decreases by two.
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Now both equations ( 4-15 ) and ( 4-19 ) can be used to develop a description of Q-switched
behaviour. One final step is needed and that is to normalise the time scale to the photon
lifetime within the cavity T=t/t,. The two basic equations describing the changing photon

number, Np, and population inversion, z, then become:

» n
=(—-DV,
dI  'n, (4-20)
an __,n N,
dT n, (4-21)

Now in order to get to the equations for the peak power and pulse width, we have to divide

equation ( 4-20 ) by ( 4-21 ) to remove the time dependence and then we integrate the

equation as follows:

N, (max)
[ an,=

N, (0)=0

%- j(ﬁl;i—l)-dn (4-22)

Note the limits on the integral, the photon number ( N, ) is a maximum when the population
inversion crosses the threshold level, this principle is illustrated in Figure 4-8. Therefore the

maximum number of photons in the cavity in given by:

n—n, = n,
N (max) = ——" — _#h Jp(—L 4-23
, (max) 5 > (”ﬂ,) ( )
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These photons within the cavity are lost through the various loss processes but it is only the
loss through the output mirror which provides the useful output. The maximum optical
energy stored in the cavity is given by (hc/A)-N (max) and the fractional loss per round trip

at the output mirror divided by the round trip time gives the power at the output:

he 1-R,

P(max) =N, (max)- R (4-24)
Trr

One more assumption which we will make specific to fibre lasers, is that the initial inversion
is significantly higher than the threshold inversion, this has the consequence that we can
assume that all the population inversion is converted to photons within the cavity i.e. the
final population inversion is zero. This assumption is valid for fibre lasers due to the high
pump intensities which can be obtained within the core, as a consequence of the

wave-guiding nature of the fibre media.

The pulse energy can then be written as:

n.
W =i

out
2

_he Output Coupling Loss
A Total Loss
(4-25)

e 1- &,
A

1_R R . e‘z(aﬁhrelﬁbre_axw)
1442

N |

A good approximation to the pulse width is then the pulse energy divided by the peak
power. We now go on to show the relationships between both peak power and pulse width

with fibre length and output coupling.
4.3.3 Results from Erbium doped Q-switched Fibre Laser model

The model was developed to anticipate trends and to aid the optimisation of Q-switched
laser design. In designing a Q-switched fibre laser there are two physical characteristics that

can be adjusted to obtain optimum performance: fibre length and the reflectivity of the
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output mirror. In this section we will examine the effects of these parameters on laser

performance.
Let us first consider how the peak power changes with fibre length:

From the results shown in Figure 4-12 we observe an initial increase in peak power due to
the increase in the magnitude of the stored energy in the fibre. Beyond the optimum length,
which is determined by the available pump power and the saturation of the gain by ASE, the

peak power then decreases.

The results also show that for very short cavities an increase in pulse width is observed. This
is due to the low round trip gain of the cavity, i.e. more round-trips are required for the pulse
to build-up and to deplete the inversion to below threshold. However with long fibre lengths
the pulse width increases due to the longer round-trip time. There is therefore an

intermediate fibre length that produces the shortest pulse widths.

The results obtained from the model are shown in Figure 4-12. From the plot we can see

clearly the expected variations of peak power and pulse width with varying cavity length.
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Figure 4-12 - Variation of Peak Power and Pulse width of a Q-switched Fibre laser as a
function of Fibre Length
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These results show that at optimum length for the cavity to obtain high peak powers is
approximately 1 metre, with a peak power of 1.2kW and pulse width of 20ns. These results
were obtained with a 50% reflectivity output mirror. Shorter pulse widths can be best

achieved with shorter lengths of fibre but this is at the expense of peak power.

The accuracy of this theoretical value for the peak power is influenced by the following

factors:

1) The model assumes negligible excited state absorption. However the characteristic green
glow from the Erbium fibre is evidence that this is not the case. It has been shown that
excited state absorption from the upper pump level can play a part in reducing the pump
efficiency thus explaining the disparity between the model and experimental results. [ 8 ]

2) An uncertainty exists when measuring experimentally fibre parameters such as dopant
concentration and emission/absorption cross-sections.

3) The dopant profile tends to be lower in the centre of the fibre core where the single
mode signal intensity is a maximum. This non-uniform dopant profile tends to produce a
lower population inversion experimentally than the model would predict.

4) Due to the high Erbium concentrations needed for short pulse, high power operation, a
reduction of the pump efficiency is often observed due to the process of co-operative

up-conversion [ 8 |.

The other important parameter which is modelled is the output reflectivity. This is another
parameter which, in common with fibre length, can be modified to obtain optimum
Q-switched laser performance. Figure 4-13 shows the results of modelling the effect of
output mirror reflectivity on peak power and pulse width for a fixed fibre length of 1.0metre.
The output mirror reflectivity has no effect on the amount of stored energy within the cavity,
as theoretically the mirror would not be visible through the Q-switch in its high loss state. It
does however effect the laser threshold (i.e. when the round trip gain equals the losses), by
introducing a loss into the cavity, this in turn limits the maximum photon density within the

cavity.
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The operation of the acousto-optic modulator in first order introduces a round-trip loss equal
to the insertion loss x (diffraction efficiency)’, and is typically 6dB. This is a major intra-

cavity loss which corresponds to 75% signal loss per round trip.
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Figure 4-13 - Dependence of the Peak Power and Pulse Width of a Q-switched fibre laser
on Output Coupling (Fibre Length — 1 metre, 6dB intra-cavity round trip loss)

If the laser cavity consists of a low reflectivity mirror, the output coupling (loss) is high, this
produces a higher threshold and therefore lower peak powers. Because the peak powers are
lower, more round trips are needed to deplete the stored energy, and therefore longer pulse
widths are predicted. As the mirror reflectivity is increased (loss decreases), the threshold
goes down and the maximum photon density increases. However due to the high intra-cavity
losses, the fraction of this light being emitted as the output laser pulse is reduced and

therefore lower peak powers are observed.
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Figure 4-14 - Dependence of the Peak Power and Pulse Width of a Q-switched fibre laser
on Output Coupling (Fibre Length — 1 metre, 3dB intra-cavity round trip loss)

If, as in Figure 4-14 the intra-cavity losses are decreased, then at high mirror reflectivities
(low output coupling) the pulse width again starts to increase. The lower intra-cavity losses
and low output losses requires more round-trips to extract the stored energy and an increase

in pulse width is observed.
4.3.4 Modelling a Large Mode Area Q-switched Erbium doped Fibre Laser

In the earlier discussion (Section 4.2.3) of gain saturation it was suggested that the
saturation power could be increased by using a fibre with a large core area. This fibre type
would be beneficial for a Q-switched laser as it would increase the threshold at which gain
saturation caused by ASE would occur and therefore increase the magnitude of the stored
energy. A larger core area has the added benefit of increasing the threshold at which
non-linear Raman and Brillouin effects occur. These non-linear effects reduce efficiency by
shifting the intra-cavity power to other wavelengths. Section 4.2.3 calculates the saturation
intensity for an Erbium fibre to be 1kW/cm’. Therefore a fibre with a 58um” core area gives
a saturation power of 0.6mW, increasing to a saturation power of 2.1mW for a 203um’ core

area.
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To make a theoretical comparison between the normal Erbium doped fibre and large mode
area (LMA) fibre we will compare systems which operate with the same absorbed pump
power. However, due to the increased pump absorption caused by the larger core area, the
pump power is increased to 100mW from the 45mW used in the previous models. Lengths
of 2.05m of conventional Erbium doped fibre and 1.62m of large mode area fibre were used

with 75mW of absorbed pump power.

The parameters used in the model are shown in the table below. The N.A, V-number and

core radius were chosen to match the fibres that were used experimentally.

Normal Erbium Doped Fibre

Large Mode Area Fibre

N.A.=0.15

N.A.=0.08

Core Radius = 2.5um

Core Radius = 7.4pm

Effective Core Area = 58um?

Effective Core Area = 203um?

V=152

V=24

Length = 2.05m

Length = 1.62m

Absorbed Pump Power = 75mW

Absorbed Pump Power = 75mW

Table 4-4 — Parameters of Normal and Large Mode area Erbium doped Fibre used in the
Model

The principle behind using a large mode area (LMA) fibre is to reduce the small signal gain
whilst increasing the amount of stored energy within the fibre. The large core area reduces
the pump intensity within the core, this in turn generates a lower population inversion
density which suppresses the generation of amplified spontaneous emission. This is
illustrated in Figure 4-15 which shows the population densities of both the upper and lower

levels for conventional Erbium fibre and large mode area fibre.
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Figure 4-15 — Variation of the population density of the upper and lower levels for both
conventional and large mode area Erbium doped fibres along a length of fibre. The length

of each fibre is optimised for equal pump absorption

The lower population inversion density has the effect of suppressing the amplified
spontaneous emission generated along the Erbium doped fibre, this is illustrated in Figure

4-16 which shows the build up of the amplified spontaneous emission for both the large

mode area and normal Erbium doped fibres.
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Figure 4-16 — Variation of forward and backward ASE along a length of LMA and
conventional Erbium doped fibre. The length of each fibre is optimised for equal

pump absorption
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Although the lengths of the two fibres are optimised to have the same amount of absorbed
pump power, the large mode area fibre generates only 6mW of ASE compared to the 30mW
generated in the normal Erbium doped fibre. The energy depletion by the ASE places a limit
on the amount of stored energy which is available to the Q-switched laser. This is clear from
the results shown in Table 4-5. This table shows the modelled Q-switched performance

using both the LMA and normal fibres at a fixed absorbed pump power.

Normal Erbium Doped Fibre Large Mode Area Fibre
Peak Power = 757W Peak Power = 2219W
Pulse Width = 40ns Pulse Width = 35ns
Pulse Energy = 31uJ Pulse Energy = 77uJ

Table 4-5 — Table showing theoretical Q-Switched results for both normal and large mode

area Erbium fibres at a fixed absorbed pump power

The theoretical results for the LMA Erbium doped fibre show a twofold increase in the peak

power extracted from the laser over that obtained using a standard Erbium doped fibre.

4.4 Conclusions

In this chapter a model for a Q-switched Erbium doped fibre laser has been developed. The
model was developed by calculating the stored energy in a length of pumped fibre using a
standard rate equation analysis and then modifying this to account for the presence of laser
mirrors. These reflect amplified spontaneous emission into the cavity thus reducing further
the stored energy. The magnitude of the population inversion (stored energy) is then used in

a lumped element, rate equation approach to model the Q-switched behaviour.
The results from the model were used to show the variation in laser performance with both

fibre length and repetition rate and to confirm that a large mode area fibre could be used to

generate higher energy pulses.
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Chapter Five

Experimental Investigation of Q-Switched Fibre
Lasers

5.1 Introduction

This chapter describes the experimental work carried out with regards to Q-switched fibre
laser sources for distributed sensing. It describes in detail the component requirements and
the advantages and disadvantages of each component with respect to the different
configurations of Q-switched fibre lasers. A number of Q-switched fibre lasers optimised for
various applications requiring high pulse energies, narrow linewidth and short pulse

duration are investigated.
5.2 Basic Design

The basic design for an Erbium doped fibre laser can be either an end-pumped Fabry-Perot
configuration or, alternatively, a ring configuration. The simpler design of the Fabry-Perot
configuration makes this preferable over the ring laser configuration. A basic Q-switched
Erbium doped fibre laser utilising a Fabry-Perot cavity is shown in Figure 5-1. It consists of
a 980nm pump laser, two mirrors which define the cavity and a Q-switch. The following

section investigates each of these components in turn.
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Figure 5-1 — A schematic of a Q-switched Erbium doped fibre laser, using a bulk 980nm

laser diode as the pump laser.

5.3 Components

This section studies each of the laser components in turn and discusses the relative merits of

possible alternatives for each component.

5.3.1 Pump Lasers

As discussed previously (section 2.2.2.1), for long range sensing applications, the
wavelength of operation required for the Q-switched laser is 1.55um. This limits the fibre
dopant to an Erbium based system. The pump levels for the Erbium system have been
widely explored in past publications [ 1 ][ 2 ][ 3 ]. In conclusion, these publications
demonstrate that the most efficient pump wavelength for Erbium doped amplifiers and

lasers is in the 980nm wavelength band.

At the start of this work (1994), 980nm laser diode technology was a rapidly developing
technology, driven by the widespread success of the Erbium doped fibre amplifier for
telecommunications applications. The following sections briefly summarise the advances of

980nm pump lasers and their effect on this research.
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5.3.1.1 Bulk 980nm

The first 980nm pump laser used in this work was a 150mW device (Spectra Diode Labs,
SDL-6572-H1) mounted in a bulk H1 can. The disadvantages of these first laser diodes are
twofold. Firstly, the output beam of the diode is elliptical which limits the launch efficiency
into a circular core; typically out of the 150mW available power only 90mW of this could
be launched into the fibre. Methods of launching the light into the core using cylindrical
lenses to compensate have been used but with limited success. Secondly, the laser diodes
were sensitive to back reflections from the fibre end and therefore had to be used in

conjunction with an optical isolator.

However, these bulk devices do have some advantages in a research and development
environment, in situations which involve the use of non-standard fibre (i.e. large mode area
fibre). In these cases, the alternative pigtailed laser diodes were unsuitable because of the
mode mismatch which occurs between two dissimilar fibres. Another scenario in which bulk
laser diodes are advantageous is for short cavity lasers. The WDM component needed to
launch light from a pigtailed laser diode into the doped fibre can account for a major part of
the cavity length. This is particularly the case when using Erbium/Ytterbium doped fibre
which has a very short (~cms) absorption length at 980nm. The output characteristics of the

bulk 980nm laser used in this work (SDL-6572-H1) are shown in Figure 5-2.
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Figure 5-2 — A plot showing the laser output power against drive current

5.3.1.2 Pigtailed 980nm

Pigtailed 980nm laser diodes started to emerge onto the market at a reasonable price in early
1992 and offered increased in-fibre power. Modern fibre pigtailed laser diodes can provide
in-excess of 165mW of 980nm into the fibre (Spectra Diode Labs, SDLO-2500-165), and
are relatively immune to back reflections even in the absence of fibre isolators. Grating
wavelength stabilised devices are available which can be operated without a cooler, thus
reducing power consumption and the electronics needed to control the cooler, thus offering
significant cost savings. Unless the application warrants the use of a bulk 980nm pump

device, these pigtailed devices are ideal for pumping both Erbium amplifiers and lasers.

5.3.1.3 MOPA 980nm

A recent advance from the simple 980nm pump laser is the introduction of an additional
semiconductor amplifier at 980nm. This is known as a MOPA configuration (Master
Oscillator, Power Amplifier). A MOPA has significantly higher powers than conventional
980nm laser diodes, with bulk devices emitting powers in excess of 1Watt in a single
transverse mode. Fibre pigtailed versions with minimum powers of 500mW are also

available. The disadvantage of using MOPA configurations are twofold: firstly the high
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cost, and secondly, the sensitivity of the devices to back-reflections. The amplifier stage
before the chip can also act to amplify back reflections, which can build to high intensities

and damage the mirrors of the laser oscillator. The reliability of these lasers is still

questionable.
5.3.2 Mirrors

The laser cavity consists of two mirrors one of which will form the output coupling, the

other will be a high reflector. Here we will discuss the relative merits of the most common

types of fibre laser mirror.
5.3.2.1 Dielectric multi-layer coatings.

The usual method of providing a cavity end mirror involves placing the fibre in contact with
a substrate coated with a dielectric film with the required characteristics. The coupling is
usually unstable, suffers from poor repeatability and the surface is easily damaged by the
fibre end. A better solution is to coat the end of the fibre directly. This can be achieved by
first placing the fibre into a ferrule and then depositing the coating onto the end of the
ferrule. This produces a much more stable configuration with the repeatability depending on
the coating process. Although the cost for a coating run is expensive it is possible to
simultaneously coat in excess of 100 ferrules in one batch, therefore the unit cost is
significantly lower than buying bulk mirrors. One major problem using two bulk mirrors in
a fibre laser geometry is that the output of the laser will not be in-fibre. The majority of fibre
laser applications require the output to be in-fibre, the next sections investigate mirror

configurations which are fibre compatible.

5.3.2.2 Bragg Gratings

The recent interest in photorefractive fibre Bragg gratings for dispersion compensation [ 4 ]
and add/drop multiplexing for dense WDM communications [ 5 ] has decreased the price

and increased the availability of these devices which are ideal for use as fibre laser mirrors.

These devices consist of a periodic modulation in the refractive index of the core. This is
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produced by exposing the core to an interference pattern created from a UV laser using
either; a phase mask or the interference of two coherent beams. This periodic modulation

produces a reflection when the Bragg criterion is met ( 5-1 ),

Ay=2-n-A (5-1)

where A, is the Bragg wavelength at which maximum reflection occurs, n is the refractive
index and A is the period of the index modulation.
The wavelength, reflectivity and bandwidth of the in-fibre gratings can be tailored to the

specific application.
5.3.2.3 Sagnac Loop Mirrors

This device consists simply of two legs of a fused fibre coupler connected together, thus it is
cheap, rugged and the coupling ratio can be tailored to produce the required reflectivity [ 6 ].
The relationship between the reflectivity, R, of the Sagnac loop mirror and the coupling

factor, £, of the coupler is given by:

R=4f-(1-f) (5-2)

Hence a 90/10 coupler will be equivalent to a 36% reflecting mirror. This formula however
is only valid for small signal powers. At higher powers the coupling ratio becomes
dependent upon the intensity of the light. This intensity dependence of the coupling ratio
arises from the intensity dependence of the refractive index of the fibre. The intensity
dependence of the refractive index leads importantly to an intensity dependent phase shift

known as self-phase modulation.
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Consider a coupler of length, L, with a coupling factor of f and incident power P,. The
reflectivity of the loop mirror is calculated by calculating the phase shifts acquired by the
two counter-propagating waves and recombining them interferometrically back at the
coupler. This results in an expression for the reflectivity of the coupler taking into account

the non-linear phase shift generated by the intensity dependence of the refractive index:

R=2f(1=f)i+cos((1-2f)RL)) (5-3)

where y is the non-linearity coefficient (5.135 watt” km™ [ 7 ]), P, is the incident power
(watts) and L is the length of the loop. This effect is illustrated in Figure 5-3 which shows
theoretically how the reflectivity of a Sagnac loop mirror made of a 90/10 coupler varies
with power. The plot clearly illustrates that the reflectivity of the loop mirror falls from the

36% for small signals to 24% for a power of 150watts.
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Figure 5-3 — A theoretical plot showing the effect of SPM on the reflectivity of a Sagnac

loop mirror of length 2metres

In addition, due to self phase modulation, the reflectivity of the Sagnac loop mirror will vary

over the pulse duration (see Figure 5-4).
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Figure 5-4 — A theoretical plot showing a Gaussian pulse of peak power 150Watts and
width 100ns with the reflectivity of a 2metre Sagnac loop mirror over the duration of

the pulse

At high pulse intensities or with long fibre loops, the effect of SPM becomes more apparent
with the onset of a periodic structure when the phase difference approaches 7. For a phase

shift equal to 7 the reflectivity of the Sagnac loop is zero as illustrated in Figure 5-5.
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Figure 5-5 - A theoretical plot showing a Gaussian pulse of peak power 150Watts and
width 100ns with the reflectivity of a 10metre Sagnac loop mirror over the duration

of the pulse.
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This large variation in the reflectivity of the Sagnac loop with intensity should be avoided to
prevent pulse distortion. Therefore to implement a Sagnac loop mirror into a Q-switched
laser system this effect has to be reduced to a minimum, this can be done by reducing the
length of the loop, for example, a loop length of 200mm with a 90/10 coupler would exhibit

a reduction in reflectivity from 36% to 35% at a power of 400Watts.

Provided these non-linear effects can be avoided, the Sagnac loop mirror offers an ideal, low

cost, fibre compatible mirror.

5.3.3 Q-Switches

As discussed in section 3.3 there are only two methods of Q-switching which provide the
required combination of high extinction ratio and fast rise time. The following paragraphs

outline the characteristics of the devices used in this work.

5.3.3.1 Acousto-Optic

Throughout this program of research there have been continuous advances in acousto-optic
modulator designs and specifications, including in-fibre acousto-optic modulators which
offer faster rise times (<20ns) and increased convenience over the bulk devices. However,
for the majority of the experiments carried out in this work, a bulk acousto-optic modulator

was used which had the following specifications.

Type/Model AA-GAS-25
Insertion Loss (dB) 0.1dB
Diffraction Efficiency 88%

100ns (from

Rise Time (ns)

10% to 90%)
RF Frequency (MHz) 110MHz
RF Drive Power 1 Watt

Table 5-1 — Acousto-Optic modulator specifications
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The plots below show the experimentally determined rise time and the diffraction efficiency
of the acousto-optic modulator. The measurements were taken using a CW Erbium fibre
laser to provide the 1.5um light, which is then passed through the modulator. The rise time,
from the 10% to 90% intensity values was measured to be 98ns with a diffraction efficiency

of 80%. The rise time was measured using a 300um InGaAs detector with a 50Q2 resistance

and a capacitance of 4.7pF.
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Figure 5-6 — Rise time of the bulk AOM used experimentally
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Figure 5-7 — A plot showing the diffraction efficiency of the AOM. When the AOM is on, the
intensity reduces to approximately 8§0% of it’s value when off. Zero is indicated by

“1-"in the lower left of the scope trace.

5.3.3.2 Electro-Optic

Although acousto-optic modulators are becoming faster and more efficient, for the fastest
switching times electro-optic modulators remain the only option. The electro-optic
modulator used in this work was a Quantum technology Lithium Niobate based device,
which has a rise time of 4ns, as illustrated in Figure 5-8. The problems presented by the use
of the electro-optic modulator stem from the high voltages needed for its operation. For
optimum Q-switched operation a voltage of 4.6kV is required, this introduces a large
electrical noise spike on the detectors for the duration of the electrical pulse. Efforts to
reduce this noise were attempted (i.e. proper insulation of the detectors and shielded cables)
but with limited success. Other aspects of the electro-optic modulator that make it unsuitable

for commercial applications are its high cost and limited repetition rate (1kHz).
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Figure 5-8 - Rise time of the electro-optic modulator used experimentally

5.3.4 Methods of reducing feedback from the fibre end

Due to the high gain of the Erbium fibre, the 4% reflection from the air/fibre interface is
often sufficient to start lasing which depletes the population inversion. There are several
methods of reducing this effect. Two different methods were attempted, 1) the addition of a

cover slip to the fibre end, and 2) an angle polished fibre end.

5.3.4.1 Cover Slip

The purpose of a cover slip is to reduce the amount of light reflected back into the fibre, as

illustrated in Figure 5-9.
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Figure 5-9 — Schematic showing the use of a cover slip to reduce fibre end reflections

This is achieved by bonding a small circular patch of glass, index matched to the core, onto
the front face of a ferrule which holds the fibre (Figure 5-9). This has the effect of moving
the air/glass interface away from the end of the fibre therefore reducing the amount of light

reflected back down the fibre.

Using a cover slip in this manner, the Q-switched fibre laser produced pulses for a short
duration (approx. 2-3 seconds) and then failed. Upon inspection of the cover slip, small
black marks were seen within the UV curing cement which holds the cover slip in position.
These were assumed to be formed due to the high power densities created by the Q-switched

laser pulses adversely affecting the adhesive.

A similar method of removing the reflection from the end of the fibre is to physically bond
the fibre to an intra-cavity GRIN lens, the air/fibre interface is therefore moved to the end of
the GRIN lens in a similar manner to the operation of the cover slip. The bonding to the
GRIN lens is not carried out with UV curing cement but instead by fusing the fibre to the

lens using a low current arc [ 8 ].
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5.3.4.2 Angled Polished Fibre End

This method requires that the end face of the fibre is polished/cleaved at an angle to prevent
any reflected light re-entering a propagating mode of the fibre [ 9 ]. Figure 5-10 shows a

schematic of a fibre end which is polished at an angle o.

Reflected
Ray 4
n
Refracted !
n,
Fibre
Axis
Normal to
angle cleave Do

Figure 5-10 — Schematic of an angle polished fibre end

Figure 5-10 shows the propagation of a ray running parallel to the fibre axis, including the
diffracted and reflected components at the core/air interface, it also shows the ray at the
critical angle which defines the ray angles which will be propagated by total internal
reflection. The minimum angle required to prevent any reflections from the fibre end
entering a propagating mode of the fibre may be simply derived using Snell’s law at the

core/cladding interface and assuming n,>n,. The critical angle is defined as:

sin(6,) = 2+ (5-4)

n,
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And similarly at the core/air interface:
n,sSn¢ = n, sina (5-5)

The critical angle can be written in terms of o as 0,=n/2-o, substituting this into equation

(5-3), we obtain the expression for o in terms of n, and n,.

cos(a) = n (5-6)

m,

Therefore if the core and cladding refractive indices are 1.51 and 1.5 respectively then o, the

minimum polishing angle is 6.6°.

A disadvantage with angle polishing is that the beam exits the fibre at an angle which makes
alignment more difficult. The angle at which the fibre needs to be angled for efficient
coupling, B, is equal to ¢-o. From equation (5-4) and assuming small angles such the

sin(6)=0 and n,=1, we have ¢=n,0., and now subtracting o, from each side we have:

P=¢-a
=ma-—-a (5-7)
:06(712 -1

If 1, is approximately 1.5 then p=0/2, so therefore the fibre has to be angled at an angle half

of the polishing angle, i.e. at least 3.3°.

The previous analysis only represents an approximation which is sufficient for most
purposes. For a more accurate description, diffraction effects at the fibre/air interface must

be included in the analysis [ 9 ].
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5.4 Experimental Results from an Erbium doped Q-switched Fibre Laser

After introducing the components required for a Q-switched laser design, this section reports

on the experimental investigation of the properties of Q-switched Erbium doped fibre lasers.

5.4.1 Experiment

The basic experimental arrangement for the Q-switched laser is shown in Figure 5-11 and
consisted of a fibre pigtailed 980nm pump laser, providing 90mW of 980nm pump power
through a WDM 1mto the Erbium doped fibre (ND899, Table 5-2). On one end of the Erbium
doped fibre there was a highly reflecting mirror (R=99% at 1500-1550nm) which formed
one end of the laser cavity whilst at the other end the light from the fibre was focussed
through a bulk acousto-optic modulator operating in first order, on to an output mirror with
a 25% reflectivity at 1500-1550nm, which formed the other end of the laser cavity. The

starting cavity length was 4.6m which was made up of a length of 3m of Erbium doped

fibre.

Angle Polished End AOM Output

Dielectric mirror Erbium fibre WDM

coated on ferrule *+L==

8. i
A S [
=

Graded I 25% Reflectivity
Index Lens ! Output mirror

L

|

L

14pin, 980nm RF generator

110mW laser
diode module

Figure 5-11 - Schematic showing the Q-switched fibre laser configuration used to monitor

performance changes with fibre length

The Erbium doped fibre was angle polished to reduce the 4% Fresnel end reflection which
because of the high gain of the Erbium doped fibre could cause laser action to take place

between the high reflectivity mirror and the end-reflection.
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Fibre Number NDO0899
Numerical Aperture 0.17
Cut-off Wavelength 940nm
Erbium Concentration 800ppm

Table 5-2 — ND899 Erbium doped fibre specifications

5.4.2 Results

During the course of this research a number of Q-switched lasers have been constructed with
a wide variation of parameters to optimise different characteristics (e.g. high peak power or
short pulse width). The results obtained and presented in this section are those using the Q-
switched configuration described previously (section 5.4.1) but are compared wherever
appropriate with results from other configurations in order to enhance the results and clearly

illustrate the trends in design.
5.4.2.1 Variation of Peak power and Pulse width with Fibre Length

The variation of peak power and pulse width with fibre length can be considered as one of
the most important trends to understand because it has a major effect on the performance of
the Q-switched laser. Figure 5-12 shows the variation of peak power and pulse width with
fibre length for two sets of data corresponding to the two different configurations which are
summarised in Table 5-3. The two configurations differ in three main aspects, with
configuration 2 having a lower launched pump power, higher output mirror reflectivity and

shorter cavity length.
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Configuration 1 as described | Alternative Configuration 2
in the previous section

AOM mode of operation First Order First Order

AOM type Bulk AOM (5.3.3.1) Bulk AOM (5.3.3.1)

Pump Laser Pigtailed 980nm (5.3.1.2) Bulk 980nm (5.3.1.1)
Launched Pump 90mW Launched Pump 37mW

Output Mirror reflectivity | 25% 50%

Cavity Length (excluding | 1.6metres 0.65metres

the Erbium doped fibre)

Table 5-3 - Table showing the parameters of the two Q-switched laser configurations which

are used to obtain the results shown in Figure 5-12

Looking initially at the results obtained from Configuration 1, it can be seen that there exists
an optimum Erbium doped fibre length to achieve maximum peak output power, away from
which the peak power falls off rapidly (Figure 5-12). The initial increase in peak power with
Erbium fibre length is due to the increase in the magnitude of the stored energy in the fibre.
Beyond the optimum fibre length (determined by the available pump power and the
saturation of the gain by ASE) a drop in peak power occurs due to re-absorption of the

signal from the unpumped sections of fibre.

The variation of the pulse width with Erbium fibre length is also shown in Figure 5-12,
again an optimum fibre length exists at which the pulse width is a minimum. For fibre
lengths shorter that this optimum length an increase in pulse width is observed. This
increase is attributed to the lower round trip gain of the cavity; i.e. more round-trips are
required for the pulse to build-up and to deplete the inversion to below threshold. For
Erbium fibre lengths longer than the optimum length an increase in pulse width is again

observed, this is attributed to the increase in round trip time.

As the Erbium length increases past the optimum length, a sudden shift in wavelength is
observed from 1530nm to 1560nm (shaded area). This change in operating wavelength is
due to the preferential absorption/loss at the shorter 1530nm wavelengths by unpumped
lengths of fibre [ 10 ][ 11 ]. A detailed investigation into the variation of operating

wavelength with cavity parameters is carried out in section 5.4.2.3.
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The results obtained demonstrate the importance of optimising the length of Erbium fibre
for the available pump power, a discrepancy of 25% of the optimum length can cause

dramatic swings in the peak power.
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Figure 5-12 - Plot showing the variation of peak power and pulse width with Erbium fibre

length for two laser configurations

The higher peak powers observed using configuration 2 can be attributed to two main

factors:

1) For a given Erbium fibre length, the Erbium doped fibre occupies a larger percentage of
the overall cavity length in configuration 2 than it does in configuration 1. This leads to
the observed shorter pulses and higher peak powers.

2) The higher mirror reflectivity in configuration 2 coupled with the high intra-cavity
losses due to operation of the AOM in first order can also explain the higher peak

powers. This is theoretically modelled in section 4.3.3..

The results obtained experimentally (Figure 5-12) show good correlation with the trends

explored theoretically in Chapter 4 (Figure 4-12).
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5.4.2.2 Variation of Peak Power and Pulse Width with Repetition Rate

The variation of peak power and pulse width was measured as a function of repetition rate
and the results are shown i Figure 5-13. These results were obtained using two arbitrary
Erbium fibre lengths (80cms and 115cms). The peak power starts to decrease at a repetition
rate of above approximately 1kHz, this decrease corresponds to a lifetime of Ims for the
Erbium ions. This is not consistent with the measured lifetime of Erbium ions of 10-12ms
[ 12 ]. The lifetime appears shorter in a fibre laser/amplifier due to the presence of ASE

which effectively shortens the lifetime of the ions in the metastable level.
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Figure 5-13 - Plots of Peak Power and Pulse Width as a function of repetition rate for two

different fibre lengths (results obtained using Configuration 2)

5.4.2.3 Variation of Lasing Wavelength for both CW and Q-switched operation

The gain profile of Erbium fibre covers the wavelength range 1520-1570nm allowing a laser
to operate within this region depending upon the cavity configuration. The fibre length and
pump power are critical parameters in a three level laser when determining the wavelength
of operation. A laser with a long Erbium fibre length will operate at a longer wavelength due
to the preferential re-absorption of the shorter wavelengths in the un-pumped section of

fibre. This is illustrated in Figure 5-14 which shows the variation in spectral output of four
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fibre lasers under CW operation with different Erbium fibre lengths (0.75m, 1.25m, 2m and
3m). Increasing the length of the Erbium fibre causes the wavelength of operation to shift to

longer wavelengths.

Increasing Fibre Length

4.5 _ >
1.25m 2.0m
4 _
~ 35
‘ % 3 3.0m
2.5
[
z 2.
o 15 0.75m
1]
l
0 I v |
1550 1555 1560 1565 1570
Wavelength (nm)

Figure 5-14 — Variation in spectral output of CW Erbium doped fibre lasers for different
fibre lengths (0.75m, 1.25m, 2m and 3m)

Unlike CW fibre lasers, Q-switched fibre lasers generally operate at the shorter wavelength
of 1.53um. This can be explained by considering the cavity when it is in the high loss state,
i.e. when there is no feedback from one of the mirrors. In this state there is no population
inversion depletion due to an intra-cavity signal and therefore a higher population inversion
can be generated within the fibre. This higher population inversion promotes operation at

the shorter wavelengths.

However the operating wavelength of the Q-switched laser is dependent on a number of
other parameters including the repetition rate and cavity losses. If an acousto-optic
modulator is used the cavity losses will depend on the mode of operation i.e. zero or first

order.

Operating the laser in first order mode increases the cavity loss by a factor equal to the

diffraction efficiency squared over operation in zero order. This increase in loss causes the
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laser to operate at 1530nm due to the higher gain at this wavelength. Operating the laser in

the lower loss zero order causes the laser to operate at 1560nm (Figure 5-15).

-20 q Zero Order
-25 First Order

Power (dBm)
&
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1510 1520 1530 1540 1550 1560 1570
Wavelength (nm)

Figure 5-15 — Plot showing the wavelength spectrum of the laser operating in either zero or

first order mode (Erbium fibre length — 450mm)

A laser operating in first order can also be forced to operate at 1560nm by increasing the
length of the fibre beyond its optimum length or providing more gain so that the laser will

again operate at the longer wavelength, as demonstrated experimentally from Figure 5-16.
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Figure 5-16 — Variation in lasing wavelength for two Q-switched lasers with different

lengths of Erbium doped fibre (First order operation)

Finally one other factor which affects the operating wavelength of the Q-switched laser is
the repetition rate. As discussed in section 5.4.2.2 the lifetime of the Erbium ions is
approximately 1ms which corresponds to a maximum operating repetition rate of 1kHz.
Beyond this rate the population inversion doesn’t fully recover and this is manifested as a

reduction in peak power and a shift to longer wavelengths.

The operating wavelength for the Q-switched fibre laser is important for the commercial
sensing applications for which the device is to be used. A laser operating at 1530nm would
generate the temperature dependent anti-stokes Raman signal in the wavelength region
1430-1440nm, where the fibre loss is higher because of absorption by OH' ions. If the laser
operates at 1560nm then the anti-Stokes signal occurs at higher wavelengths where the loss
due to the OH ions is reduced. A stable wavelength operation in the 1560nm band is

therefore necessary.
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5.4.3 Conclusions

The section has discussed some of the basic design considerations in producing a high
power, short pulse Q-switched fibre laser. The importance of fibre length on Q-switched
peak power and pulse width as well as operating wavelength has been emphasised and
experimentally verified. These experiments were carried out in the early stages of design
and show the trends in laser performance with parameters such as repetition rate etc, and do
not show the highest powers obtained. Subsequent optimisation (e.g. alignment, fibre length
etc.) of the laser resulted in a Q-switched laser producing 140Watt, 25ns pulses at a
repetition rate of 500Hz for 90mW of pump power and represented the highest peak power

obtained from this compact diode pumped system.
5.5 Erbium/Ytterbium doped Q-switched Fibre Lasers

In an attempt to produce high power, short pulses at 1.56pum, an Erbium/Ytterbium based
system was investigated. The details of the Erbium/Ytterbium co-doping has been described
in section 3.2.2, but to summarise, the addition of the Ytterbium increases the pump

absorption which results in a shorter fibre length for a given absorbed pump power

[13][14][15].
5.5.1 Experiment

Figure 5-17 shows the schematic of the Erbium/Ytterbium Q-switched fibre laser.
Essentially the arrangement consisted of an end pumped Fabry-Perot cavity with an intra-

cavity acousto-optic Q-switching element.
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Figure 5-17 — Schematic of Erbium/Ytterbium doped Q-switched fibre laser

The laser was pumped with the bulk 980nm laser diode described in section 5.3.1.1 and
provided 45mW of launched pump power. The parameters of the fibre used in this

experiment are shown in Table 5-4.

Fibre Number NDO0950
Numerical Aperture 0.17
Cut-off Wavelength 1.3um
Erbium Concentration 780ppm
Ytterbium/Erbium ratio | 20:1

Table 5-4 — ND950 Erbium/Ytterbium doped fibre specifications

A length of fibre between 50-100mm was found to absorb sufficient pump to reach the
lasing threshold. A length longer than 100mm was insufficiently pumped and a length
shorter than 50mm did not provide enough gain to overcome the losses of the modulator.
The low round trip gain of the Erbium/Ytterbium fibre has three main consequences for the

design of the laser cavity:

1) It was not necessary to angle polish the end of the fibre, as because of the short lengths
of fibre there was not sufficient round trip gain to initiate lasing from the 4% Fresnel
reflection.

2) Zero order operation of the acousto-optic modulator could be used effectively because

the diffraction efficiency of the modulator was sufficient to suppress lasing action when
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in the low Q/high loss state.
3) High reflectivity cavity mirrors (80% and 99%) had to be used to reduce the laser
threshold.

5.5.2 Results

5.5.2.1 CW operation of the Erbium/Ytterbium fibre laser

The laser was constructed with an output mirror with a reflectivity of 80% providing

feedback into the laser cavity. Figure 5-18 shows the laser output power as a function of

estimated launched pump power.

CW laser output power (mW)

0 10 20 30 40 50
Launched Pump Power (mW)

Figure 5-18 — Plot of launched Pump power against laser output power

A CW power of 10.6mW at a wavelength of 1535nm was demonstrated for a launched
pump power of 45mW, this corresponds to a launched slope efficiency of 26%. The pump

power required to reach threshold was 2.5mW.
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3.5.2.2 Q-switched operation of the Erbium/Ytterbium fibre laser

The laser was Q-switched using an acousto-optic modulator which was operated in zero-
order. A output peak power of 58Watts with a pulse width of 15ns were found at a repetition
rate of S00Hz. The launched pump power required to reach threshold was 4.5mW. Figure

5-19 illustrates the variation of peak power and pulse width with repetition rate for the

Erbium/Ytterbium Q-switched fibre laser.
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Figure 5-19 — Variation of Peak Power and Pulse Width with repetition rate for

Erbium/Ytterbium Q-switched fibre laser

The fall-off of the peak power with increasing repetition rate is a result of the finite recovery
time of the population inversion, which is directly related to the lifetime of the metastable
level, typically 10-12ms for the Erbium ion. The lifetime of the metastable level is
effectively reduced by the presence of amplified spontaneous emission in the cavity, which
depletes the upper laser level, analogous to the collision process in gas lasers which shorten
the lifetime of the gas molecules. In section 5.4.2.2 we reported that the effective lifetime of
the Erbium ions in a Q-switched laser is reduced to 1ms. Therefore, a repetition rate greater
than 1kHz causes a reduction in peak power. Figure 5-19 shows that the addition of
Ytterbium allows high peak powers to be maintained at higher repetition rates. Pump light

absorbed by the Ytterbium ions is transferred to the adjacent Erbium ions by a fast

100



cross-relaxation process; hence the Erbium ions experience a higher pump intensity than in
the absence of the Ytterbium. It has been reported previously [ 16 ] that by pumping the
laser harder, higher peak powers can be achieved at higher repetition rates. This is illustrated
in Figure 5-19 which shows a peak power of lwatt and pulse width of 95ns at a repetition
rate of 50kHz, similar performance was achieved at SkHz for the Erbium only fibre. This
ability of Erbium/Ytterbium co-doped Q-switched lasers to operate at higher repetition rates
makes them suitable for application which require high repetition rates (i.e. laser range

finding)
5.5.3 Conclusions

We have produced for the first time a diode pumped Q-switched Erbium/Ytterbium
co-doped fibre laser which produces high power, short pulses of 58Watts, 15ns at a
repetition rate of 500Hz. It was found that the addition of Ytterbium to the gain medium
increased the effective pump rate of the Erbium ions, which has the effect of maintaining the

high peak powers at higher repetition rates.
5.6 Electro-Optically Q-switched Fibre Lasers

In the last section a co-doped Erbium/Ytterbium fibre was used in conjunction with an
AOM to generate shorter pulses from a Q-switched fibre laser. This section explores using
an electro-optic modulator (EOM) as a Q-switching element. Electro-optic modulators
generally have faster rise times (<10ns) and lower insertion losses than acousto-optic
modulators and therefore an increase in performance for the Q-switched fibre laser can be

expected.
5.6.1 Experiment

A similar configuration to that used previously is used in this experiment with the

acousto-optic modulator replaced with an electro-optic modulator (Figure 5-20).
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Figure 5-20 - Schematic of Electro-optically Q-switched fibre laser

An optimised length of Erbium doped fibre (ND899), 80cms in length was used as the gain
medium and was pumped with a bulk 150mW laser diode operating at 980nm (Section
5.3.1.1). The light from the pump laser diode was focussed into the Erbium doped fibre
through a dichroic mirror which was coated onto the end of a ferrule containing the fibre.
The dielectric coating had a reflectivity of 99% at 1550-1550nm and a 95% transmission at
980nm. The light from the fibre end was then focussed using a graded index lens through a
dichroic sheet polariser and the EOM [ 17 ] onto an output mirror with a 25% reflectivity at
1500-1550nm. In order to produce an efficient fibre laser the polarisation must be
maintained during each round trip of the cavity. If the fibre significantly alters the otherwise
linearly polarised light on each round trip then the laser threshold will increase and the

efficiency will be reduced.

5.6.2 Results

5.6.2.1 CW operation of single polarisation fibre laser

Theoretically, a perfectly round, straight, strain free fibre can be modelled by two
degenerate modes of propagation with equal propagation coefficients, B,=f,. Any
polarisation state injected into the fibre would therefore remain unchanged. In a practical
single mode fibre there exists two fixed non-degenerate orthogonal, phase independent
polarisation eigenmodes, these are formed due to imperfections such as thermal stresses and
core asymmetry in the fibre. These two modes propagate with different phase velocities and
observe different refractive indices, n, and n, The difference between the effective

refractive indices is called the fibre birefringence, B#n,-n,. These orthogonal eigenmodes
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are coincident with the birefringent axes of the fibre. In order to confirm the existence and
find the angular position of the two orthogonal fibre axes, the system was operated in CW
operation with an intra-cavity polariser. The polariser was rotated through 180° and
measurements of output power were taken at 10° intervals. Figure 5-21 shows the results,

two optimum orthogonal polarisation’s are clearly indicated.

CW Output Power (mW)

0 E ! ! { { }
0 30 60 90 120 150 180
Polariser Angle (Degrees)

Figure 5-21 - Variation of CW output power with intra-cavity polariser angle

When the polariser is aligned with the x-eigenmode, the y-eigenmode is strongly attenuated
and the laser is forced to operate in the x-mode only, similarly when the polariser is aligned
to the y-mode, the x-mode is attenuated. When the polariser is mis-aligned from one of these
birefringent axes, it introduces a loss to both of the polarisation eigenmodes, this additional
loss causes a decrease in laser efficiency and an increase in the laser threshold. When the
polariser is aligned at 45° to the principle axis, a power of SmW is recorded, hence the loss
introduced by the polariser is not sufficient to prevent laser action.

Therefore in order for efficient Q-switched operation of the laser the polariser must be
orientated with one of the eigenmodes of the fibre.

Measurements of CW output power against launched pump power were taken with the
polariser aligned to each eigenmode and also in the absence of the polariser. Figure 5-22

shows the results obtained for these three configurations.
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Figure 5-22 - CW Output power against launched pump power with intra-cavity polariser

orientated parallel to each eigenmode, and in the absence of a polariser

With the polariser in the cavity and aligned to a polarisation eigenmode, a maximum CW
output power of 9.5mW was obtained with a launched slope efficiency of 28% and a
threshold of 8mW of launched pump power. Figure 5-22 shows a small variation in the
characteristics for the two pump polarisation orientations, this is thought to be due to the
orientation of the pump polarisation and the polarisation anisotropy present in rare earth
doped fibres [ 18 ][ 19 ]. In the absence of the polariser a maximum CW output power of
12mW was obtained with a launched slope efficiency of 35% and a threshold of 7mW
launched power.

So to conclude, for efficient Q-switching operation with an electro-optic modulator, the
polariser must be aligned with the birefringent axis of the fibre (Figure 5-21). The results

obtained after fulfilling this criterion are discussed in the next section.

5.6.2.2 Q-switched operation using an electro-optic modulator

An applied voltage of 4.6kV was applied to the electro-optic modulator which was sufficient
to convert the linearly polarised light to circular polarised light and in conjunction with a
sheet polariser was sufficient to prevent CW lasing. On operation of the Q-switched laser,

pulses within the Q-switched pulse envelope were observed at a frequency corresponding to
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the round trip time of the cavity. Figure 5-23 shows the results which were obtained with the
laser operating at a repetition rate of 200Hz. Repetition rates in excess of 1kHz were not
possible with this Pockels cell although it is possible to buy additional driver modules to

increase the repetition rate to 100kHz.

":l"-["ll"I([!3'§1'|»'I'lf.lllI_r!.'liIlI'!S'l'I!"!"1"l"r$l"l:'r'1l'£"‘
o . .

L A T

: 0 -
T ! by
. £y -
: P :

I :
_- . :. ; :r 1‘; -
T R g
- !_rj\‘v Y -
M‘f" ! : o 1 I ~L“‘- fm_'hwwmﬂw{
:._.C;H'l. il .Q.:'L'.‘S_' i J:':nl MTB |1:O " Ol'nns :—r2| _':2.- Oldsvhl\zl : ph;l_l-ll_::

Figure 5-23 - Output Pulse from the electro-optically Q-switched Erbium doped fibre laser

Figure 5-23 clearly shows the pulse structure within the Q-switched pulse envelope. It
consists of four pulses which are separated by 10ns, the round trip time. The largest of these
pulses has a peak power of 540Watts and a pulse width of 4ns, the Q-switched envelope has
a width of 10ns. These results represent the highest peak powers observed in a diode

pumped Q-switched Erbium doped fibre laser.

The observed structure on the pulse was stable and did not vary with time although changes
in the position of the output mirror caused the position of the peaks to change. In previous
publications [ 20 ], the structure on the pulse has been attributed to self-mode locking

caused by the effect of self-phase modulation. This relies on the intensity dependence of the
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refractive index to spectrally broaden the pulse so that individual longitudinal modes

overlap and couple together to self-mode lock [ 20 ][ 21 ][ 22 ].

This self-mode locking would therefore require high power densities within the cavity in
order to achieve the required spectral broadening to couple adjacent modes together.
However experimentally this explanation is flawed due to the fact that the pulsed effect is
also observed at low peak powers. Further doubt is cast upon this self-phase modulation
explanation when the results in section 5.7 are considered. A large mode area fibre is used to
produce peak powers in excess of 4kW but no self-pulsing is observed on the Q-switched

laser pulse. Further investigation into the observed pulsed behaviour is carried out in a later

section.
5.6.2.3 Investigation into self-pulsing Q-switched fibre lasers

Other than the higher powers achieved in using a eclectro-optic modulator, in excess of
500Watts compare to the 140Watts achieved in previous configurations the only other
significant change in the configuration is the decrease in the rise time of the modulator, from

100ns (acousto-optic modulator) to 4ns.

An alternative explanation to self-mode locking is the possibility that the pulsed operation
stems from the build-up of ASE coupled with gain depletion at high pulse powers. Consider
the Q-switched laser in the high loss state, feedback of the ASE which would initiate the
start of the Q-switched pulse is prevented by the modulator. If the cavity is instantaneously
switched from a high loss to a low loss state then the small ASE signal is reflected from a
mirror back into the cavity. If the signal is such that the laser amplifier is in the small signal
regime then after one round trip time, the intensity of the signal at the modulator is equal to
the initial ASE power multiplied by the round trip gain. On each round trip the power
increases step-wise until gain saturation occurs and the signal starts to be depleted resulting

in a pulsed behaviour.
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However if the switching time is slow compared to the round-trip time of the cavity then
this effect 1s smoothed out and the pulsed behaviour is not observed.

To investigate this hypothesis a Q-switched fibre laser was constructed with a long round-
trip time (8metres = 80ns) and an acousto-optic modulator which had a fast rise time (20ns)
compared with the round-trip time. An acousto-optic modulator was used instead of the
electro-optic modulator because of the ability to adjust its rise time by applying an

appropriate filter to the RF generator input.

Figure 5-24 shows three experimentally observed pulses for different modulator switching
times. For the 375ns switching time the self-pulsation is no longer apparent, for the
intermediate 115ns switching time, the smoothing effect caused by the slower switching
speed is clearly visible and with the unfiltered signal to the RF generator giving rise to the

22ns switching time, the pulsed operation becomes more evident.
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Figure 5-24 - Q-switched pulses observed with different modulator switching times

Figure 5-25 shows a Q-switched pulse displayed on a log plot. In order to obtain the
measurements of the low powers at the start of the pulse, the pulse was truncated to avoid
saturation of the detector. This was achieved by reducing the opening time of the switch to
cut off the pulse prematurely.

The results clearly show the stepwise build-up of the ASE at the initial leading edge of the
pulse. At high powers gain depletion at the trailing edge of each step initiates the build-up to

the pulsed behaviour which was previously incorrectly attributed to self-phase modulation.
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Figure 5-25 - Experimental results showing the build-up of the Q-switched pulse from the
initial ASE

5.6.3 Conclusions

By careful optimisation of fibre length, mirror reflectivity and modulator performance, a
diode pumped Erbium doped Q-switched fibre laser producing pulses of 540watts and 10ns
duration has been demonstated. This represents the highest peak power reported to date from
a diode pumped system. In using an electro-optic modulator with a fast 4ns switching time,
a consistent theory for the self-pulsing observed in Q-switched fibre lasers has been
proposed and experimentally verified. The self-pulsation which occurs within the envelope
of Q-switched fibre lasers with a frequency equal to the round-trip time has previously been
attributed to self-phase modulation leading to self-mode locking. In this chapter we have
proved that the pulsation is generated when using a modulator with a switching time fast
compared to the round-trip time of the cavity. A stepwise build-up of ASE then occurs and

in conjunction with gain depletion at high powers initiates the pulsed behaviour.
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5.7 Large Mode Area Erbium doped Q-switched Fibre Lasers

Section 3.2.3 describes a method of increasing the amount of stored energy in a length of
Erbium doped fibre for a fixed absorbed pump power. This involves increasing the mode
area of the fibre whilst maintaining single mode operation [ 23 ][ 24 ]. A large mode area

fibre has two principal advantages:

1) For a given absorbed pump power, increasing the mode area reduces the amplified
spontaneous emission. The reduction in ASE enables an increase in stored energy to be

obtained.
2) The increased mode area increases the threshold for non-linear Raman and Brillouin
effects. These occur at high powers and cause the pulse energy to be shifted into longer

wavelengths.

The effect of substituting normal Erbium doped fibre with large mode area fibre has been
modelled and for a fixed absorbed pump power the large mode area fibre shows a twofold
increase in the energy extracted from the laser (section 4.3.4). This section describes
experimentally the first operation of a Q-switched fibre laser using a novel large mode area

fibre geometry.

Initially to illustrate the increase in the mode fibre area and to confirm that the fibre still
propagates with a single transverse mode, the far field patterns for both a conventional and

large mode area fibre were measured.
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Figure 5-26 — Far Field Diameter of a conventional Erbium doped fibre
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Figure 5-27 — Far Field Diameter of a Large Mode area Erbium doped fibre

The results shown in Figure 5-26 and Figure 5-27 were obtained using a Germanium
infra-red Vidicon camera to view the far-field patterns on a screen position 220mm from the
fibre end. A silicon filter was placed at the fibre end to remove any residual 980nm pump
light. The measured far field diameters (full width at half height) for the conventional and

LMA fibres were 67.7mm and 35.5mm respectively. Using a simple trigonometric
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approach, and measuring the distance between the fibre end and the screen and the far-field
diameters, the N.A. for the conventional and LMA fibres was determined to be 0.15 and
0.08 respectively. These values agreed with preform measurements for both fibres. It is also

clear from the mode profiles that the signal is propagating in a single transverse mode in the

LMA fibre.
5.7.1 Experiment

The experimental arrangement is shown in Figure 5-28.
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Figure 5-28 — Schematic of experimental arrangement for a Large mode area Q-switched

fibre laser

An Argon pumped Ti-Sapphire is used as the pump source with up to 1.2Watts of output
power at 980nm. This pump was launched into the large mode area fibre through a dichroic
mirror at 45° to the fibre axis, this mirror was also used to obtain the output. The

specifications of the large mode area fibre used in the experiment are shown in Table 5-5.
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Fibre Number ND1036
Numerical Aperture 0.08
Core Radius 7.3um
Erbium Concentration 4000ppm

Table 5-5 - ND1036 Large Mode Area fibre specifications

The near end of the fibre was cleaved perpendicular to the axis of the fibre and formed one
mirror of the laser cavity. The far end of the fibre was polished at an angle of 16° to prevent
the fibre lasing from the 4% Fresnel reflection. The length of fibre used in this study was
630mm and was optimised for the available launched pump power of 600mW. The output
from the far end of the fibre was focused using an anti-reflection coated graded index lens
through an acousto-optic modulator and onto a highly reflecting mirror, 99% at 1500-
1550nm. A silicon filter was placed between the end of the fibre and the modulator to filter
out any residual 980nm pump light. This was needed because the high residual pump

powers generated heating effects in the modulator which caused a gradual thermal

misalignment.
5.7.2 Results

In the CW configuration the laser produced over 200mW of CW power with an absorbed
slope efficiency of 39% which, with respect to the quantum efficiency, is 62%. The plot of
CW output power against absorbed pump power is shown in Figure 5-29. The absorbed
pump power is measured by taking the difference between the launched pump (assuming a

launch efficiency of 50%) and the residual pump power.
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Figure 5-29 — A plot of CW output power of the large mode area fibre laser against
absorbed pump power (Absorbed Slope Efficiency, 39%).

To produce the Q-switched laser the modulator was operated in zero order. This provided
the best results because of the high diffraction efficiency of the modulator (80%). Using this
configuration, peak powers in excess of 4kW with associated pulse widths of 11ns were
obtained at a repetition rate of <lkHz. A typical pulse is shown in Figure 5-30, the pulse
energy 1s in excess of 50pJ. This represents the highest peak power and pulse energy from a

Q-switched fibre laser to date.
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Figure 5-30 — Typical High Power Pulse from the large mode area Q-switched fibre laser

The variation of peak power and pulse width with repetition rate is shown in Figure 5-31

and shows the typical behaviour of an Erbium doped Q-switched fibre laser.
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Figure 5-31 — Output Peak Power and Pulse Width of the large mode area Q-switched fibre

laser as a function of repetition rate

The variation of pulse energy with estimated launched pump power is shown in Figure 5-32,

the launched pump power was calculated assuming a launch efficiency of 50%. The increase
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in pulse energy with launched pump power shows a saturation effect at high pump powers.
This is caused by gain saturation and can be explained by the increase in the ASE signal at
higher pump powers which limits the available gain and subsequently the pulse energy
[ 16 ]. For an estimated launched pump power of 600mW the measured output pulse energy
was 50uJ. The previously reported maximum output pulse energy obtained from a

Q-switched Erbium doped fibre laser was 6pJ [ 25 1.
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Figure 5-32 — Output Pulse Energy as a function of Launched Pump Power

5.7.3 Conclusions

In conclusion, by using a novel fibre geometry a large increase in the maximum pulse
energy obtained for a Q-switched fibre laser has been obtained. The continuing optimisation
of the large mode area fibre with respect to dopant concentration and core radius for laser

power amplifiers should result in pulse energies exceeding 100uJ to be obtained.
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5.8 Narrow Linewidth Erbium doped Q-switched Fibre Lasers

Advances in fabrication techniques of in-fibre Bragg gratings has enabled the linewidth of
such devices to be reduced to <16pm at 1550nm. It is the narrow linewidth of such gratings
in conjunction with the high power, short pulses obtainable from Q-switched fibre lasers
which makes this technology suitable for Brillouin distributed temperature sensing. The use
of a narrow in-fibre Bragg grating as an output coupler of a Q-switched fibre laser causes

the laser to operate with a linewidth and wavelength determined by the grating.

5.8.1 Experiment

Figure 5-33 shows a schematic diagram of the experimental arrangement used to produce

the narrow-linewidth Q-switched fibre laser.
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Figure 5-33 - Schematic of Narrow Linewidth Q-switched Erbium doped Fibre Laser

The Erbium doped fibre is pumped with a 150mW, 980nm bulk laser diode
(Section 5.3.1.1). A WDM is used to couple the pump light through the grating into the
Erbium doped fibre. Early fibre gratings had to be hydrogenated to increase the
photosensitivity of the fibre in order to write the grating. This had the unfortunate side effect
of increasing the absorption at 980nm, the pump could not therefore be transmitted through
the grating. In early experiments therefore the grating was placed at the other end of the
WDM which had the effect of increasing substantially the fibre cavity length. This problem
was solved by doping the fibre with Boron or Aluminium which increased the
photosensitivity of the fibre without the adverse effects caused by hydrogenation. The

grating in this experiment and all further gratings were fabricated using a moving
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fibre/phase mask method [ 26 ] rather than the early interferometric methods [ 27 ]. The

grating specifications are shown in Table 5-6.

Reflectivity 60%
Linewidth <2GHz
Wavelength 1530.2nm

Table 5-6 — A table showing the grating specifications used in this experiment

A 600mm length of Erbium doped fibre (ND899) was used as the gain medium (See Table
5-2 for specifications). The length of fibre was optimised for maximum output peak power
in zero-order Q-switched operation at a repetition rate of 500Hz. The fibre was terminated
with a 17° angle polished end to prevent any feedback from the Fresnel reflections which
would cause CW lasing. The output from the fibre end was focused using a graded index
lens through the acousto-optic modulator (See section 5.3.3.1 for specifications) onto a
plane high reflecting (99% at 1500-1550nm) mirror. The total length of the laser cavity

between the mirror and the grating was 1.22m.

5.8.2 Results

Under CW conditions in the absence of the AOM, the laser had an output power of 7.1mW
with a threshold pump power of 6.6mW, the corresponding slope efficiency was 17% of the
Jlaunched pump power (Figure 5-34). This low value for the slope efficiency (Er’*/Yb*" -
26%, Er'" - 25%) was due to the 1530nm wavelength of the grating. At this wavelength
there is not sufficient pump power available to bleach the 1530nm transition and hence a

decrease in slope efficiency is observed [ 10 ].
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Figure 5-34 - CW Output Power against Pump Power for the Narrow Linewidth
Q-switched fibre laser

Under Q-switched operation the acousto optic modulator was operated in zero order mode;
in this configuration the feedback into the laser is provided by the undeflected zero order
beam. At a repetition rate of 500Hz, a peak power of 102.5Watts and a pulse width of
17.7ns was obtained for 50mW of launched pump power. The variation of peak power and
pulse width with repetition rate is shown in Figure 5-35 and is typical of an Erbium doped

Q-switched fibre laser.
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Figure 5-35 - A plot of Peak Power and Pulse Width against Repetition Rate for a Narrow
Linewidth Q-switched Fibre Laser

5.8.2.1 Measurement of the Q-switched Laser Linewidth

To measure the linewidth of the laser a scanning Fabry-Perot interferometer was used to
interrogate the signal. The mirror spacing of the Fabry-Perot was adjusted to 50mm which
corresponds to a free spectral range (FSR) of 3GHz. The laser was initially operated under
CW conditions and the output from the Fabry-Perot is shown in Figure 5-36. The scanning
Fabry-Perot operates by applying a ramp voltage to one of the mirrors causing the
interferometer to be scanned across a number of fringes. The results are shown in Figure
5-36 where the Fabry-Perot is scanned over five FSR’s. The distance between adjacent
peaks is determined by the mirror spacing and was set to 3GHz. By decreasing the slope of
the ramp voltage applied to the Fabry-Perot the spectrum can be examined more closely to

reveal the axial mode structure (Figure 5-36).

120



\ ) . .
s 4.0 45 50
Frequency (GHz)

- |
- N I 1 0.03 } 11G6Hz |
30'05 i } | % ;M’{\ W
._é\ w J E J 1 0.01 iN b
B 0.04 | i M/FA \
"(1_‘) ! } ) V\\‘\«fm«
£ 0.03 | j

o
[o}
N}
]
—
P
N
e e T T T
b o
a 2
E 8
~
@
v
°

~

{

5,
T
i

-

i

i

.

Frequency (GHz)

Figure 5-36 - Plot of the output from the scanning Fabry-Perot showing the spectrum of the

CW narrow linewidth laser

The inset to Figure 5-36 clearly shows the axial mode structure of the spectrum, the period

of the structure being equal to the round trip frequency of the laser cavity.

Measuring the spectrum of the Q-switched laser is slightly more difficult, because the
scanning of the Fabry-Perot is not synchronised with the pulses from the laser. In order to

measure the spectrum of the Q-switched laser two methods were used:

1) The envelope function of the digital scope was used, this picks out the pulse as and when
it passes through the interferometer so over a number of minutes a trace is built-up of the
spectrum

2) The Fabry-Perot was scanned manually over the spectrum and the intensity of the pulse

was plotted as a function of applied voltage to the Fabry-Perot.
These two techniques were carried out and the results were found to be in agreement. Figure

5-37 shows the results from the envelope method. A linewidth of 1.3GHz was measured for

the Q-switched pulse and 1.1GHz for the CW case.
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Figure 5-37 - Plot of the output from the Fabry-Perot showing the spectrum of the
Q-switched fibre laser

5.8.2.2 Thermal Stability of the Narrow Linewidth Laser

One important consideration when using a grating in a fibre laser is the thermal stability of
the laser wavelength. In order to measure the temperature sensitivity of the laser
wavelength, the grating was mounted on a thermo-electric cooler (TEC) along with a
calibrated thermistor. The centre wavelength of the laser was measured as a function of
grating temperature using an optical spectrum analyser with a resolution of 0.lnm. The

results of grating temperature against laser wavelength are shown in Figure 5-38.
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Figure 5-38 - Plot of CW Laser wavelength against grating temperature

The temperature sensitivity was measured to be 0.01nm/°C, which at 1530nm relates to a
frequency dependence of 1.25GHz/°C. As we shall see in the next chapter, this temperature
dependence of the laser wavelength becomes important when locking the centre wavelength

to the transfer function of an interferometer as is the case in Brillouin temperature sensing.

5.8.3 Conclusions

The recent advances in fibre Bragg grating technology has enabled a narrow linewidth
Q-switched Erbium doped fibre laser to be developed which produces pulses that fulfil the
criteria for Brillouin distributed temperature sensing. Peak powers in excess of 100Watts
with pulse widths of 18ns have been produced which have a spectral linewidth of less than
2GHz. This makes the source ideal for Brillouin temperature sensing which requires a
source with a linewidth of less than 10GHz in order to be able to spectrally resolve the
Brillouin signal from the Rayleigh. The next chapter explains fully the subject of distributed

Brillouin temperature sensing.
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5.9 Conclusions

In this chapter aspects of Q-switched Erbium doped fibre laser design have been covered
with an aim to increase the understanding of Q-switched laser dynamics and to ultimately
provide devices which fulfil the specifications required by both Raman and Brillouin
temperature sensors. It has been demonstrated that an Erbium doped Q-switched fibre laser
can produced the high power, short duration pulses required for Raman based temperature
sensing as set out in section 2.2.2.1. Similarly the advances in fibre Bragg grating
technology has lead to the development of a narrow linewidth Q-switched laser suitable for

Brillouin based temperature sensing (section 2.3.2.1.).

In addition a number of advances have been made in other areas. The highest peak power
obtained from a Q-switched Erbium doped fibre laser has been demonstrated using a novel
large mode area fibre whilst the use of an electro-optic modulator with a fast (4ns) rise time
produced a pulsed effect within the Q-switched envelope. This effect had previously been
attributed to self-phase modulation whilst this work demonstrated it to be caused when the
switching time of the modulator is fast compared to the round-trip time of the cavity, the

step-wise build up of the ASE coupled with gain saturation generates the pulsed effect.
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Chapter Six

Brillouin Distributed Temperature Sensing

6.1 Introduction

As described in section 2.3 the method used to determine the temperature profile along a
length of optical fibre is to measure the intensity of the Brillouin backscattered signal. This
chapter explores both the source and detection requirements for such a Brillouin based
temperature sensor and highlights the problems which have been overcome in the final

design in addition to the results achieved.

Before considering the individual components of the Brillouin DTS, let us examine in more
detail one of the major obstacles which had to be overcome to achieve the required

temperature resolution, i.e. coherent Rayleigh noise.
6.2 Introduction to Coherent Rayleigh Noise

Coherent noise on Rayleigh backscattered light is a well known problem in the field of
coherent optical time domain reflectometry (C-OTDR). To explain the origin of CRN,
consider the fibre to be made up of a large number of scatter elements (fluctuations in
refractive index, and fibre composition etc.) which have a random spacing. Light scattered
from these elements interferes with each other to generate random spatial intensity
fluctuations on the backscattered trace. These fluctuations are known as coherent Rayleigh
noise. The correlation between the backscattered elements can be altered by either using a
source with a large bandwidth or by averaging over a large number of different frequencies,
this technique is called frequency shift averaging (FSAV) [ 1 ]. It has been shown that the
intensity fluctuations on the Rayleigh backscattered signal is reduced proportional to the

square root of the number of independent frequency averages taken [ 2 ].
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For Brillouin temperature sensing we need both a narrow linewidth source to generate the
Brillouin backscattered light and a method of carrying out the technique of frequency shift
averaging, in order to generate a Rayleigh signal with a reduced CRN component. One
method to achieve this would be to use two sources, a narrow linewidth source and a
broadband source. The broadband source would have the effect of simultaneously
generating a wide range of frequencies which would then average out the coherent
interference effects which cause the CRN. Obviously this method requires the use of two
sources, and broadband high power pulsed sources are still difficult to obtain. A recently
published paper which addresses the problem of CRN in Brillouin based temperature
sensors used an ASE source with a 3dB linewidth of Snm. This reduced the CRN by a factor

of between 5 and 6 and hence increased the temperature resolution accordingly [ 3 ].
6.2.1 Experimental verification of Coherent Rayleigh Noise

Using the narrow linewidth Q-switched fibre laser with a linewidth of approximately 2GHz
the Rayleigh backscattered traces in Figure 6-1 were obtained. Each trace was obtained
independently and each trace was obtained with 16384 averages. The traces have been
separated for clarity but from visual inspection it is clear that there is a high degree of

coherence between each trace. Further averaging will not reduce this noise.
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Figure 6-1 - Four Independent Rayleigh traces obtained with a narrow linewidth source at

the same wavelength
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Figure 6-2 shows the average of the above four traces and a value for the r.m.s. coherent
Rayleigh noise. An r.m.s. value of 2.5% coherent noise on the signal was obtained, which
relates to a 2.5% error on the Landau-Placzek ratio. This in turn corresponds to a
temperature resolution of +8.3°C assuming a temperature sensitivity of 0.3%/K [ 4 ][ 5 ].

For the temperature resolution to be improved, the coherent noise clearly has to be reduced.
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Figure 6-2 - Rayleigh signal and inset showing the % noise on the signal

As described earlier, a method of reducing this noise is to scan the source over many
different wavelengths, a process of frequency shift averaging (FSAV). The next section

describes how the Q-switched laser was modified to accommodate this technique.

6.2.2 Reduction of Coherent Rayleigh Noise

In section 5.8.2.2 it was reported that changing the temperature of the grating could vary the
operating wavelength of the laser. However if the wavelength is to be swept over 5Snm or
more, then the temperature change required to produce such a wavelength shift would be
approximately 500°C. Such a high temperature variation is not a practical proposition. An
alternative method of changing the wavelength of the laser is to apply a strain to the grating.

To measure the variation of grating wavelength as a function of strain, the grating was held

130



securely at each end and a strain was applied. Figure 6-3 shows how the wavelength varied

with applied strain.
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Figure 6-3 - Plot showing the shift in centre wavelength of the grating as a function of

applied strain

A strain of just over 1% of the grating or a 0.8mm extension of 75mm of fibre produced a
wavelength shift of 4nm. An experiment was carried out where the Rayleigh backscattered
trace was taken at five discrete wavelengths with a Inm separation. Figure 6-4 shows the
results. The Rayleigh backscattered trace was taken at every 1nm wavelength shift, and by

close inspection of Figure 6-4 it can be seen that the degree of correlation which existed in

Figure 6-1 is reduced.
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Figure 6-4 - Uncorrelated Rayleigh traces at five different wavelengths with a Inm

separation

By averaging traces over a range of discrete wavelengths the magnitude of the coherent
Rayleigh noise is therefore reduced. Figure 6-5 represents a cumulative average of the
coherent Rayleigh noise as summed over a number of discrete wavelengths. It has been
shown previously [ 2 ] that the intensity of the fluctuations decreases in proportion to the

number of discrete, independent backscattered traces. This is in good agreement with these

results.

132



25

@ Experimental Data Points
— Square root dependence

Percentage Noise on Rayleigh (%)
o

0.5

Wavelength Shift (nm)

Figure 6-5 - Cumulative average of Rayleigh backscattered traces for discrete wavelengths

separated by 0.5nm

The coherent Rayleigh noise was reduced to a value of 0.7% by taking the cumulative
average of 9 measurements separated in wavelength by 0.5nm. To further decrease the noise
on the Rayleigh the source was continuously scanned over the Snm. This reduced the
coherent noise to a level of just 0.4% which corresponds to a temperature resolution of

1.4°C. The Rayleigh plot is shown in Figure 6-6.
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Figure 6-6 - Rayleigh Backscattered trace with the source wavelength continuously scanned

over Snm

In Figure 6-6 the splice losses in the sensing fibre are clearly visible whereas previously, see

Figure 6-4, they were obscured by the coherent Rayleigh noise.

6.2.3 Conclusion

In conclusion we have reduced the coherent Rayleigh noise by scanning the wavelength of
the Q-switched laser, this was done by an applied strain to the grating which shifts the
operating wavelength. The final section in this chapter investigates the Brillouin distributed
temperature sensor as a whole system, Q-switched fibre laser, Mach-Zehnder and detection

and averaging.
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6.3 Components for Brillouin DTS Systems

There are two main components which make up the Brillouin distributed temperature

sensor, these are the source and the detection systems.
6.3.1 Source considerations for Brillouin DTS

The source is the major component of the DTS system and therefore needs to be reliable,
cheap to produce and able to fulfil the high power, short pulse, narrow linewidth
requirements discussed in chapter 2. The narrow linewidth Q-switched fibre laser discussed
in the previous chapter 1s an ideal source for this application, with the additional benefit,
highlighted in the previous section of being able to reduce the CRN on the Rayleigh signal

by straining the grating.
6.3.2 Detection of the Brillouin signal

Another practical aspect of the Brillouin DTS system which has to be examined is the
separation of the Brillouin and Rayleigh signals in the detection system. The two signals as
we have seen are separated by approximately 10GHz, with such a small frequency
separation the two signals cannot be separated using conventional dichroic filters as is the
case in the Raman based DTS. In early experiments the Brillouin Stokes or anti-Stokes were
separated from the Rayleigh using a bulk Fabry-Perot interferometer [ 4 ]. Bulk Fabry-Perot
interferometers are in general, large and expensive devices, not at all suitable for a
commercial instrument. They also introduce a large loss into the system a typical loss
through the Fabry-Perot is approximately 10dB. Attempting to overcome the loss by using
an EDFA to amplify the backscattered signal has been demonstrated but suffers from
degradation of the signal due to the presence of ASE [ 6 ]. A Fabry-Perot does however have
a high rejection ratio of in excess of 30dB which makes it a suitable filter to reject the
Rayleigh from the Brillouin. Another simple type of interferometer, which offers a simple,
cheap and effective means of separating the two signals has been developed based on the

Mach-Zehnder interferometer [ 7 ].
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6.3.2.1 Mach-Zehnder Interferometer

An illustration of an all-fibre Mach-Zehnder interferometer is shown in Figure 6-7.

Single Pass Mach-Zehnder

Interferometer )
Rayleigh and
Brillouin signals
Brillouin [ 50/50 50/50
Rayleigh
I: Path
Difference
Double Pass Mach-Zehnder
Interferometer ,
Rayleigh and
Isolator Brillouin signals

:l Detector and
Averaging

Path
Difference

Figure 6-7 -Schematic of both, (a) Single pass and (b) Double pass Mach-Zehnder

Interferometers

The interferometer consists of two 50/50 couplers connected together as shown, with a path

imbalance in one arm of the interferometer [ 8 ][ 9 ]. Two configurations were developed the

first was the single pass configuration which separated the Rayleigh and Brillouin signals

into separate arms. The Rayleigh signal could be measured in one arm whilst both the

anti-Stokes and Stokes Brillouin signals were detected in the other arm. Using this

configuration both the Rayleigh and Brillouin signals can be measured simultancously and

the LPR can be calculated by simply dividing one signal by the other. This device offers low

insertion loss (<1dB) and a rejection of the Rayleigh from the Brillouin signals of 17dB.

Assuming the spontancous Brillouin anti-stokes and stokes signals are 1/60 the intensity of

the Rayleigh signal then 37% of the signal in the Brillouin arm will be due to Rayleigh
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contamination. To overcome this relatively low rejection of the Rayleigh signal from the

Brillouin a double pass configuration | 10 ] was used.

The double pass configuration had a measured rejection ratio of 27dB which relates to a
5.6% contamination of the Brillouin signal with Rayleigh. The importance of reducing the
Rayleigh signal from the Brillouin is to reduce the noise and therefore increase the
temperature resolution. As discussed previously the predominant noise source 1s coherent
Rayleigh noise which exists on the Rayleigh signal and cannot be reduced by further
averaging. The coherent Rayleigh noise has been measured to be 2.5% of the Rayleigh
signal which if there is a 5.6% contamination of the Brillouin signal by the Rayleigh relates
to a 0.14% noise (0.5°C) on the Brillouin signal. It is this which is the limiting factor on the

temperature resolution of the device.

The double pass configuration was achieved by passing the Brillouin arm back though the
Mach-Zehnder, an isolator was used to prevent the Rayleigh signal from going back down
the sensing fibre. In the basic configuration shown in Figure 6-7 only the Brillouin signal
could be measured, to simultaneous monitor both the Rayleigh and Brillouin a 95/5 tap

coupler was placed in the Rayleigh arm, so as the monitor the Rayleigh.

In the design of the Mach-Zehnder it is the path imbalance between the arms of the

Mach-Zehnder that determines the free spectral range. The FSR is give by the equation:

3 c
1 (AD) g

where d, is the path imbalance between the two fibre arms, n, is the refractive index, and
(AV)gy is the free spectral range of the device (approximately 22GHz) . A path imbalance of
9.1mm gives the required FSR of 22GHz. Figure 6-8 shows the transmission of a double
and single pass Mach-Zehnder interferometers. The transfer function, F(v), for the single
and double pass configuration is given by equation ( 6-1), where n=1 for a single pass and
n=2 for the double pass. It can be seen that the double pass Mach-Zehnder has a narrower

transmission window. This is beneficial as it allows a decrease in tolerance on the path
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imbalance due to the flatter profile between the transmission peaks, a difference of Imm or

so will not affect the rejection of the Rayleigh from the Brillouin arms.

F(v)= BP . cos( ZFER‘/m (6-1)
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Figure 6-8 - Plot showing the transfer functions of both the single pass and double pass

Mach-Zehnder interferometer

The Mach-Zehnder device was thermally insulated from the environment to produce

sufficient stability in the short term i.e. over the time of the measurements.
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6.4 Distributed Temperature Sensor - Experiment and Results

A schematic of the final design of the distributed temperature sensor is shown in Figure 6-9.
The design consists of the narrow linewidth Q-switched laser, which provides both narrow
linewidth and quasi-broadband source, and a Mach-Zehnder interferometer which separates

the Rayleigh and Brillouin.
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Figure 6-9 - Brillouin Distributed Temperature Sensor

The Rayleigh backscattered light is obtained by tapping off 5% of the signal before it
reaches the Mach-Zehnder interferometer. By scanning the wavelength of the laser over
5nm, the coherent Rayleigh noise is reduced to a level where a less than 1.5°C temperature
resolution can be obtained. The laser wavelength is then fixed and the grating is tuned using
the temperature controller to obtain maximum throughput of the Brillouin from the
Mach-Zehnder. The Rayleigh signal is only used as a reference to remove variations in
localised attenuation from the Brillouin signal, therefore it is not necessary to continuously
monitor the Rayleigh signal. The Brillouin signal obtained from the output of the Mach-
Zehnder is shown in Figure 6-10. The sensing fibre is split into three sections with only the

centre 300m section heated to 50°C, where a clear increase in signal can be observed.
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Figure 6-10 - Brillouin Signal from sensing fibre with the interfuce between the heated and

unheated section of the fibre expanded to demonstrated system spatial resolution

The Landau-Placzek ratio is defined as the Rayleigh divided by the total Brillouin signal
(Stokes and anti-Stokes components). The division of the Rayleigh by the Brillouin removes
any dependence on local attenuation changes such as splice and bend losses. The Landau-

Placzek ratio is shown in Figure 6-11.
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Figure 6-11 - Landau-Placzek ratio of a 6km length of fibre, a central 300m length is
heated to 50°C

As Figure 6-11 shows the Landau-Placzek ratio (LPR) is independent of any local variations
in attenuation, as either side of the heated section there is a splice loss which has no effect
on the Landau-Placzek ratio but which can be seen on the Rayleigh plot (Figure 6-6). The
centre section is heated to a temperature of 50°C and this is shown as a decrease in the LPR.
The sensor developed has a spatial resolution of 10metres and a temperature resolution of

1.4°C over a range of 6.5km.

6.5 Conclusions

In conclusion, using a narrow linewidth Q-switched fibre laser and the all-fibre
Mach-Zehnder interferometer, a low cost, single ended distributed temperature sensor has
been demonstrated that is suitable for commercial development. The predominant noise
source has been identified as coherent Rayleigh noise and a method of reducing this noise

using a technique of frequency shift averaged has been demonstrated using the Q-switched

laser.
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Chapter Seven

1.64pum pulse Generation and Amplification

7.1 Introduction

The successful construction of a number of high-powered Q-switched lasers allowed a
number of experiments exploiting Raman gain in fibres. This chapter describes alternative
applications for Q-switched Erbium doped fibre lasers, namely the generation of higher
order Raman wavelengths, and the amplification of pulsed signals in the 1.64um wavelength
region. The high powers (>100watt) available in Q-switched fibre lasers, combined with the
long interaction lengths due to the waveguiding nature of optical fibre, enables the
generation of multiple orders of Stokes wavelengths. This Raman gain at the Stokes
wavelengths can provide the means both to generate high power sources and to amplify
existing signals in the wavelength range 1640-1680nm. The interest in wavelengths in the
1.6um region is for live maintenance of fibre optic telecommunications links i.e. monitoring
the fibre for defects whilst the fibre is being used for telecommunications. An optical time
domain reflectometry (OTDR) technique is used to monitor the fibre attenuation. In an
OTDR system, a short pulse of light is transmitted down the sensing fibre and the Rayleigh
backscattered light is detected. The intensity of the backscattered light provides a measure of
the loss in the fibre and the time between launching the light pulse into the fibre and
obtaining the backscattered signal provides a continuous measure of distance in the fibre.
Another possible application is as a source for Distributed Temperature Sensing (DTS)
based on Raman scattering. This relies on the OTDR technique but the anti-Stokes Raman
signal is detected rather than the Rayleigh. If the pump is at 1.64pum then the weak
temperature dependent anti-Stokes Raman signal will be generated in the low loss window
at 1.53um. The weak backscattered signal is therefore generated where the fibre loss is at
it’s lowest. This chapter investigates both the generation of light in the 1.6um band for

OTDR and DTS applications and the amplification of such signals.
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7.2 Introduction to 1.64um Pulse Generation

Although 1.6pm sources have an application in monitoring live transmission lines for
defects and as a source for DTS systems, the production of OTDR systems at this
wavelength was limited because of the low power of available semiconductor laser diodes at
this wavelength. For high resolution, high dynamic range OTDR, high peak power, short
pulses are required, typical of those emitted from Q-switched laser sources. However the
production of a Q-switched fibre laser at the 1.64um wavelength is not possible because of
the lack of a suitable gain medium. Recently [ 1 ][ 2 ] a high power 1662nm pulsed source
was generated from a low power laser diode which was amplified using a 1546nm pulse
from another laser diode which was amplified to 1.4watts using an EDFA. This produced an
output power of 200mW and pulse widths of 100ns at a wavelength of 1662nm. In this
chapter we report a simple method of producing pulses in the 1.6um band using the process

of stimulated Raman generation.

7.2.1 Theory of 1.641un Pulse Generation

To generate the light in the 1.6pum wavelength band it is necessary to stimulate the first
order Raman light using the Q-switched laser and a length of single mode
telecommunications grade fibre [ 3 ][ 4 ]. By sending an intense pulse of light down the
fibre from the Q-switched laser, the Raman Stokes wavelengths are generated co-
propagating with the forward travelling pulse with the maximum intensity occurring at a
wavelength shift of 440cm™ wavenumbers. These Raman wavelengths build up by a process
of stimulated Raman generation until the pump pulse is depleted. The generated first order
Raman wavelength can also go on to generate further multiple orders of Raman wavelengths
in the 1.7pum and 1.8um regions each separated by 440cm™ wavenumbers. The generation of
subsequent Raman orders is detrimental as it takes power from the required 1.6pm band and
shifts it to higher wavelengths. The threshold for stimulated Raman generation is defined in
equation (2-2) and is inversely proportional to the fibre effective length. Therefore for long
lengths of fibre (30km) the threshold for Raman generation is calculated to be as low as
620mW for a 100ns pulse width (see section 2.2.2.1). If a high power pump pulse of 100W

is launched into such a length of fibre, this will generate many Raman orders which will
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have the effect of depleting the required first order 1.6pim Raman band. To produce just the
first order Raman in the 1.6pm band the length of the fibre needs to be optimised. The
experiment was carried out using three lengths of fibre 300m, 600m, and 1360m and the

Raman threshold and output were investigated.
7.2.2 Experiment

The experimental arrangement is shown in Figure 7-1.

14pin, 980nm
110mW laser

d10d¢ 1}1?dule Angle Polished End AOM

WDM Erbium fibre S— 99% Reflectivity
mirror
/5% L Residual 1530nm Output
' & Raman generated light

Sagnac Loop Raman Generation
Mirror Fibre

RF generator

Figure 7-1 - Schematic of Raman Generation Experiment

The experiment consists of a Q-switched fibre laser which generates high power pulses of
light at 1530nm. The Q-switched laser discussed in section 5.4 was modified to include a
Sagnac loop mirror as the output coupler [ 5 ]. Using the loop mirror instead of conventional
bulk mirrors has the major advantage of making the Q-switched laser fibre compatible and

allows direct splicing onto the Raman generation fibre.

The Q-switched laser was operated in first order with a peak power of 96W and a pulse
width of 20ns. These pulses were launched into a length of single-mode fibre to generate the
Raman Stokes shifted wavelengths. Results showing the power of the launched pulse and
the generated Raman and residual pump were collected for three different lengths of fibre,

300m, 600m and 1360m.
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7.2.3  Results and Conclusion

The 96watt, 20ns pulse which was launched into the Raman generation fibre is shown in
Figure 7-2. The residual 1.53um pump and the generated 1.64um Raman signal for the

300m, 600m and 1360m lengths of fibre are shown in Figure 7-3 and the results are

tabulated in Table 7-1.

Fibre Length (m) Output power at 1.64pm, Threshold power at 1.53um
(3dB bandwidth of 25nm) for generation of Stokes at
1.64pm
300 8.4 32
600 7.7 22
1360 5.4 13

Table 7-1 - Table showing Raman output power and Threshold powers for the generation of

Raman for three lengths of fibre

The generated Raman signal was filtered from the residual 1.53pm pump using a bandpass
filter centred at 1.64um with a 3dB bandwidth of 25nm, similarly the 1.53um residual pump
was separated from the Raman signal using a filter centred at 1.53pum.

Figure 7-3a shows the Raman output and residual pump for the 300m length of fibre. The
transfer of energy from the pump to the Raman causes the observed depletion of the pump
signal at powers in excess of 32Watts. An undistorted Raman signal with a centre
wavelength of 1.64um, a peak power of 8Watts and a pulse width of 10ns was generated.
The results in Figure 7-3b were obtained with 600m of fibre. The depletion observed on the
residual pump power occurs at a lower power of 22Watts, indicating a decrease of the
Raman threshold caused by the longer fibre length. A distortion of the Raman signal is also
evident and is attributed to the generation of further Raman Stokes orders. This generation
of further Stokes orders becomes more pronounced with the 1360m length of fibre as shown
in Figure 7-3c. In conclusion the higher threshold obtained by using a short length of fibre
to generate the Raman, coupled with the high peak powers from the Q-switched laser,
enabled a 1.64pum pulsed source to be produced with peak powers in excess of 8watts, a

pulse width of 10ns and an optical bandwidth of 25nm.
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7.3 Introduction to 1.64pum Pulse Amplification

The previous section utilised Raman gain to generate Raman Stokes shifted wavelengths for
1.64pm OTDR and DTS applications. In this section the possibility of using Raman gain to
increase the dynamic range of such a system is investigated. The proposed technique
combines the use of a Q-switched Erbium doped fibre laser operating at 1.53pm both to
generate 1.64um pulses and pump the fibre under test to provide additional Raman
amplification. Raman amplification occurs when the 1.53pm and 1.64pum pulses overlap and
this occurs at a position determined by the dispersion within the fibre and the initial
separation of the two pulses. By delaying the pump pulse with respect to the OTDR pulse,
amplification of the latter may be delayed by tens of kilometres. This technique operates
with both the Raman pump pulse and the OTDR pulse just below their respective stimulated
Raman thresholds at the front end of the fibre under test. The amplification of the signal
pulse allows a greater pulse energy to be achieved some distance down the test fibre thus
increasing the dynamic range of the system. The amount of energy available to amplify the
OTDR pulse is governed by (i) the peak intensity of the pump which is determined by the
stimulated Raman threshold and (ii) the pulse width. This may be considerably larger than

the OTDR pulse width, which is determined by the system spatial resolution.

7.3.1 Experiment

A Q-switched Erbium doped fibre laser, as shown in Figure 7-1, produced 125watt, 28ns
pulses at a repetition rate of 800Hz. Each of these pulses was divided into two, using a 90/10

coupler (Figure 7-4).
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Figure 7-4 - Schematic of experiment for delayed Raman amplification of 1.64um OTDR

signals

The light in the 90% arm was used to generate the 1.64um light by a process of stimulated
Raman scattering along a 300m length of fibre as described previously. This 1.64pum light
was separated from the residual light by a narrow-band pass filter centred at 1.64pum. This
produced a 1.64um pulse with a peak power of 1watt, a pulse width of 18ns and a 3dB
optical bandwidth of 25nm. This pulse was then recombined with the 1.53pm pulse
travelling in the 10% arm using a 66/34 coupler which, because of the high power of the
1.65um signal is biased in favour of the backscattered signal. A delay is introduced between
the two pulses entering the fibre by adjusting the length of fibre on the 10% arm of the
coupler. The two wavelengths are in the anomalous dispersion regime and therefore the
shorter 1.53um wavelength travels faster than the 1.64pum wavelength. The delay is adjusted
so that the 1.53pum pulse falls just behind the 1.64um pulse. The initial starting positions of

both of the pulses is shown in Figure 7-5 with a delay of 35ns between the peaks of the two

pulses.
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Figure 7-5 - Schematic showing the separation of the 1.55um and 1.64um pulses at the start
of the sensing fibre

Assuming the dispersion of the fibre to be 17ps/nm.km, then the peaks of the two pulses will
overlap at a distance of approximately 20km down the fibre. When the two pulses travel
along the fibre under test, the 1.53um pulse passes through the 1.64um signal pulse

amplifying it through a process of Raman amplification.
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Figure 7-6 - Plot showing the relative positions of the two pulses at the start and end of the

sensing fibre
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Figure 7-6 shows the 1.53um and 1.64pum pulses at the start and end of a 100km length of
fibre. Due to the fibre dispersion the 1.53um pulse has passed through the 1.64pm pulse and
relative to this pulse has travelled a total of 200ns further, using this value and the length of

the test fibre the dispersion parameter was calculated to be 17ps/nm.km, which confirms the

initial assumption.
7.3.2  Results

Figure 7-7 shows the results obtained from the 1.65um OTDR without any pulsed

amplification, the range of such a system is just over 80km with the splice losses visible up

to this length.
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Figure 7-7 - 1.64m OTDR trace with no Raman amplification

With the pulsed amplification the results are shown in Figure 7-8. The range can now be

extended to over 100km with a similar noise level to that at 80km with no pulse

amplification.
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Figure 7-8 - 1.64m OTDR trace with Delayed Raman Amplification

Figure 7-9 shows the evolution of this amplified OTDR signal as a function of pump pulse
power. The pump power is increased up to a maximum of Swatts in 1watt increments. There
is a reduction in the rate of increase of net gain with increasing peak pump power levels.
This is attributed to the saturation of the Raman amplification process caused by the

generation of further orders of Stokes shifted wavelengths.
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Figure 7-9 - Variation of 1.64um OTDR signal with increasing 1.53 m pump signals in
Iwatt increments for a fixed 1.64um signal of 850mW

The saturation of the amplification process is illustrated in Figure 7-10. The plot shows the

net amplification of the 1.65um OTDR signal for a range of 1.53pum pump powers.
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Figure 7-10 - Net amplification of the 1.65um OTDR signal for pump powers up to 5 Watts
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The following plot (Figure 7-11) shows the variation of the OTDR signal with increasing

signal powers.
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Figure 7-11 - Variation of 1.64um OTDR signal with increasing signal powers (150, 300,
560 and 8§50mW) with a fixed pump power of 5.4watts

The interesting point to note about these results are that by increasing the signal power no
further increase in dynamic range is obtained, this again is attributed to the generation of

further orders of Stokes wavelengths which limit the magnitude of the 1.64um OTDR

signal.
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7.4 Conclusions

Through a process of delayed Raman amplification and the utilisation of a high power
Q-switched Erbium fibre laser, a novel technique of increasing the dynamic range of
1.65um OTDR has been demonstrated. By means of fibre dispersion a 1.53um pulse passes
through a 1.65um pulse at a delayed position down the sensing fibre this results m
amplification of the 1.65um pulse. Furthermore, the amplification is achieved without
significant noise penalty as a result of the directionality of the amplification process. This
technique is therefore ideal for increasing the range of OTDR backscattered measurements.
However this technique may be employed for other applications of distributed
measurements, such as distributed strain and temperature sensing based on Raman and
Brillouin scattering. As the limiting threshold value of probe pulse occurs some distance

down the sensing fibre, increases in sensor range are expected.
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Chapter Eight

Summary of Thesis and Conclusions

8.1 Introduction

This thesis presented a theoretical and experimental examination of Q-switched Erbium
doped fibre laser devices. A computer model was developed to obtain information on trends
in performance of the Q-switched laser when various parameters are altered. The starting
point for the model was to obtain information on the pump absorption and the population
inversion in the fibre. This was achieved using a standard rate equation model for three level
amplifier systems. The model provided a quantitative value for the energy stored in the
amplifier medium which could then be used, along with the cavity losses, to model the
Q-switched pulse characteristics of the fibre laser. Using an amplifier model to calculate the
stored energy in the medium allows ASE effects to be modelled. In this work, the basic
amplifier model was adapted to take into account the depletion of the stored energy by the
reflection of ASE from a highly reflecting mirror on one end of the amplifier. It is this
arrangement which is found in a Q-switched laser, and the reflection of the ASE back into
the cavity from such a mirror was found to reduce the stored energy by 27%, with a

corresponding decrease in performance.

Armed with the results from the computer model, a number of different experimental
configurations were explored resulting in a number of novel findings. An Erbium doped Q-
switched laser was initially developed for use as a source for Raman based distributed
temperature sensing. The final device design has now been implemented in a commercial
sensing device, the York Sensors DTS-800 ULR system. The Q-switched Erbium doped
fibre laser had a peak power in excess of 100Watts output with a 20ns pulse width, ideal for

long range distributed temperature sensing. The design was later improved to incorporate
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the advances in 980nm pump laser diodes from bulk devices to fibre pigtailed pump sources,

this improved the long-term stability and reliability of the device.

In order to produce shorter pulse widths, the Erbium fibre was replaced with
Erbium/Ytterbium fibre. This had the effect of substantially reducing the cavity length from
a 1.2metre long Erbium doped laser to a cavity less than 20cms in length. The addition of
the Ytterbium offers an alternative route to pumping the Erbium ions. The Ytterbium ions
absorb the pump light and then, by a process of cross-relaxation between the adjacent
Ytterbium and Erbium ions, allows the energy to be transferred. The pulse width generated
by this laser was 15ns and although short was not as short as expected. The larger than
expected pulse width was attributed to the larger number of round trips required for the
Q-switched pulse to build-up. The large number of round trips were due to a lower round
trip gain caused by the shorter length of fibre. This however represents the highest peak

power (58watts) from a diode pumped Q-switched Erbium/Ytterbium fibre laser.

In a further bid to obtain shorter pulses from a Q-switched fibre laser, a faster modulator
was utilised. The acousto-optic modulator was exchanged for a faster electro-optic
modulator or Pockels cell, the model used in this work had a switching time of 4ns. The
results obtained represented the highest peak powers obtained from a diode pumped
Q-switched Erbium doped fibre laser with a peak power of 540Watts and pulse width of
12.5ns. However an unusual phenomenon was observed within the Q-switched envelope
which manifested itself as a stable pulsed structure with a frequency equal to the round trip
time of the cavity. It had been suggested in previous publications that this pulsed behaviour
was due to mode coupling enhanced by the effect of self-phase modulation [ 1 ]. Self-phase
modulation occurs because of the non-linear intensity dependence of the refractive index
and we would therefore expect this effect only to occur at high peak powers. However, the
wide range of experimental configurations carried out in this work has led us to believe that
the pulsed behaviour observed is in fact caused when the switching time of the modulator is
fast compared to the round trip time of the cavity. A step-wise build up of ASE is then
observed which when coupled with gain depletion causes the aforementioned pulsed
behaviour. This observation was backed up by an experiment in which the temporal

behaviour of the laser was investigated as a function of modulator switching time. It was
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found that if the switching time is slow compared to the cavity round trip time, the pulsation

could be reduced and finally eliminated.

Further evidence that the self-phase modulation theory was incorrect was provided with the
advent of a novel large mode area fibre type. The large mode area fibre improves the energy
storage within the fibre by reducing the amplified spontaneous emission (ASE), for a given
absorbed pump power, and by increasing the threshold at which non-linear Raman and
Brillouin effects occur. Using this large mode area fibre, the highest peak powers ever
emitted from a Q-switched fibre laser were demonstrated, i.e. a peak power of 4kW and a
pulse width of 10ns. With these high peak powers the laser would be an ideal candidate for
the proposed self-mode locking through self-phase modulation. However a single pulse was
observed and not the pulsed behaviour proposed in the self-mode locking theory. This
strengthened the theory proposed in this work that the pulsed behaviour is due to a
combination of ASE build up and gain saturation. Since this work, the large mode area fibre
has been utilised to produce 0.5mJ pulses. These advances were achieved by further

optimisation of the core radius and dopant concentration [ 2 ].

Finally, and most importantly from a Brillouin sensing perspective, the development of fibre
Bragg gratings enabled a narrow linewidth Erbium doped Q-switched fibre laser to be
produced. The high peak power (>100Watts), short pulse (<20ns) characteristics combined
with a linewidth of less than 2GHz matched exactly the requirements for distributed
temperature sensing using spontaneous Brillouin scattering. Additionally the use of an in-
fibre Bragg grating instead of a bulk output mirror has the advantage of generating an output
which is compatible with other fibre components. This was the first demonstration of a Q-
switched Erbium doped fibre laser incorporating a fibre Bragg grating and it provided a cost

effective source with all the requirements for Brillouin distributed temperature sensing.

The narrow linewidth Q-switched fibre laser in conjunction with a double pass
Mach-Zehnder interferometer had been developed to demonstrate a commercially viable
Brillouin distributed temperature sensor. During the development of the sensing system, the
Q-switched laser displayed another useful property; the ability to scan the lasing wavelength

over a 5nm range. It was this property which led to an increased temperature resolution by
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reducing the dominant coherent Rayleigh noise using the technique of frequency shift
averaging. The noise on the Rayleigh signal was reduced from 2.2% to 0.42% by scanning
the wavelength of the laser continuously over 5Snm. This corresponds to a temperature
resolution of 1.4°C. In this thesis a Brillouin distributed temperature sensor with a spatial
resolution of 10metres, temperature resolution of 1.4°C and range of 6.5km has been
demonstrated. Since this work, an increase in performance has been achieved by using a
high performance averaging and low noise APD signal detection. The current sensing
system performance has a spatial resolution of 3.5metres, temperature resolution of 1.4°C
but with an increase in range to 16km. It is the aim of York Sensors to replace current

Raman based long range sensors with the technology developed in this work.

In the final chapter a novel method for increasing the dynamic range of 1.65pm ODTR
systems was demonstrated along with the construction of a high power source at 1.65um by
using Raman amplification. If the high peak powers from a Q-switched laser are launched
into a length of fibre, gain occurs at the Raman shifted wavelength. Using this principle, this
work demonstrates a pulsed source at 1.65um with 8watts peak power and 10ns pulse width.
This represents the highest peak powers achieved at 1.65pum from a diode pumped fibre

laser system.

The Q-switched laser technology was also used to increase the dynamic range of 1.65um
OTDR which is increasingly used to detect faults on live 1.53um transmission systems. The
technique utilises delayed Raman amplification of the 1.65um signal pulse by a
co-propagating 1.53um pump pulse. Amplification occurs when the two pulses overlap. The
position of this overlap being determined by the initial delay between the pulses and the
fibre dispersion. An increase in dynamic range of 17.5dB was observed and the 1.65um

OTDR range was extended to in excess of 100km.
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8.2 Future Work

In terms of future work regarding Q-switched Erbium doped fibre lasers, the spectral
properties of the pulse are as at the this time unexplored. Spectral filtering of the Q-switched
pulse using a narrow fibre grating is envisaged as a method of producing shorter pulses (1-
5ns) from a conventional Q-switched fibre Iaser.

The work on the Brillouin distributed temperature sensor is based on the premise of
expanding the technology to provide a fully distributed temperature and strain sensor for
commercial exploitation. This will involve measuring both the intensity variation of the
Brillouin signal, as demonstrated in this work, and the frequency variation. With this
information both the temperature and strain can be resolved. Work is currently in progress to
produce fibre laser sources that have a sufficiently narrow linewidth, ~S0MHz, to be used

for Brillouin distributed strain sensing.

8.3 Conclusion

This thesis has researched the field of Q-switched fibre lasers and the exploitation of
Q-switched fibre laser technology for use in distributed sensing applications. The ease with

which the Q-switched sources developed in this work have been integrated into commercial

sensing systems provides evidence of their importance in this field.
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