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Special optical fibres are introduced with the emphasis
on rare-earth-doped fibres and fibres with crystal-like
properties. Characterisation techniques for these types
of fibre are discussed and several applications are
described. In particular, optical time-domain
reflectometry 1is used to demonstrate a distributed
temperature sensor based on the temperature dependence of
the absorption in rare-earth-doped fibres. Further,
energy transfer between ytterbium and erbium is
characterised and an erbium fibre laser sensitised with
ytterbium is demonstrated. Finally, techniques for the
creation of crystal-like properties in optical fibres are
developed and second-order nonlinear phenomena in these
fibres are analysed both experimentally and

theoretically.
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Chapter 1: Introduction

1.1 Fibres as Passive Light-Guides

Since the early development of optical fibres, first as
light-guides for medical endoscopes[l], and 1later for
long-distance telecommunications as originally proposed
by KXao and Hockam[2], the principal aim was to
manufacture low-loss, and low-dispersion, high-quality
waveguides to optimise their performance as passive light
transmitters. Only in recent years has it been realised
that optical fibres also have an attractive potential as

active devices.

1.2 Optical Fibre Sensors

The first step into employing fibres as active devices

was made by developing fibre sensors. Over the years a

large variety of fibre sensors were produced. Early

versions were based on simple interferometric designs
m

'3
2

cs; in la

copied from bulk-opt ion
characteristics of optical fibres were made sensitive to
environmental conditions{3]. More recently, advanced
systems based on the propagation of polarised 1light
in single-mode fibres have been developed[4]. There
g interest in exploiting other fundamental

physical properties of fibres, or modified special

fibres, for sensing applications, e.g. third-order
nonlinear phenomenal5], black-body radiation[é] and
fluorescencel7]. Distributed sensors, which give a read-

out of environmental conditions along the whole length of
fibres have also been developed[8.9],

1.3 Special Fibres

Active fibres have been made possible by the development
of what is now commonly known as special fibres, in which
the Optical Fibre Group 1led by Gambling and Payne has
played a leading role. Special fibres may be categorised
into five sections, i.e 1) special birefringent fibres,
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2) fibres with optional evanescent field access, 3) non-
glass fibres, 4) rare-earth-ion-doped fibres and 5)

fibres with crystal-like properties.

1.3.1 Special Birefringent Fibres

Special birefringent fibres are single-moded and aimed at
transmitting the polarisation state of light in a well
defined manner. One may distinguish high-birefringence
fibres having a linear birefringence of 10-%4-10-3, which
preserve polarisation even in the presence of external
perturbations{10], Further, low-birefringence fibres with
a linear birefringence of less than 10-8, and circularly
birefringent fibres, have also been developed(10],
Such fibres are important for coherent communications and
may be used in many different sensor applications by
manipulating the polarisation state of the transmitted

light inside the fibresl11l],

1.3.2 Pibres with tional Evanescent Field Access

Fibres with optional evanescent field access of fibre are
very versatile since they comprise a large range of
different fibre designs, which may be exploited. One may
list polished fibres(12], D-shaped fibresl[13], multi-core
fibres[14] and fibres with holes[15]. 1In all cases an
interaction with the evanescent field of the fibre core
produces the required performance. In particular, fibre
holes alongside a fibre core may be filled with a gas,
liquid or metal to produce chemical sensors, temperature
sensors or polarisers(!3] by evanescent field access.
There are some applications, where the interactions are
of long range. In this case direct evanescent field
access is not required, but the above mentioned fibre
design still proves to be useful. For example two holes
alongside a fibre core may be filled with metal to allow
electro-optic modulation via the application of a strong
electric field across the fibre corell6],



1.3.3 Non-Glass Optical Fibres

These are fibres in which either the fibre core or the
whole fibre has been replaced by a non-glass substance to
obtain properties not achievable in glass fibres on their
own. One may list 1liquid-core fibrel8], single
crystalll’7] and plastic fibres[18]. The potential of
these types of fibre as non-linear optical devices,
lasers and sensors, is very large. However, the
applications are still very limited due to inadequate
fibre quality and difficulty in handling or manufacture.

1.3.4 Rare-Earth-Ton-Doped Fibres

Rare-earth-ion-doped fibres were developed initially with
the aim of making single-transverse mode glass lasers in
fibre form[19,20], In particular, optical Nd3* and Er3+-
doped fibre lasers emit both in the 2nd and 3rd window of
telecommunications and are thus potentially attractive as
optical sources for telecommunications applications.
Further, rare-earth-ion doped fibres may be operated as
superfluorescent sources[21], low-noise optical

amplifiers{22] and sensors[23],

1.3.5 Fibres with Crystal-Like Properties

The interest in second-order nonlinear phenomena in
fibres started in 1986 with the observation of efficient
second-harmonic generation in ordinary telecommunications
fibres[24]. Second-order nonlinear phenomena in glass are
caused by defect centres giving rise to crystal-like
properties[25], This has renewed the interest in defect
centres in glass and their exploitation. Although, this
field is still in its infancy, interesting applications
of such fibres as frequency converters(26] and electro-
optic modulators{27] have already been demonstrated.



1.3.6 Other Special Fibres

Other fibre designs are sometimes also included under the
heading of special fibres. In particular, one may mention
dispersion-shifted or flattened fibres[28], fibres
designed for transmitting either far infra-red[29] or
ultra-violet light[30] and radiation hardened
fibres[31], I have not included these fibre designs here,
since their main objective is still to passively transmit
light with as little 1loss or dispersion as possible,
which is also the objective of standard

telecommunications fibres.

The eventual aim of developing special fibres lies in the
integration of optical fibre technology. It is hoped that
any bulk-optical parts of an optical fibre applications
system may be replaced by fibre optic components. For
example rare-earth-doped fibres may be used as optical
light sources and amplifiers. Fibre polarisers and
electro-optic modulators may replace bulk crystals. Bulk
optical frequency converters may be substituted by fibres
with crystal-like properties. The integration of optical
fibre technology has made fast progress since 1985,
because the development of rare-earth-doped fibres and
fibres with crystal-like properties has been of major

significance.
1.5 The Author’s Contribution

The author has made significant contributions to both the
development and characterisation of rare-earth-ion-doped
fibres and fibres having crystal-like properties.
Single-mode rare-earth-doped fibres were developed by
Poole et alll®] in 1985 and have since become a major
research topic in fibre optics. The author’s research
was initially aimed at testing the guality of these

fibres.
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Based on what may be called a zero-order characterisation
of rare-earth-doped fibres, i.e. measurements of
absorption and fluorescence spectra and fluorescence
decay times, a distributed temperature sensor was
developed[23,32], The performance of this sensor is

discussed in chapter 3.

Later a more sophisticated higher-order characterisation
of fibre properties, i.e measurements of rare-earth-ion
interactions, was carried out. This led eventually to the
design of co-doped fibres for fibre laser applications.
In particular, an efficient Er3t-fibre laser operating

around 1.55um, in the third window of
telecommunications, was demonstrated using an optical

pumping scheme based on ion/ion interactions (energy-
transfer) between Yb3* and Er3+[33]., This work is

discussed in chapter 4.

Finally, the author has been involved in the
of second-order nonlinear phenomena in
optical fibres. The results of this work are presented in
chapter 5 and form the major part of this thesis. A
series of novel experiments were carried out in the

course of this research, which 1led to the first
explanation of why efficient second-harmonic generation
in fibres is possiblel3%4]. A large variety of specially-
designed fibres were then used both to optimise the
performance of optical fibre harmonic generators and to
improve the understanding of this novel effect[26,35],
The work resulted in the development of a simple
technique (optical fibre polingl25]) for the creation of
large second-order nonlinearities in glass and enabled
the first demonstration of the Pockels effect[27] in

glasses.
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Chapter 2: Introduction to and Comments on Chapters 3-5

2.1 Summary of Chapter 3

The development and characterisation of a distributed
temperature sensor in rare-earth-doped fibres is
described. The sensor is based on the variation of the
absorption of rare-earth-doped fibres with temperature.
An optical time-domain reflectometry  technique is
employed to provide the read-out of temperature.
Initially, the theory and the design of the sensor are
discussed. The results obtained with an experimental
sensor are then compared to other types of distributed
sensor. It is shown that this sensor may compete with
conventional distributed temperature sensors based on
Raman scattering in optical fibres in low temperature,

and high-spatial-resolution, applications.

2.2 Summary of Chapter 4

A detailed characterisation of energy-transfer in
Yb3t /Er3+t-doped fibres is presented and the development
of an Yb3t/Er3t-fibre laser is described. In this, J.E.
Townsend manufactured a range of Yb3*/Er3*-doped fibres
following the author’s specifications. A discussion of
the Yb3+/Er3* system and the ©rele
interactions leading to energy-transfer between the two
dopant ions is given. The effects of donor excitation
diffusion and back-transfer on transfer efficiency are
analysed. These results lead to an explanation of
acceptor saturation in fibre lasers and amplifiers. It
is further shown, both experimentally and theoretically,
that diode-laser-pumped Yb3*/Er3t-doped fibres are
feasible at dopant ion concentrations of only 1-2%. By
choosing an appropriate pump-wavelength for the
excitation of Yb3* it is possible to avoid excited-state
absorption of the pump radiation in Er3* and to obtain a
high slope efficiency for Er3t fibre lasers. Chapter 4
concludes with a comparison of Er3+ fibre lasers and Yb3+

sensitised Er3t fibre lasers.
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2.3 Summary of Chapter 5

A detailed investigation of second-harmonic generation
and other second-order nonlinear phenomena in optical
fibres is presented. Initially, a review of the present
research in this area is given. In the main part of
Chapter 5 the theory of nonlinear propagation in optical
fibres is developed and applied to explain the main
observations related to second-order nonlinear effects.
In particular, second-harmonic generation, relevant
phase-matching techniques and limiting mechanisms are
discussed. Further, a discussion of the Pockels effect
and optical rectification is given. Whenever available,
relevant experiments are described to support the
theories presented and to elucidate short-comings. The
majority of the special fibres described in Chapter 5
have been manufactured to the author’s or M.C. Farries’
specifications by Dr. S.B. Pcole and L.J. Poyntz-Wright.

The majority of the experimental results described in
section 5.1 the formation of y(2)-gratings from
noise and by seeding were performed by M.C. Farries. 1In
particular, the results presented in Fig. 5.4 and 5.10
were obtained by him and are included here for
completeness. Further, the Pockels effect in glasses
described 1in section 5.10.3.3 was first discovered by L.

Li and the experimental results presented in that section

b ]
A

=}

n
L ¥ ] sl O

were obtained in collaboration with him.

As in most major articles on nonlinear optics esu units
have been adopted in the presentation of the theory.
Experimental results are quoted in si units for
convenience. A table converting esu to si wunits is

presented in Appendix (5.I).
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The definition of nonlinear coefficients follows the
standards set out by Shen in his discussion of nonlinear
optical phenomenalll., Since a different definition has
been adopted by Stolen and Tom[2] in their important
paper describing the principal processes behind second-
harmonic generation in optical fibres, a brief comparison
of their definition and the definition of nonlinear
coefficients as wused in this thesis is presented in

Appendix (5.II).

References

1) Y.R. Shen: "The Principles of Nonlinear Optics",

1984, John wWiley and Sons

2) R.H. Stolen and H.W.K. Tom: "Self-Organised Phase-
Matched Second-Harmonic Generation in Optical
Fibres", Opt. Lett., 12, 1987, pp. 585-587
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CHAPTER 3: Distributed Temperature Sensing Using
Rare-Earth-Doped Fibres

3.1 Introduction

During the last two years an increasing interest has been
observed in special, rare-earth-doped fibres[!]., Lasing
action 1in these fibres at several tunable wavelength
regions with different dopants has already been
demonstrated[2]. It is thought that the fibres may be
developed into commercial devices, which may potentially
be wused as high-power tunable laser light sources for
optical fibres at wavelengths ranging from 650nm to
2000nm. Applications in telecommunications, non-linear

optics, and sensors are also possible.

To ensure a constant quality of these fibres the doping
levels have to be predictable and the distribution of the
dopants along the fibre should be constant. 8Since the
bs tion of these fibres is proporticnal 2 pi
level, a technigque Dbased on optical time domain
reflectometry (OTDR) , which  measures the local
attenuation in fibres, was developed to probe the
homogeneity of the distribution of the dopants. Due to
the temperature dependence of the absorptionl[3], this
measurement technique was adopted to demonstrate a
completely new type of distributed temperature sensorl4].
Subsequent optimisation of the design of this sensor has
produced a device that is competitive with other types of

distributed temperature sensor.

3.2 Review of Distributed Sensors

There are essentially three types of distributed sensor,
which may be distinguished by the detection technique
applied. The first type is based on OTDR, where the
change of either the backscatter capture fractionl[5], the
Rayleighl3], Brillouin or Raman scatter
coefficients[6:.7], or the absorption[4,8], fluorescence,
or polarisationl[?], is measured to provide information
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about the temperature. The second type uses coherent
detection techniques such as homodyne or heterodyne time-
division multiplexing[10] and FMCW[1l]. The third type is
based on nonlinear interactions between counter
propagating waves in fibres[12]. The coherent detection
technique suffers from many complications. The sensor has
to be made of a number of partially-reflecting splices or
couplers, which are expensive to manufacture. The
resolution and range of the system are limited by thermal
instabilities and finite coherence time, or £fly-back
time, of the laser frequency. The nonlinear measurement
technique is not feasible at the present state of the
art, since high input powers, of the order of watts, are
necessary to produce nonlinear effects which are only
weakly dependent on temperature in silica-based fibres.
However, the advent of single-mode fibre lasers has
opened the possibility of having sufficient power in the
fibre and with the production of fibre materials having
lower nonlinear thresholds this technique may grow in

importances.

The distributed sensors based on OTDR have been so far
the only ones with potential practical applications and
the most accurate are those relying on Raman
scatteringl6:7] in solid-core and Rayleigh scattering in
liquid~core fibres[5]. However, the latter sensor is
thought to be impractical outside the laboratory
environment and suffers from stability problems of the
liguid. Thus, the former sensor is preferred, despite
the fact that the Raman scatter coefficient is about 30dB
smaller than the Rayleigh scatter coefficient. The new
OTDR sensor utilising the temperature dependence of the
absorption in rare-earth-doped fibres combines the
advantages of a large signal, comparable to that in the
liquid-core sensor, with that of being able to use a
solid fibre as in the Raman measurement technique.



15

3.3 Theory and Design of a Distributed Temperature

Sensor Based on the Temperature Dependence of
Absorption

Distributed temperature sensors based on the thermal
variation of the absorption in special fibres utilise the
ability of OTDR to measure local attenuation along the
whole length of the fibrell3]. Either single-mode, or
multi-mode, fibres may be used as the sensors. Multi-mode
fibres may be preferred, since they offer higher source
launching efficiency and better backscatter capture
fraction. 1In addition coherence and polarisation noise
are reduced. However, single-mode fibres are free of
modal noise and may produce the best ultimate

sensitivity.

The local attenuation coefficient as measured by OTDR may

be written as
a(x) = 0.5d[1nP(x)]/dx, (3.1)

where P(x) is the backscattered power returning to the
launch end from a position x along the fibre. The
accuracy to which temperature may be measured at a point

x may be written as
T = 1/[Reax(S/N)yg ), (3.2)

where Ax is the sampling interval length, (S/N), is the
signal/noise ratio at the point x and Ky = de/dT is the
temperature sensitivity of the absorption. Using a multi-
mode fibre as the sensor, the design of the measurement
system will be similar to that of a liquid-core fibre
system and has been discussed elsewherel3l. Typically,
the dominant noise mechanism for a 5m spatial resolution
system is signal shot noise and a (S/N)-ratio >100 may be

achieved on a single waveform. Assuming a signal
averaging time of about 1 second and about n=10000
averages, the (S/N)-ratio may be improved to

(S/N)(n)1/2>10000.
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For a two-way OTDR the local attenuation is given by

1 d lnPl(x)
a(x) = — [—], (3.3)
4 dx ‘1nP,y (x)
where P; (x),Py(x) are the  Dbackscattered powers

originating from a point x and arriving at the two launch
ends of the fibre. Assuming the performance of the
detection system is limited by signal shot noise, it may
be shown that the temperature resolution is given by

exp{ a(_)dx} + exp{

OfY—— ¥
Q&
R
B
&
AR

§T(x) = (3.4)
2K, AX(S/N),

where L is the length of the fibre, (S/N)y is the (S/N)-
ratio at the launch ends of the fibre. Coherence,
polarisation, and modal noise effects have been
1eglected. Assuming that the laser pulse width
distance and impulse response of the amplifier are of
similar magnitude, the spatial resolution of the system
will be twice the sampling distance, since two points are
needed for differentiation. To reduce effects of non-
linear responses of the detector amplifier system, the
two-way loss in the fibre should not exceed 20 dB, unless
exact temperature resolution is not important and
emphasis is put on hot-spot detection. In Fig. 3.1 the
temperature resolution achievable for different values of

v = Ky AxX(S/N)g for a two-way OTDR is shown.

3.4 Experiment

The measurements carried out initially were limited to
probing the distribution of dopants in rare-earth doped
fibres by measuring the local attenuation in the fibre
with an OTDR technique. A wavelength-tunable OTDR system
involving a dye laser was applied to measurements at the
edge of the absorption bands of the dopants. The spatial
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resolution achievable was about 3.5m and a measurement
wavelength was chosen at which the fibre 1loss was 50
dB/km, so that the absorption could be measured at 30
points in a 100m section of fibre. Due to the lack of an
exact theory that can predict the thermal behaviour of
rare-earth ions in a glass environment, the emphasis has
to be put on acquiring empirical data to find dopants
with a high temperature sensitivity. With the aid of a
fibre attenuation measurement system the temperature
dependence of the absorption of the doped fibres with
wavelength was studied to identify the regions with the
highest sensitivity. Due to the large change of
attenuation, typically up to several dBm-lnm-1, that
occurs when the wavelength is scanned through an
absorption band a 1large dymamic range and a high
wavelength resolution are required. Furthermore,
temperature cycling of high wavelength resolution,
attenuation measurements takes several hours,; in which
drifts 1in source power and fibre alignment may occur.

fts may be monitored by relating the attenuation
data to a reference wavelength outside the absorption
bands, where the attenuation is independent of
temperature. Subsequently, the temperature dependence of
the absorption was measured with the OTDR system.

Neodymium and holmium were found to be the most
interesting dopants and subsequently distributed

temperature measurements were carried out on the
wavelength tunable backscatter system. The practicability
of such a DTS was demonstratedl4] with a diode 1laser
emitting at 904nm as the source together with a fast
signal acquisition system provided by Dr.A.H. Hartog.
The 1laser was pulsed at a repetition rate of 4KHz with a
pulse width of 40ns. The acquisition system consisted of
a Si-APD detector followed by a 20 megasample/
multichannel A/D converter with a sample spacing of 5m
and a resolution limited by the analogue bandwidth, of
7.5m. So far only a Nd-doped fibre has been measured with
this system and satisfactory results have been achieved.
The performance may be improved with a Ho-doped fibre,
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since the absorption in  Ho-doped fibres is more
temperature sensitive than in Nd-doped fibres, as shown

in sections (3.6) and (3.7).

3.5 Distribution of Dopants in Temperature Sensitive

Fibres

The uniformity of the distribution of rare-earth dopants
along the fibres was tested prior to the application of
these fibres to DTS. A two-way OTDR technique was
employed and the local absorption, as measured by this

technique, is given by equation (3.3).

The measurements were made on the dye laser backscatter
system at the wavelength A=620nm at the edge of a Nd3*
absorption band. The results for a single-mode fibre are
shown in Fig. 3.2, where the local attenuation variations
of a Nd3*-doped and an ordinary undoped single-mode fibre
are compared. The absorption has mean values of about
48dB/km and 9dB/km in the Nd3*-doped and undoped fibres.
However, the apparent attenuation varies by #8dB/km and
+4dB/km, respectively. These fluctuations are mainly due
to variations in the backscatter factor and 1limit the

measurement of +true attenuation as explained in the

following.

Fig. 3.3 shows the variations in local attenuation of
the undoped fibre as derived from a two-way backscatter
measurement by using (3.1). The two traces correspond to
launching from each end of the fibre ends in turn. The
apparent local attenuation varies by $20dB/km, and a
strong anticorrelation between the upper and lower traces
is observed. The reproducibility of these fluctuations is
indicated in Fig. 3.4, which shows the difference in
apparent local attenuation of two independent
measurements, using different lengths of optical delay
line in front of the detector. The fluctuations may be
related to small variations in the backscatter factor of
the fibre in the following way. Assuming a length-
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dependent backscatter factor g(x), the apparent local

attenuation may be written as

a = _9 log[P(x)] + 1 _S n(X).

dx n dx

Thus when differentiating a backscatter trace, apparent

loss modulations

where An is the difference in backscatter factor between

two points separated by ax, appear on top of the true
attenuation «. Variations of o« of 20dB/km over a length
of 3m thus corres rariations in 5 of only 1.5%,
By using a two-way OTDR, the variations of 5 may be
separated from variations of o, provided the two traces
are processed exactly according to (3.3). In practice,

the backscatter traces are obtained by sampling the
a detector by signals arriving from
the fibre at discrete times corresponding to discrete
points along the fibre. For a two-way OTDR, the sampling
points for the measurements from either end of the fibre
have to be at the same position to ensure that the ratio
In[P;(x)]1/1In[Py(x)] in (3.3) is exact. However, the
exact positioning of the sampling points is difficult in
practice, since small variations occur in the time base
of the digitising oscilloscope wich acquires the
backscatter traces. Thus the variations of 5 may not be
totally cancelled out on a true absorption curve and
small fluctuations of the true absorption, as observed in
Fig. 3.2, may occur. An indication that this is the case
was found by changing the correlation of two OTDR data,
i.e. by shifting one OTDR waveform by fractions of the
sampling distance with respect to the other. It was found
that the variations observed in the true absorption
coefficient can be eliminated for short lengths of the

total waveform.
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In the case of a Nd3*-doped multi-mode fibre, some true
variations of the attenuation were found, as shown in
Fig. 3.5. Here, no large variations in the backscatter
factor could be observed and the variations are therefore
assumed to be real. Thus the sensitivity of multi-mode
fibres to temperature will vary according to the local
doping level. However, it is possible to scale the
sensitivity to the absorption to obtain a constant
reading of temperature along the length of the fibre.

3.6 Distributed Temperature Sensing in a Nd3*-Doped
Fibre

The absorption of Nd3+-doped fibres shows some
temperature sensitivity due to the thermal population of
the upper Stark levels of the ground statell4]. The exact
fine structure of these 1levels is difficult to account
for. However, in general the population of upper states
increases with a rise in temperature, leading to a red-
shift and a broadening of the absorption bands[3]. 1In

addition, a change in oscillato strength

acor W
temperature causes a change in the peak absorption{l14].

The measurements were performed with a multi-mode fibre
having a 50um core, and a 160um outer, diameter doped
with Sppm Nd3*. The doping level was tailored to produce
an attenuation of 50dB/km at.- the sensing wavelength
A¢=904nm. The attenuation as a function of wavelength at
room temperature, i.e. 22°C, is shown in Fig. 3.6. The
absorption was found to be most sensitive to temperature
at the edges of the absorption bands. In particular, a
useful temperature sensitivity occurs at A=904nm, a
wavelength suitable for semiconductor lasers. The
spatial variation of the attenuation at this wavelength
is shown in Fig. 3.5. The distributed temperature
sensitivity measurements were obtained by keeping the two
ends of the fibre at a constant temperature of 22°C and
changing the temperature in the middle section and are

shown in Fig. 3.7.
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From results obtained on a standard attenuation
measurement system, the temperature dependence of the

absorption may be written as

a(To)

anp(T1-T2) = a(Tl)[l+0.0033 (TZ_Tl)]I (3.6)

a(Ty)

where the temperatures are given in Kelvin and «(Tp) is
the absorption of the sensor fibre at Ty=77K. The
relative temperature sensitivity of the absorption
St=(1/a)da/dT is about S.=0.002/°C at room temperature,
or with an absorption of 50 dB/km, K =0.1dB/km. Using
(3.2) and the signal/noise ratio (S/N)=10000 achieved on

d =y 4 t}\

PPN o
Liid L 11

the backscatter trace it may be calcula
temperature resolution is about 20°C. Lengths of about
10m at both ends of the fibre are not usable for
temperature measurements due to saturation of the
detector from front face reflections. However, these
could be eliminated by using an acousto-optic modulator
end of the fibre. The overall sensitivity
of the fibre is not constant and varies with the doping
level in the fibre. A higher doping level will increase
the temperature resolution, but also shorten the useful

fibre measurement length.

3.7 Distributed Temperature Sensing in a Ho3t-Doped
Fibre

As in the case of neodymium, the temperature dependence
of the absorption in Ho3*-doped fibres is due to
satellite bands close to the ground state that become
thermally populated at elevated temperatures[15]. The
temperature sensitivity with holmium i one order of
magnitude greater than for neodymium and is the highest
for the rare-earths that have so far been investigated.
The best doping levels, found by trial and error, for
DTS-applications are in the range 100ppm to 500ppm,
because the red and blue edges of the absorption bands
exhibit a large temperature sensitivity and the
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attenuation in these bands has to be at least 10dB/km
for successful temperature probing by OTDR. The
temperature sensitivity in the centre of the absorption
bands was measured in a fibre with a low doping level and
was found to be of similar magnitude to that in
neodymium, Doping levels greater than 1000ppm have
produced a non-uniform distribution of dopants and a
large number of scattering centres in the fibre. However,
it 1is assumed that the manufacturing process may be
improved to allow a uniform dopant distribution even for

such high doping levels.

For the measurements a fibre doped with 300ppm Ho3+ was
fabricated. The attenuation of the fibre as a function of
wavelength at temperatures of -196°C and 200°C is shown
in Fig. 3.8. Large differences in the fibre attenuation
are visible at 555nm, 670nm, and 910nm. Measurements of
the temperature dependence of the attenuation have been
carried out between 679nm and 690nm. The temperature

nsitivity was da /dT=0.3dB/°C for all these
wavelengths. At )=683nm the attenuation was measured on
a 200m length of multi-mode fibre, where the first 70m
was kept at -196°C, the next 5m at room temperature, and
a 35m length was in an oven, the temperature of which was
set successively as -60, -10, 40 and 90°C. The remainder
of the fibre was held again at -196°C. The results are
shown in Fig. 3.9. The change in absorption in the parts
of the fibre kept at different temperatures 1is clearly
visible, despite the relatively low (S/N)-ratio of less
than 1000 obtained for the backscatter measurements.
Also, a very good uniformity of the absorption in the
regions of constant temperature is observable. From the
distributed temperature measurements, the temperature
dependence of the absorption may be written approximately

as

a(To)

a(T1)

a(T2-T1) = a(Tl)[1+0.033 (Tz—Tl)], (3.6)
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where the same notation as in (3.5) is used. The absolute
temperature sensitivity is 0.4dB/°C, and accordingly the
relative temperature sensitivity varies between 3.3% at
T=77K and 0.4% at T=293K. Thus a significant improvement
in temperature sensitive absorption is achieved in Ho3*-
doped fibres as compared to Nd3*-doped fibres, especially

for temperatures below 300K.

3.8 Discussion

The magnitude of the absorption temperature sensitivities
in the rare-earth doped fibres investigated may be
explained by a very simple model. The ground, and
excited, states are approximated by single levels, in
which +he thermal populations follow Boltzmann

statistics. The effects of varying oscillator strength
and thermal broadening of the absorption bands are
neglected and it is assumed that the absorption is
proportional to the population of the excited states.

Then the absolute temperature sensitivity may be written

¥}
n

Ky =(aghro/kT2)exp[-hvg/(KT-kTy)], (3.7)

where oy is the absorption at Tp=hvy/k, h is Planck's
constant, k is Boltzmann‘'s constant, and v, is the
transition frequency from the ground, to the excited,
state. The relative temperature sensitivity may be
written in terms of the half transition temperature

Th=Tp/2 at which the absolute sensitivity is maximum, as
S¢ = 2T,/T2. (3.8)

Thus; the relative absorption temperature sensitivity
always decreases with 1increasing temperature. For a
sensor requiring a relative sensitivity at T=300K better
than 1%, it must hold Tp>900K, which is equivalent to
vp>625cm~1. A Eu3*-doped fibre will be a possible
candidate for sensitive temperature measurements at

T=300K due to the bandgap between the ground, and first
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excited, statel3), of v3=500cm-1. However, very high
doping 1levels are required to get any significant
thermally-excited absorption for bandgaps of that order

at room temperature.

The real temperature sensitivity of the absorption
observed in Nd3*- and Ho3%t-doped fibres is more linear
than expected from (3.5) and (3.6), which shows an
increase in oscillator strength with temperature.

If a DTS based on attenuation is to achieve the same
temperature and spatial resolution as a DTS based on
Raman scattering, the respective (S/N)-ratios observed on
the signal, i.e. (S/N), and (S/N)z, must be related as

SraAXa (S/N)y = S¢,.(S/N)g, (3.9)
where Sr,,7, are the relative temperature sensitivities

of the absorption and Raman scattering, Ax 1is the

is half the interval length of the Raman-scattering-based
sensor, and o« is the fibre attenuation. In table (3.1)
the design specifications of the Nd3+- and Ho3*-based
sensors presented in this work, and of a Raman-

scattering-based sensor described by Hartog et all7]
designed tion are shown. 1In

designed to give a 5m spatial resclu
table (3.2) the requirements on the (S8/N)-ratio to
obtain a 1K temperature resolution at the launch end of
the fibre are given, where detector design considerations
similar to those for a liquid-core fibre systeml[3] are
assumed. It is seen that the Ho3t-doped fibre shows a
better sensing performance only for temperatures below
~100K. The reason is the rapid reduction in relative
attenuation sensitivity with temperature for the Ho3*-
doped fibre and the mainly signal shot noise 1limitation
on the performance of the detector, which 1leads to an
increase in (S/N)-ratio proportional to S/2. Thus an
advantage of 36dB at 0°C in scattered light power turns
out to be only an advantage of 18dB in (S/N)-ratio for
the attenuation-based system. However, for shorter
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resolutions, the (S/N)-ratio will be increasingly limited
by the amplifier noise and the (S/N)-ratio advantage of

the holmium based sensor will improve.

Thus, a distributed temperature sensor based on the
temperature dependence of absorption produces an
improvement in performance over Raman scattering systems
when high spatial resolution or operation at low

temperatures is required.

Materials that have a higher relative absorption
temperature sensitivity than Ho3t at room temperature
will produce a competitive DTS even for this temperature
region. However, the increase in sensitivity will always
pose a problem, since a hot zone in the middle of the
fibre will lead to great signal losses and the signal
from the far end will be much reduced.

3.9 DTS Based on Flucrescence and the Variation of
Capture Fraction in Highly-Birefringent-Fibres

Fluorescence in doped fibres(l16] and birefringence in
high-birefringence-fibres[17] have been shown to have
some temperature dependence and the possibility of
applying these effects to DTS will now be analysed.

The fluorescence intensity from the dopant in an optical
fibre is proportional to the quantum efficiency of the
fluorescence 15, the absorption of the dopant «, and
is inversely proportional to the decay constant r.The

efficiency is proportional tol18]
n = Keg/(Kg+Kq),

where K¢ is the probability of a fluorescent transition
and K4 is the probability of non-radiative decay. The
decay time 1is proportional to 1/(Kg+Kg). Ky may be
expected to have a small temperature dependence, whereas
Kg is strongly temperature dependent. Since the
fluorescence intensity is proportional to n/r=Kg, only a
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small dependence of fluorescence on temperature is

expected[18],

In a backscatter measurement the fluorescence signal

arriving at the front end of the fibre is

+T/2 vy (t'-t)/2
Fl(t‘') = const. J I (nep/r)(x)

~T/2 0
(3.10)

exp{-[ap+ag]x-[ (t*~t)-2x/vy ]/7}dxdt,

where T is the input pulse length, and ey, of are the
mean attenuations at the pump, and fluorescence,

wavelengths up to the point x, i.e.

ap, £ = (1/%) l ap, £ (x)dx. (3.11)

For ap=20dB/Km, af=3dB/Km, r=450ps, which 4is the
fluorescence decay time typical for a Nd-doped fibres,
- lh Qemdememy S

aptag>>2/vgr. Assuming an input pulse with intensity

I(T)=6(T-0), we may write

dlF1(£)] _ [nap](t)za exp[-(ap+ag)t]. (3.12)
dt T 2

Thus, the rate of change of the fluorescence signal as it
evolves in the fibre may provide the basis for a DTS
provided nap/r shows some temperature dependence.
However, in a Nd-doped fibre nep/r is only weakly
temperature dependent, since the increase of ap with
temperature almost matches the decrease of y5/7r with
temperature. For short decay times comparable to the

input pulse length, we may write

Fl(t) = pap(t)(vg/2)exp[-(ap+as)t]. (3.13)

Thus the fluorescence intensity is independent of r and a
strong temperature dependence of the fluorescence
intensity is expected. At the moment, Nd3* is the one
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practical doping element with the shortest fluorescence
decay time giving a spatial resolution of 45km,
Transition metal dopants provide decay times of down to
lps which is equivalent to 100m resolution. However, the
fluorescence efficiency of these materials is too low,
and the absorption too high. Plastic fibres doped with
organic dyes may exhibit decay times of less than lnsec..
However, the absorption of the plastic matrix, e.g.
polymethylmethacrylate, is still very high, about
150dB/Km, but some improvement may be possible in the
future and the fluorescence DTS technique may become an
alternative to Raman and attenuation DTS.

DTS may also be demonstrated in single-polarization-
mode, stress-guiding fibres[19]. The 1light guidance in
these fibres is based on anisotropic stress in the x- and
y-directions of the optical fibre, which is chosen in
such a way that the index difference between core and
cladding along the x-direction is increased and decreased

y-direction via the elastooptic effect. It may

be shown{19] <that the equivalent NA as seen by the x-

polarized light is then given by

NA = (2n.;an,)1/2,

1o~
11

where n.; is the cladding refractive index and ny is t
index difference between core and cladding seen by the x-
polarised light. The maximum NA produced by this
technique so far reported is NA=0.059 with a temperature
sensitivity of anx of 0.1%/°C. This corresponds to a
0.1%/°C temperature sensitivity of the backscatter
capture fraction at V=2.0. Thus distributed temperature
sensing in single-polarization fibres is about five times
more sensitive than the change in backscatter capture

fraction in normal fibresl[3].
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3.10 Conclusions

The distribution of rare-earth dopants in fibres
manufactured by a new production method has been measured
by a backscatter technique and a good uniformity in the
distribution found, except for doping levels larger than
1000ppm in a Ho3*-doped fibre. Subsequently, an
approximately linear  dependence of absorption on
temperature in Nd3*-doped fibres was discovered at the
edge of the absorption bands. This effect was then used
to demonstrate a new type of DTS based on backscatter.
The practicability of the sensor was shown by employing a
semiconductor 1laser as the light source. The sensitivity
of the DTS was enhanced by incorporating a Ho3>*t-doped
fibre as the sensor. The performance of the attenuation
aman scattering sensor and it
was found that the former is superior for low
temperatures and high spatial resolutions. The
requirements on a doping material for further improvement
in the sensitivity of this new DTS-technique were then

. o~ nma
oL io

analysed. Finally, two new alternati
are described and the sensitivity of these sensors
calculated. More research is needed to exploit fully the
potential of the latter sensing techniques. In addition,
more rare-earth doping materials have to be investigated
with a view to developing an attenuation sensor with high

absorption temperature sensitivity at room temperature.
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Nd,Ho Raman units

Power launched 0.35 0.35 W
Pulse length 25 50 ns
Wavelength 904 904 nm
Absorption 20 3 dB/km
Scatter loss 1.3 0.0013 dB/km
Backscatter factor 450 0.14 wW/J
N2 0.3 0.3 -
Responsivity 0.7 0.7 A/W
Excess noise factor 0.3 i 0.3 -
Table 3.1)

Design parameters of distributed temperature sensors
based on i) the temperature dependence of absorption in
Nd3* and Ho3* doped fibres and ii) Raman scattering.



(S/N) for 1°C T Signal- (S/N)- Advantage

T-Resolution — Ratio Ratio Ho over Ra.
Nd Ho Ram. °C Ho/Ram. Ho/Ram. dB
44 34 34 -196 43 24 24
45 38 21 -150 43 23 6
45 40 19 -100 41 21 0
46 42 19 - 50 38 19 -4
46 43 20 0 36 18 -5
47 43 21 20 35 17 -5
47 44 21 50 34 16 -7
47 44 22 100 33 16 -6
Table 3.2)

Comparison of DTS based on the temperature dependence of
absorption in Nd3*t and Ho3* doped fibres with DTS based
on Raman scattering. Column 4 is the temperature of
operation. Columns 1-3 are the (S/N)-ratios (in dB)
required on the backscatter traces to obtain a
temperature readout accurate to within 1°C for a Nd, Ho,
and Raman-DTS. Column 5 is the advantage in backscattered
power (in dB) arriving at the detector of a Ho-DTS over a
Raman DTS. Column 6 is the advantage in (S/N)-ratio
observed in the output of the detector of a Ho-DTS over a

Raman-DTS. Column 7 is the difference:
[column 6-{column 3-column 2}],

which is the summed advantage of a Ho-DTS over a Raman-

DTS.
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CHAPTER 4: Energy-Transfer in ¥Yb3+t/Er3+*-poped
Optical Fibres

4.1. Introduction

The development of rare-earth-doped fibresl[l] has
generated many differing applications including optical
fibre lasers(2], amplifiers(3] and sensors(%4]. Whilst in
most of these applications ion/ion interactions were
ignored due to the low doping levels used (<1%), improved
fabrication techniques have led to fibres with ion doping
levels as high as 3% and still higher doping levels
appear to be possiblel5]. At these higher levels ion/ion
interactions may no longer be ignored, since they are the
cause for easily  observable ffects incl
fluorescence quenchingl6,7], excitation diffusion and
energy-transfer[8,9], Energy-transfer is of great
interest, since it may further improve the versatility of
rare-earth-doped fibres by extending the range of pump
wavelengths available for fibre lasers and amplifiers. In
particular, co-doping an Er3t-doped glass with Yb3t is
well known as a sensitising technique in bulk glass
lasers[9-13] and other combinations involving two or more

ions have also been proposed[l4],

The measurement techniques regquired to characterise
energy transfer in fibres are therefore discussed. The
emphasis here is put on the relevance of measurements
using a pulsed excitation ¢ the dopant ions to cow
excitation as encountered when optically pumping fibre
lasers and amplifiers. In particular, the fall-off of
energy-transfer efficiencies with acceptor excitation is
discussed under the conditions of slow and fast donor

=

. . .
diffusion. Further, it is shown that back-transfe

.
1
=

measurements may be used to account for donor diffusion

in Yb3*/Er3* systems.
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A set of Yb3+/Er3+t-doped germano- and alumino-silicate
fibres is manufactured and characterised according to the
measurement criteria developed here. The potential of
these fibres as optical amplifiers is investigated by
measurements of gain as a function of wavelength.

Finally, YAG and semiconductor laser pumped
Yb3+/Er3t  fibre lasers are demonstrated and their
performance discussed. It is concluded that for the
relatively 1low doping levels used in fibres acceptor
excitation is predominantly governed by slow donor
diffusion, whereas in more heavily doped bulk Yb3t/Er3+
phosphate glasses acceptor excitation is governed by fast
donor diffusion. Both bulk and fibre laser systems,
however, 1lead to the same energy-transfer efficiency at
lasing threshold, namely 20%. Further, it is shown that
co-doping with Yb3* offers the opportunity to avoid
excited state absorption in Er3t and so results in very

efficient Yb31/Er3t lasers.

4.2. The Yb31/Er3t_-gystem

The major energy-levels of the Yb3t/Er3*t-system are
displayed in Fig. 4.1. Yb3* efficiently absorbs pump
light (800-1070nm) by excitation to the 2Fg);-level,
which is subsequently depopulated by spontaneous decay to
the Yb3* ground state along with energy-transfer to the
4I1/2-level in Er3*. The Yb3* ground state consists of
several Stark-splitted components, which are thermally
populated. The %I;j,p-level in Er3* relaxes non-
radiatively to the 4113/2—level from where fluorescence
to the ground state, centred at 1536nm, is observed.
Fluorescence from the %I ;;p-level to the ground state is
efficiently quenched by multi-phonon relaxations and
therefore the #I;3,;-level is the only meta-stable state
in Er3+-doped silica glasses. The decay-times from the
%I,3/2-1level and the %I;; ;-level typically differ by 4-5
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orders of magnitude. Thus the population of the 4111/2-
level may be neglected when considering the rate-
equations for the Yb3*/Er3t-system. As in Yb3t the Er3+-
ground state is Stark-splitted and consists of a total of
7 components(13], The stimulated emission cross sections
to the upper levels of the ground state are typically
between 10 to 15 times smaller than to the bottom levels.
Therefore, for bulk laser glasses lasing operation to the
upper ground state levels (here referred to as quasi-
four-level operation QFLO) has been generally considered
to be too inefficient and not been attempted. However,
it has been shown in erbium fibre lasers[15] that in high
finesse cavities the lasing threshold for the QFLO is
lower than for three-level operation (TLO) at 1536nm,
since significantly less than 50% of the erbium atoms
have to be excited to achieve population inversion for

the QFLO of an erbium laser.

4.3. Theory of Energy-Transfer

4.3.1 Physical Mechanisns

Energy-transfer is caused by interactions between dopant
ions in a host material. In this, the excitation of one
ion is transferred non-radiatively to the other. The
process 1is schematically represented in Fig. 4.2. The
first ion, the donor ion, is excited from the ground
state A to the excited state B, from where the ion decays
radiatively or non-radiatively back to A. As a competing
process transitions to the excited acceptor state 2 also
occur. State 2 then decays down to 1 and in general
there also is a probability for back-transitions to B.
Commonly, one distinguishes two types of interaction
causing energy-transfer. These are exchange and static
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electromagnetic multipole interactions. Several
authors[16-19] have written extensive review articles
about a quantum-mechanical treatment of these
interactions and this will not be discussed here.
Exchange interactions are of very short range and are
significant only at high dopant concentrations. At low
dopant concentrations as encountered in optical fibres,
the longer range electromagnetic multipole interactions
are dominant. Magnetic and electric multipole
interactions of the same order are indistinguishable,
since they have the same radial dependence. As electric
dipole interactions are stronger in generalll3], only
these will be considered here. The theory of electric
dipole interactions was first treated by Foerster(20]
and later by Dexter[2l], who have given the probability
of energy-transfer as a function of the overlap integral
of the absorption spectrum of the acceptor and the
fluorescence spectrum of the donor. The influence of
phonons was first treated by Miyakawa and Dexter(22], who
concluded that phonons 1lead to an increase in the
fluorescence/absorption spectrum overlap integral, thus
increasing the transfer efficiency.

The dependence of the energy-transfer rate on
donor/acceptor separation R for electric multipole

ns may be written as

» { _—

where ag, ag, a;p are constants referring to the strength
of the respective dipole/dipole, dipole/quadrupole and
gquadrupole/quadrupole interactions. When one of the
interactions is dominant, it is convenient to write the

energy-transfer rate as
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Wy = 1 [EQ]S (4.2)

where +ry is the intrinsic decay time of the donor, ry is
the donor/acceptor separation at which the probability of
intrinsic donor decay equals the probability of energy-
transfer and s=6,8,10 depending on the order of the

electric multipole interaction.

4.3.2 Measurement of Enerqgy-Transfer Efficiencies and

Rates

4.3.2.1 Fluorescence Decay Times

Fluorescence decay times and energy-transfer efficiencies
are commonly measured using a pulsed excitation of the
fluorescing medium, whereas fibre lasers operate
predominantly cw. It is therefore necessary to elucidate
the relevance of pulsed measurements to average cw-rates

[ogp T mes em e 4 P o k1 < ]
ystem. At low rare-earth doping Ilevels

e
[/ }]

<=1%) these discussions are simplified due to the
absence of significant excitation diffusion between the
dopant ions in the glass host[13.:23], fTherefore we
neglect diffusion in the following treatment.

Consider an ensemble of dopant ions excited by a flash of
light to their respective metastable levels. The decaying
population of that level as a function of time 1is then
given by a measurement of the fluorescence &(t) as a
function of time. Due to inhomogeneous broadening of the
absorption bands in glass &(t) may be obtained from an
average over the site-related decay rates
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a(t) = I p (W)exp(-Wt)dw, (4.3)

where p(W) is the density of ions, normalised to one,
with an intrinsic decay rate W. &(t) is thus the Laplace
transform of p(W). p(W) may then be calculated from the

inverse Laplace transform of &(t)

8(t) = L(p(W)) (4.4a)

"

p(W) = L-1(a(t)) (4.4Db)

The proper average decay time under cw-pumping conditions

may then be obtained from

o0

<r> = I 7p(r)dr, (4.5)

where p(r) = p(1/W). The average decay rate is given by

the inverse of <r>

<W> = 1/<7>. (4.6)
It is generally difficult to directly calculate p(1)
for a given function &(t). Therefore, it is wuseful to

approximate p(7) by

N
p(r) =z aiS('r—‘ri), (4.7)
i

where §(r=-r;3y) is the ¢§-function and N, aj, rj are
obtained by substituting (4.7) into (4.5) and optimising
the fit of the resulting function &(t) to a real
measurement of fluorescence as a function of time.
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Substituting (4.7) into (4.3), and comparing the result

to (4.5), we derive

<r> = l s (t)dt, (4.8)

which is the sought after expression showing the

connection between pulsed and cw measurements.

4.3.2.2 Enerqv-Transfer Efficiencies and Rates

When measuring energy-transfer efficiencies and rates
between two different kinds of dopant ions, differences
between cw rates and rates obtained from pulsed
excitation must also be observed. Energy-transfer leads
c n ¢of the donor decay time via the additional
path of donor decay given by the acceptors. By comparing
the donor fluorescence decay after pulsed excitation of a
material doped with donors only and with both donors and

acceptors, the transfer efficiency may be obtained from

the integral over the fluorescence decay as[17]
©
l ¢ (t)dt
=1 - — . 4.9
T 2 ( )
[ ®,(t)dt
é olt)
Here &g(t) is the fluorescence signal due to the
intrinsic decay of the donor and &(t) is the

fluorescence signal due to the donor decay in the
presence of acceptors. The cw transfer efficiency is

given byl16]
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= _ W (4.10)

Tew — 4
<Ws> + <WD>

where <Wg>, <Wp> are the ensemble averages of the energy-
transfer rate and intrinsic donor decay rate. Since

<Wg> and <Wp> may be written as
<Wpa> = <Wg> + <Wp>, (4.11)

where <Wpp> is the ensemble average of the donor decay
rate 1in the presence of both donor and acceptors. <Wp>
and <Wp,> may be obtained from measurements of &(t) and
®o(t) and using (4.8). Grantl24] has shown that for
linear systems, i.e. when the fluorescence intensity is a
linear function of pump intensity, (4.9) and (4.10) are
equivalent. However, for high pump powers and a resulting
high excitation of the donor/acceptor system, a two-ion
system behaves non-linearly due to excitation saturation
and a generalisation of (4.9) and (4.10) is required.

Consider the rate equation of a two-level donor system at

high excitation with energy-transfer

Rap (N-2Ny, ) = Np<Wpa(9)>, (4.12)
where R,p is the pump rate, N is the total number of
donor ions, Np is the number of excited donor ions and

<Wpa (g)> 1is the ensemble average of the donor decay rate
when a fraction g of all acceptors is in the ground
state. <Wpa(g)> is an effective donor decay rate
including deexcitation of the donor ions via effects like
intrinsic donor decay, forward and back-transfer of
energy. Assuming that <Wpa(g)> is a slow function of
Rap, we may linearise the response of Np as a function of
Rap for pump powers Rzp + dR,p, where dRgp<<Rpp-.
<Wpa(g)> is then obtained from equation (4.12) as
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<Wpa(g)> = (N-2Np)(dRgp/dNp) = 2Rgp, (4.13)

dRyp/dNp, may be obtained from a measurement of donor
fluorescence &(t,g) as a function of time and acceptor
excitation as follows. Consider a steady-state pump R,
generating N, excited donor ions. A small flash
excitation on top of the steady-state pump then produces

a time varying excitation of the donor ions as
Np(t) = Ny + ANpo®(t,g), (4.14)

where ANpg is the initial excitation of the donor atoms
due to the pump flash at t=0. ANy is proportional to the
flash intensity for small £flash powers. Therefore,
following Grantl[24], we may write for the change in
population dN induced by a small change of cw pump power

from R,y to Ryp+dRyp
€K

b [ ®(t,qg)dt. (4.15)
4
v

By comparing equations (4.13) and (4.15), we obtain the
ensemble averaged donor decay rate as a function of

acceptor excitation as

<Hpa> = — - 2Rgp, (4.16)

[ o(t,g)at
0

The energy-transfer rate and efficiency as a function of
acceptor excitation may then be calculated by inserting
(4.16) into equations (4.9)-(4.11). Thus <Wpu(g)> may be
measured by a two laser technique. Here, a cw laser is

required for the excitation of the acceptor atoms and a
pulsed laser is required to read out the transfer
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efficiency corresponding to the acceptor excitation.
From a physical point of view (4.16) is almost obvious,
since it is stated that the cw pump rate has to be
subtracted from the measured donor decay rate in oxder to
obtain the intrinsic donor decay rate. Nevertheless is
(4.16) very important, since it allows us to make
assumptions about the energy-transfer rate under strong
pumping conditions using an essentially weak signal

approximation.

4.3.3 The Donor Fluorescence Signal

In the 1limit that the dopant ions occupy a number of
sites in the dopant host which is small compared to the

total number of available dopant sites, we may assume
that the ion sites are Poisson distributed. The

waill b

probability of finding acceptor ions at a radius r around
a donor ion in a shell of thickness dr is then given by

p(r) = npdrridr, (4.17)

where ny, 1is the acceptor ion concentration. The
probability of not finding any donor ions within a volume
of radius R around an acceptor ion is similarly given

by
P(r) = exp{-np(4r/3)r3}, (4.18)

where np is the donor concentration. When all acceptor
ions are in the ground state, the donor fluorescence
signal after pulsed excitation may be obtained from an
average over all acceptor states available to each

donor.
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4.3.3.1 Slow Donor Diffusion

For glass hosts with a low doping 1level of Yb3*/Er3+,
i.e. donor doping levels<1l%, we may neglect the effect of
back-transfer of energy from the donor to acceptor and
donor diffusionl[13], Assuming that a multipole
interaction of order s 1is the dominant energy-transfer
causing mechanism, the donor fluorescence signal may then

be written asl[25]

Ry N
(t) = ®g(t) lim [(4w/V) J exp[-tws(r)]rzdr] r (4.19)
Rv-no 0
N -w

where r is the donor/acceptor separation, Wg(r) is
defined in equation (4.2), N is the number of acceptor
ions in a volume of radius Ry and &p(t) is the
intrinsic fluorescence decay of the donor, which may be
obtained from a measurement of donor fluorescence by
doping the host material with donors only. For clarity we
give the derivation of (4.19) in Appendix (4.I). When a
fraction f=1-g of all acceptor ions is excited to a
metastable state, the acceptor ions closest to the donor

ions are excited first and quit the energy transfer

process(11], Thus instead of a uniform excitation of
acceptor ions, we have a spatially crdered excitation of

acceptor ions. Since the transfer rate is very strongly
dependent on r, the spatially ordered excitation of
acceptor ions may be approximated by assuming that all
acceptor ions that see a donor ion within a radius rp;,
are excited. rp;j, may be obtained from equation (4.18)

as
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g = exp{-np(4n/3)rpin}. (4.20)

Thus, when a fraction f of all acceptor ions are excited,
the fluorescence signal due to pulsed excitation of the

donor may be approximated by (see Appendix 4.I1I)

Ry N
d(t) = dp(t)lim [ ﬁ; I exp[-tp(r)]rzdr] p (4.21)
Ry doe = ¥V Tmin
where
V¥ = (4x/3)(Ry>-Igin3)

and N is now the number of acceptor ions in the ground
m

ay be

o~
=

ot i Ao . 3 3
State. AS SBSnOWIL in Appendlx 4.11I, equ

evaluated as

t3/s
gf[r(l-g)-l‘(l-g,z)]

0 - 70 -
(4.22)

~1n(g)(1-e-%)]]

4 S

2 (t)=a, (t)*exp|
A0

n
where

t ( Pp ]s/3
]

0 Mag In(g)”
and T (x), I'(x,z) are the complete and incomplete gamma
functions, npo is the critical acceptor concentration at
which the energy-transfer rate equals the intrinsic decay
rate of the donor, np is the donor concentration and
s=6,8,10 depending on the order of the dominant electric
multipole interaction. For g=1, i.e. all acceptor ions
are in the ground state, equation (4.22) reduces to
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®(t) = ®g(t)*exp{~(na/npg)T(1-3/8)(t/rg)3/%}, (4.23)

which is a result derived first by Inokuti and
Hirayamal25], By fitting equation (4.23) to an actual
measurement of donor fluorescence decay (for an unexcited
acceptor) we may determine the parameters s, and hence
the electric multipole order of the dominant
donor/acceptor interaction, and n,/n,o. Equation (4.22)
is basically the donor fluorescence response to pulsed
excitation for a given spatial configuration of acceptor
excitation. Therefore, as explained in section 4.3.2,
the cw-transfer efficiency and mean cw-transfer rate for
this acceptor excitation may be obtained by inserting
equation (4.22) into equations (4.9)~(4.11). Hence the
transfer efficiency and rate may now be calculated as a
function of acceptor excitation, which is necessary for
the wunderstanding of gain measurements as presented in

section 4.6.6.

on energy-transfer. The absolute value of the energy-
transfer efficiency as a function of ion concentration
does not come out of the previous model and may be
deduced from more general theoriesl[24,26] or from
experiment. However, the relative dependence of energy-
transfer on acceptor ion excitation may now be studied

for different values of n¢(g=1).

In Fig. 4.3 the dependence of #p on the relative
excitation of the acceptor ions is plotted for different
ion/ion interactions. The results are displayed for a
transfer efficiency no(g=1) of 28%, which is typically
obtained in silica fibres doped with 2000ppm Yb3* and
500ppm Er3*. It may be seen that the transfer efficiency
rapidly decreases with acceptor ion excitation, where the
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decrease is faster for the shorter range interactions.
When plotting the transfer rate as a function of acceptor
ion excitation as displayed in Fig. 4.4, a similar
observation is made. For higher donor/acceptor doping
level ratios and higher transfer efficiencies it may be
evaluated from (4.22) that the transfer rate is linearly
proportional to the number of acceptor ions in the ground
state. However, donor excitation diffusion may then no
longer be ignored and we have to use the approximation

outlined in the next section.

4.3.3.2 Fast Donor Diffusion

At high donor doping levels and high donor/acceptor

concentration ratios the rate of donor decay becomes
r excitation diffusion. Resonant energy

o e e W e Fad s INToUliladl

transfer between the donor ions then 1leads to fast
migration of the donor excitation between the donor ions
until a donor in the vicinity of an acceptor is reached,
to which the energy may be transferred directly. We then

have a vir 7 spatially uniform donor excitation
distribution, which means that all donors are equivalent
in terms of their ability to transfer energy to an
acceptor. Assuming that due to the high donor/acceptor
concentration ratio acceptor diffusion is negligible, the
rate of donor deexcitation is then limited by both the
transfer rate between next neighbour donor/acceptor pairs
and the acceptor decay rate. The decay of the donor
fluorescence then assumes a simple exponential form
(apart from a small deviation due to inhomogeneous
broadening). The limit of fast donor diffusion usually

applies for doping levels>3%[23].

Appreciable excitation of the acceptors then clearly
implies that the acceptors closest to a donor get excited
first, From (4.20) we obtain the minimum possible
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donor/acceptor separation rpj, at a given fraction of

acceptor ions in the ground state as

4 3
g = exp[—nD_g(riin-d )], (4.24)

where we have included a minimum possible donor/acceptor
distance 1in the host lattice, since at these high doping
levels the finite volumes of the dopants may no longer be
ignored. Assuming that for any amount of acceptor
excitation, energy transfer is predominantly due to the
unexcited acceptor ions closest to a donor, we obtain
that at zero acceptor excitation the transfer rate is

given by
1 x s
w o= __[290) (4.25)
max 7 L qJ : ’
0
and at appreciable acceptor excitation we have
1 r Tg 3 S o
Wg = — { J . (4.26)
"o Tmin

Inserting (4.24) into (4.26) and using (4.25) we finally
obtain for the variation of the transfer rate as a
function of acceptors in the ground state

Ner | -s/3

. . ( o
We =W (1 - =X in(g)] , (4.27)
Np

!

where we have defined a critical donor concentration
n.,=3/(4nrd3). Using the value of d=0.45nm for the
minimum possible donor/acceptor separation in silicate
glasses doped with ¥Yb3t and Er3+ as estimated by Alekseev
et allll,13], we obtain n.,= 2.6x102lions/cm3, which



47

corresponds to an Yb3t doping level of 12 mole%. Equation
(4.27) explains why at very high doping 1levels the

transfer rate decreases rapidly as soon as any acceptor
ions get excited(11-13], It may also be seen that in

order to reduce the effect of acceptor saturation it is
desirable to occupy all available dopant sites 1in the
host 1lattice, such that the donor/acceptor separation
becomes as small as possible, 1i.e. only limited by the

dopant volume.

The decrease of the relative energy transfer efficiency
and rate as a function of acceptor excitation is plotted
in Figures (4.5) and (4.6), where a donor doping level
of 102lcm-3 (=4.5%) was assumed. We thus see that the

effect of acceptor saturation is more severe than at low

doping levels, where we neglected donor diffusion. At
these high doping 1levels, further transfer-limiting
mechanisms also exist. These were discussed by

Gapontsev et alllll and include back-transfer, excited
state absorption, cumulative energy transfer and

At intermediate donor doping levels (1%<np<3%), donor
diffusion and energy-transfer have comparable rates. The
donor fluorescence signal due to pulsed excitation at
zero acceptor excitation under these conditions has been
given by Yokota and Tanimotol27], However, no estimate
of acceptor saturation has been obtained yet. In
general, we may expect a behaviour of the acceptors
within the twe limits discussed in this and the previous

section.
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4.3.3.3 Back-Transfer

The probability of back-transfer from Er3* to Yb3* is
much smaller than forward transfer, since the life-time
of the ¥%4Iyj/,-level in Er3* (r<3psec) is about three
orders of magnitude smaller than for the corresponding
2F5)p-level in Yb3* (r=750usec). Therefore Er3* ions may
only transfer energy to those Yb3* ions in their ultimate
vicinity. The transfer rate to Yb3* ions further away
from the Er3* ions is so slow, such that all Er3* ions
relax down to the metastable state before any energy may
be transferred to these distant Yb3*t ions. At low Yb3*
doping levels and slow Yb3t excitation diffusion, back
transfer may thus be used for selective excitation of
Yb3* ions in the glass host. This may be achieved by

a2 e 1 w3t fana §
pumping the Er3* ions up to the %Ig;; or higher levels.
3

Back~-transfer then leads to an excitation of the ¥Yb
ions with next neighbour Er3* ions. Once the Yb3* ions
are excited, forward energy transfer then leads to a fast
transfer of energy back to the Er3* ions. However, some
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Yb-°* ions alsoc relax down
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Wpa, which is given approximately by
Wpa = Wp + Wg(r=d),

where wsl_;a) stands for the energy transfer rate between
next neighbour donor/acceptor pairs. A measurement of the
decay rate of the Yb3t ions by back transfer thus
provides the opportunity to measure the maximum possible
energy transfer rate that would be observable in a glass
host saturated with dopant ions. In fact wusing this
technique, the decay rate of Yb3* ions excited by back
transfer was measured as Wg(r=d)=3.3x10%s-1 in
germanosilicate fibres with ¥Yb3* doping levels ranging
from 0.03 to 2 mole% (see section 4.6.4). The magnitude
of Ws(r=d) is about twice as high as obtained by direct
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excitation of very heavily doped Yb3*/Er3* bulk laser
glasses (Yb3*' doping levels are typically about 6 mole%),
indicating that even in bulk laser glasses a saturation
of the glass host with dopant ions has not been achieved.
The fact that Wg(r=d) is constant over a large range of
Yb3* dopant concentrations, also indicates that at least
for doping levels up to 1%, the assumption of slow donor
excitation diffusion is approximately valid. If the donor
doping levels are increased further, the onset of
significant donor excitation diffusion eventually leads
to the donor ions being indistinguishable, i.e. donor
ions excited directly or by back-transfer then decay at
the same rate. In the presence of donor excitation
diffusion, the decay rate of donor ions excited by back-
transfer is in fact slower than in the absence of donor

A3 £ £, ne donor ions excited via energv-

diffusion, since
transfer from acceptor ions may then transfer energy to
other donor ions without close acceptor ions leading to a

longer equilibrium donor decay rate (see section 4.6.4).
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4.3.4 XL

For the Yb3*/Er3+-doped fibre, the potential for a low
threshold cw erbium fibre laser is of primary interest.
In order to obtain a value for the 1lasing threshold
power, the rate equations describing the Yb3*/Er3* system
may be solved. Assuming Er3*-excitation only via energy-

transfer we may write
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le/dt = N2/721 - RgNp + RgN3 + N3/T31 + (N2-Nj )Woq

dNp/dt = N3/rp3 = Np/733 = RpgNy - (Np-Nj )Wy,
dN3/dt = RpNp - RgN3 - N3/r33 - N3/r37 + RogNo

dNy/dt = Raup(Nay-Np) + RgN3 - RNy - Nb/Tba

Nau/Nag = exp(-hv,/kT) = const. = 1l/a

N14/Nyg = exp(-hvp/kT) = const. = 1/b

N; = Nig + Nyy (4.28a-4.28h)
Ng = Ngg + Nay

where

N; Ny ,Np population density in levels i(i=1,2,3),a,b
Nig/Nyy population density in Stark-splitted level 1

population density in Stark-spli
Raup (Ny=Ny) pump rate from level au to b
RygNy pump rate from level 2 to 6
1/r33,1/75p transition rates between levels
(Np-Np )Wp7 stimulated emission rate

rate of forward and back energy-transfer

and the level notation refers to Fig.l. Due to the rapid
non-radiative decay between levels 6,5,4 and 3, the
population of levels higher than three has been
neglected. Radiative and non-radiative losses in Er3+
from levels higher than 3 have been summarised by
including the rate 1/r3;. The Yb3* split ground state is
approximated by the two levels Ny, and Ny, and the Er3+
ground state is approximated by the levels Nyjg and Npy,
which are thermally populated. The transition rate
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between the two Yb3t and Er3*-ground states has been

assumed to be instantaneous. Energy-transfer rates
between levels other than 2Fs;, and %I;;;, have been
neglected. Further, it is assumed that the laser is

pumped from the upper level of the Yb3* ground state.
Pump excited state absorption from the metastable state
in Er3+ has been accounted for by including the rate Rjg.
Pump excited state absorption also leads to a loss of
pump power which has to be considered when the Er3+
excitation along the fibre length is calculated.

In steady state the equation involving the time

derivative of N3 may be written as
N3 (1/7r93+1/731) = Rg'Np, (4.29)
where Rp’=Rp/[1+Rpra3r31/(723+r31)] is the effective

forward energy-transfer rate. For small doping levels
(<1%), it holds RB723731/(723+731)<<1 and RF'zRF[ll].

Since 1133, 731<<rp;, one may write Ng=N;+N,, where Np is
the density of erbium ions. The previous rate equations
then reduce to

7Ry ' Np = Np(1/721+(1-n)Rpg) + (N2-Nj)Wp,

Ryp(Na-Np) = Np/rpa + nRp'Np

Ng = Njg + N3y + Ny

Ny = Ngg + Ngy + Nyp
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where n=r33/(7r314732) is the Er3* luminescence efficiency
and Ny is the density of ytterbium ions. For Er3+-doped

silicate glasses and in particular for the
germanosilicate fibres used here, the luminescence
efficiency is typically of the order of 90%[11.28], In
order to solve the equations, R’ has to be known. As

explained in section (4.3.3) Ry’ may be calculated as a
function of acceptor excitation by using equations (4.9)-
(4.11) and (4.22) or (4.27). If we identify Rp’ with
Wg (g) and employ the small signal approximation Wjji<<ry7,
the expressions for the population inversion on the two
Er3* ground states may be obtained by using equations

(4.30) as

Ny-Np, = {ZDFDK + 10 (4.31a)
N 2(b+1)
Ny-N;, = (PF2)k + b (4.31b)
2(b+1)
where
Ny W 1
n Sb Ws(9) _ + (1-7)Ry¢]
x =_Ne 9 721 . (4.31c)
Ny W 1
n Sb Ws(9) 4 + (1-n)Rg6]
Ng g 721
Ny is a function of intensity and therefore also of fibre
length =x. Np(x) may be obtained by solving equations

(4.30) for N and using

Raub(x) = Ip(X)oau/hvp (4.32a)

RZG(X) IP(X)O’ea/th, (4.32b)
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where

Ip(x) pump intensity
absorption cross section at pump wavelength

Sau

Oea excited state absorption cross section from
the metastable state in Exr3t.

h Planck’s constant

Vp pump frequency

and

Ip(x) = Ipoexp{(—l/x)l {_iE[NY-(2+a)Nb(z)]+aeaN2(z)}]dz,
l+a
3

P>
)
St

{
\

where Ipo is the launched pump intensity and we have
assumed pumping from the upper ytterbium ground state.

The condition for lasing threshold in a fibre geometry is
then obtained from the requirement that the gain G has to

overcome the losses
G > 1/(R1R2), (4.34)

where R,, Ry are the reflectivities of the end mirrors.

- s

The gain in a fibre geometry is give

1

[

G = exp{2 l [@{N; (X)-Nj (X)}a-Ny (X)ogsa-acldx, (4.35)
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where

N, (x)=-N; (x) population inversion as a function of length

c stimulated emission cross section

OESA excited state absorption cross section at

the lasing wavelength

o} overlap integral of the pump and
laser wavelength mode in the fibre

1 fibre length

oc intracavity loss coefficient.

The stimulated emission and absorption cross sections may
be obtained from previously published datalll.12] or from
measurements of fibre absorption provided the fibre
doping levels are known. Note, if a>>1 then o,,/(1l+a)=
cau/a=a/Ny, where » is the absorption constant at the
pump wavelength. This means that o,,/a may be directly
obtained from measurements of the fibre absorption at the
pump wavelength. The pump excited state absorption is
particularly significant when a pump source emitting
around 800nm and 850nm is used[2®] (as in semiconductor-
laser pumped Er3+-doped erbium fibre lasers). Pumping at
800nm leads to an excitation of Er3*t ions from the
“I13)5-level to the 4S3;,-level. However, when pump
wavelengths from 820nm-830nm and from 870-1050nm are
used, no Er3*-level is directly excitable from the
4113/2—level and thus pump excited state absorption only
leads to small losses in this case and may be ignored in
the presence of the dominant 1loss mechanism, i.e.

acceptor saturation.

The lasing threshold of a weakly-doped Yb3+/Er3* fibre
may now be estimated using equations (4.22) and (4.9)-
(4.11) to calculate the energy-transfer rate as a
function of acceptor excitation and inserting these
results into (4.30)-(4.35). Due to the absence of
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significant back-transfer and donor excitation diffusion
at low doping levels (<1% donor ions)[13], the
theoretical predictions may be expected to agree well
with the performance of real fibres. However, as the
donor doping levels are increased to values as high as
12% (currently not achievable in MCVD fibres), donor
excitation diffusion becomes dominant and we have to use
(4.27) to obtain an estimate of the transfer-rate as a
function of acceptor excitation. Further, back-transfer
and additional Er3* fluorescence quenching at high
excitation levels become more significant as energy-

transfer limiting mechanisms[12],
4 Fibre Fabrication

The fibres employed in this study were fabricated by a
modified MCVD method which allows the addition of rare-
earth dopant ions from solutionl39], A conventional
cladding layer is first deposited and then the core
layers are formed at a reduced temperature to produce an
unsintered, porous soot. The soot is immersed in a
dilute aqueous solution (typically 0.1M) containing the
dopant ions in the required ratio. For experimental
convenience the solutes chosen are the rare-earth
halides, although any soluble form of the dopant ions may

be employed.

Due to the agueous nature of the fabrication technigue an
effective dehydration process is essential to produce
low-loss fibres and so, after the tube has been rinsed
with acetone to remove the excess water, the preform is
dried at 600°C whilst chlorine flows in the tube. The
core layers are then sintered and the preform collapsed

satsld

in the usual manner. Fibre drawing is conventional.
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Fibres with a germanosilicate core and also with a P,05-
doped aluminosilicate core  were produced. The
germanosilicate fibres had a GeO; concentration of 13
mole% and the aluminosilicate fibres had a concentration
of 5 mole¥ Al,03 and 2 mole% P305. It was found that a
maximum concentration of about 0.5 mole$% Yb3* could be
incorporated into the germanosilicate fibres without the
occurrence of scatter centres, whereas the
aluminosilicate fibres allowed the incorporation of up to
3 mole% Yb3* without scatter centres.

4.5 Experimental Techniqgues

Absorption; fluorescence and gain spectra, and
fluorescence decay times were measured in this study.
Further, the lasing performance of Er3*t/Yb3* co-doped

fibres was characterised.

The absorption spectra were obtained by employing a
multiple cut-back techniquelll requiring fibre lengths
between 2cm and 200m. Fibre lengths shorter than 20c

were spliced between two lengths of matched undoped
fibres in order to minimise the effects due to cladding
modes. The most absorbing part of the spectrum was

measured directly in the fibre preforms. To this end a

-3

PO e
the

disc of about 5mm width was cut from the prefornm,
polished and the absorption measured with a photometer.
Dopant concentrations were estimated from the absorption
spectra using the data from Smith and Cohenl[31], Fibres
doped with only Yb3* or Er3* were produced in addition to
Yb3*/Er3+*-doped fibres in order to obtain the relative
strength of the absorption bands. All fibres were
examined for scatter centres by launching light from a
He-Ne laser emitting at 633nm. Scatter centres are then
easily detectable by irregularly distributed scattering

along the fibre.
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The fluorescence spectra were recorded by pumping with a
cw-GaAs laser emitting at 825nm and with a GaInAsP diode
as a light detector. The fluorescence decay times were
measured by using a Raman-shifted dye-laser emitting at
880nm with a 6nsec pulse width to excite the 2Fs5;, atomic
level in Yb3+, The Yb3* fluorescence decay was measured
at 1079nm, where a monochromator was used to filter out
the exact wavelength. The peak optical input power was
typically 1W. The fluorescence signal was recorded as a
function of time and averaged 2000 times in a digitising
oscilloscope in order to improve the signal/noise ratio.
The recorded fluorescence signals were subsequently
analysed in a computer and the mean fluorescence decay
rates were estimated.

Wavelength-dependent gain was measured by a two-source
technique as displayed schematically in Fig. (4.7). A cw
YAG laser operating at 1.064um or a cw Styryl-9 dye laser
were used as the pump sources. The pump 1light was
launched into an optical fibre from one end, to
Er3* via absorption in Yb3% and energy-transfer, and a
white light source was launched from the other. The white
light source signal emerging from the fibre was passed
through a monochromator to give a wavelength dependent
read-out of signal strength. The pump laser and the white
light source power were monitored via two Ge-detectors.
The gain spectrum in the fibre may then be obtained by
comparing the signal strength of the white 1light source
with the pump laser pump switched on and off. If the
fibre length is short enough so that the laser pump power
may be assumed to be constant along the fibre and
wavelength-independent 1losses may be neglected, the
population inversion in the fibre may be simply obtained
from equation (4.35) and by a measurement of fibre loss.
Fibre loss may be measured by a standard cut-back

technique using the same set-up.
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4.6 Results

4.6.1 Dopant Concentrations and Absorption Spectra

The doping concentrations of the fibres employed in this
study are shown in Table 4.1. Two fibres doped with
different amounts of Yb3t and no Er3* were manufactured
to determine whether concentration quenching leads to a
reduction in ¥Yb3* fluorescence decay time at high doping
levels and to allow the estimate of energy-transfer
efficiencies in the co-doped fibres following equation
(4.9). A range of co-doped aluminosilicate-core fibres
with a constant amount of Er3t and varying amounts of
Yb3+ were fabricated to measure the energy-transfer rate

as a function of ¥Yb3t concentration.

The absorption spectrum obtained with fibre ND536, doped
with Yb3*/Er3+ is shown in Fig.4.8. Since Yb3* is a two-
level system, no absorption due to Yb3* outside the 700-
1100nm Yb3*- absorption band is introduced. Although
losses of up to 1000dB/m are obtained at 980nm, in the
low-loss window a minimum loss of 100dB/km at 1150nm 1is
recorded in the fibre. Factors contributing to the loss
include residual absorption from the tail of the
absorption bands and increased scatter in the fibre due
to the high dopant ion concentration. The minimum loss is
high compared with losses obtained in telecommunications
fibres but is not unacceptable in view of the
lengths of fibre, around 50cm required in this study. The
absorption spectrum of Er3* in the range from 1500nm to
1650nm is shown in more detail in Fig. 4.9. Neglecting

the Stark-splitting of the metastable “I;3;,-level in

ah
short

" + 1536nm and

Er3* and assuming that the absorption at 1536nm an
1600nm is due to two thermally populated atomic levels
separated by 260 cm-l, this corresponds to a ratio of the
relative populations of these two levels of 3.6.
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4.6.2 Fluorescence Spectra

The fluorescence spectrum obtained in fibre ND385 with
broad band excitation at 825nm is shown in Fig. 4.10. As
expected the erbium fluorescence spectra obtained in an
Yb3*/Er3*- and an Er3t-doped fibre do not differ. The
broad erbium fluorescence band in silica is providing the
opportunity for widely tunable fibre lasers(2]. The peak
Yb3* fluorescence occurs at 1050nm, which corresponds to
the tail of the Yb3*t absorption band. Due to the crystal-
field splitting of the Yb3* ground state, QFLO of an
purely Yb3+-doped fibre should in principle be possible.

Since the stimulated emission cross sections of Yb3* and
Er3* have a comparable magnitude, and due to the short
decay time of Yb3* (<lmsec), the lasing threshold of such
a laser should be about one order of magnitude higher
than in Er3*. Recently, such a fibre 1laser has been

demonstrated by Hanna et all32],

Fluorescence Decay Measurements

.3

.6.

LAl

The intrinsic Er3*t fluorescence decay from the metastable
level 4113/2 was measured in the co-doped fibres and
compared to fibres doped with only Er3+. No difference in
decay time (rz3j=l4msec) could be observed for the two

sets of fibre, which verifies that back-transfer from
Er3* to Yb3* is negligibly small in the co-doped fibres.

The intrinsic Yb3* fluorescence decay time was measured
in fibres ND426 and ND548, doped with only Yb3t. Both
fibres had a decay time of 750usec, which shows that for
Yb3+-doping levels up to 3 mole% no coﬁcentration
quenching of Yb3* occurs in the dopant glass hosts, i.e.
germanosilicate and P,05-doped aluminosilicate, used in
the experiments. Further, since the core-glass

composition consists of about 90% silica no difference in
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Yb3* decay time could be detected due to the different
oxide dopants, i.e. Ge0O; or Al,0g3.

The fluorescence signal measured as a function of time in
fibre ND426, doped only with Yb3t, and ND414, doped with
both Er3* and Yb3*, is shown in Fig. 4.11. The effect of
energy-transfer in fibre ND414 is clearly visible by the
initial fast decay of the Yb3t-fluorescence. At larger
times energy transfer becomes less significant and the
instantaneous fluorescence-decay rate asymptotically
reaches a value equal to the one measured in fibre

ND426.

Best fits of the Yb3* fluorescence signal in the
germanosilicate fibres ND385 and ND414 to a function as
given in equation(4.23) with s=6,8,10 were calculated.
The best fit was obtained with s=8. A best fit curve for
fibre ND414 1is also displayed in Fig. 4.11. This
indicates that dipole/quadrupcle interactions are the

dominant energy-transfer mechanisms in the germano-

silicate fibres at these relatively low doping levels.

The ratios na/na, obtained for the best fit curve with

s=8 and the mean energy-transfer rates and transfer

efficiencies are given in table 4.2. Fibre ND414 has a

slightly higher ratio na/n,o than fibre ND385, which
t

_________ a ransfer

corresponas to a better e
rate. The mean transfer rate is very slow at 500 sec-1,
which is about 3 times smaller than the intrinsic decay

rate of Yb3+,

Best fits of the Yb3*t fluorescence signal in the more
heavily doped aluminosilicate fibre ND536 to equation
(4.23) were obtained with s=6, which indicates that in
this fibre dipole/dipole interactions are the dominant
energy-transfer mechanisms. As shown below in the even
more heavily doped aluminosilicate fibres donor diffusion
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may no longer be ignored and therefore equation (4.23) is
no longer valid exactly and functions as given by Yokota
and Tanimotol27] now correctly describe the Yb3*

fluorescence decay.

4.6.4 Forward and Back-Transfer as a Function of ¥Yb3+-

Concentration

The back-transfer rate obtained by measuring the Yb3+
fluorescence decay after excitation into the 4S3/2-level
in Er3t (see section 4.3.3.3) is shown in Fig. 4.12 as a
function of Yb3* concentration. It may be seen that the
back-transfer rate stays constant up to Yb3* doping
levels of 2 mole%, which may be explained by the fact
that donor diffusion is slow compared to the energy-
transfer rate up to these doping levels (see section
4.3.3.3). At the higher donor doping levels the back-
transfer rate decreases due to the onset of donor
diffusion and approaches the forward-transfer rate, also
displayed in Fig. 4.12. This verifies that as the donor
doping levels increase the donor ions become more and

more indistinguishable.

The forward transfer rate for the two germanosilicate
fibres is almost the same despite their difference in
Yb3* concentration. This may indicate that there is a
non-uniform distribution of dopant ions, i.e.
clusteringl?], in the dopant host. Fibre ND414 exhibited
easily detectable scatter centres, which indicates that
microcrystalisation and possibly also clustering is
indeed occurring. However, no direct experimental
evidence for clustering, i.e. a short fluorescence decay
component as observed in germanosilicate Nd3+*-doped

germanosilica glasses{’], could be found.
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The solubility of the dopant ions was increased in the
aluminosilicate fibres and only fibre ND547 exhibited
scatter centres. The transfer rates for the
aluminosilicate fibres show a strong dependence of
energy-transfer rate on Yb3t concentration. Following
data obtained by Gapontsev[ll], we would expect a linear
dependence (on a log/log scale) of energy-transfer rates
on donor concentration for a constant acceptor
concentration. However, when analysing the combined data
for the aluminosilicate and germanosilicate fibres, we
see that this is clearly not the case here. The transfer
rate increases only slowly up to Yb3*-doping levels of
about 2 mole%, whereas at higher doping levels the
increase is much more rapid. This is another indication
that clustering is indeed significant in these fibres and
leads to relatively high transfer rates at low donor

doping levels.

4.6.5 Yb3t Absorption Saturation

thermal population of the Yb3%t levels when pumping an
Yb3t/Er3* system from the upper Stark levels of the Yb3*
ground state. This is particularly important when pumping
with a YAG-laser emitting at 1.064um. Assuming the
1.064um absorption band is due to an upper Stark level of
the 980nm absorption band, we obtain a frequency
difference between these levels of 800cm-l and a thermal
population of +this upper Stark 1level of 2%. It is
straight forward to estimate the thermal population of
the upper Stark level by a measurement of ¥Yb3*t absorption
saturation at high pump intensities. In this, the thermal
population of the upper Stark level is given by

As explained in section 4.3.4, one has to account for the
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(/ay = (4.36)
hvp

where I g,y is the absorption saturation intensity, where
bleaching of the Yb3* absorption occurs. A measurement of
Yb3* absorption saturation at 1.064um was made in fibre
ND545, where pump light delivered from a YAG-laser was
launched into the fibre and the output power measured as
a function of input power. The fibre had a core diameter
of 5um and a cut-off wavelength of 1.5um. The absorption
cross section at the pump wavelength was estimated from
measurements of the absorption at 1.064um and the Yb3t
concentration as g,=1x10-23cm2. The results are shown in
Fig. (4.13), from which we obtain Ig,¢=6x10% W/cm?. This
corresponds to a launched power of about 120mW. Inserting
the value for I ,+ into (4.36), we obtain for the thermal
population of the upper Stark level (1l/a)=2.5%, which is
in good agreement with the value 2% obtained from the
frequency separation of the Stark level from the ground

state.

4.6.6 Gain in Yb31t/Er3*-Doped Fibres

By applying the measurement technique described in
section 4.5 to fibre ND385, erbium excitation levels
achievable by pumping with a Nd YAG laser operating at
1064nm were determined as a function of pump power. Fibre
ND385 was used for these measurements rather than fibre
ND414 Dbecause it did not exhibit scatter centres. The
results are shown in Fig. 4.14 along with a theoretical
curve obtained from the measured energy-transfer
efficiency at zero erbium excitation and a calculation of
uitting effect for dominant dipole/guadrupole
interactions following equation (4.22) and (4.30). In
this, a thermal population of the upper Yb3* Stark level
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of 2.5% as estimated in section 4.6.5 has been wused. A
good agreement between experiment and theory is observed
indicating that indeed the quitting effect is the
dominant energy~transfer-limiting mechanism at these
doping levels. It may also be seen that it is impossible
to obtain more than 30% excitation of the erbium ions,
even at infinite pump powers. This is due to Yb3+
absorption saturation at high pump intensities, which
occurs since the absorption at 1.064lm is due to yb3+
thermally excited into the upper Stark levels of the
ground state. Yb3*t absorption saturation may be avoided
by pumping at wavelengths shorter than 980nm, which
enables much higher Yb3* excitation levels. Measurements
of gain were also carried out in fibre ND545 using pump-
wavelengths between 810 and 850nm[33]. In this, the fibre
length was kept constant at 47cm and a pump power of 25mW
was used. Similar gain spectra were obtained for all pump
wavelengths. The highest gain of about 5dB/m was measured

between 1550 and 1570nm.

4.6.7 Lasing Performance

The lasing performance of Yb31/Er3*t-doped fibres was
characterised in fibre ND545 using a YAG laser emitting
at 1.0641lm as the pump sourcel34]. Initial results have
£

also been obtained for semi

bta i
emitting at 810 and 826rm[35

As seen in section 4.6.6 YAG-laser pumping of an
Yb3+/Er3*-doped fibre is impossible due to acceptor and
Yb3+—absorption saturation. In this, the saturation
mechanisms 1limit the maximum possible excitation of the
Er3* ions to only 30%. Since the transfer efficiencies of
the aluminosilicate fibres are higher, the onset of yb3+
absorption saturation starts at much higher Ex3+
excitation 1levels (>50%). Thus threshold may be reached
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with relatively low pump powers. Fibre ND545 was chosen
rather than any other of the aluminosilicate fibres,
since it exhibited the highest transfer efficiency
without the presence of scattering centres in the fibre.
The fibre had a core diameter of 5um and a cut-off
wavelength of 1.5um, hence giving rise to a high 1launch
efficiency (=60%) at the pump wavelength and single-mode

operation of the Er3t laser.

A standard low-loss cavity with two dielectric mirrors
butted to the cleaved fibre ends was used[28]., Both the
YAG laser and the Yb3*/Er3*-fibre laser operated cw. The
input mirror had a reflectivity of 98% at the lasing
wavelength and was highly transmitting at the pump.
Output couplers with 1.57um transmission of 7% and 27%
were used. These had reflectivities of 10% at the pump
wavelength. The optimum fibre length was found by cutting
back a long length of fibre while monitoring the laser
performance in terms of threshold, pump power, slope
efficiency and lasing wavelength. The lasing
characteristics proved to be optimum and relatively
insensitive to fibre 1length for 1lengths of 0.8-1.5m.
However, a shift in lasing wavelength from 1.568um for a
2.8m fibre length to 1.549um for a 0.25m fibre length was
observed. This results from preferential QFLO of the Er3t
n

ger fibre lengths[15],
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A fibre length of 88cm produced laser emission at a
wavelength of 1.56uym and this length ¢ 3cm was
subsequently used to evaluate the iasing performance. The
launched (absorbed) power at threshold was found to be
16mW (8.0mW) for 27% output coupling and 12mwW (6.6mW) for
7% output coupling. The slope efficiencies for the two
cases with respect to launched (absorbed) power were
found to be 2.0% (4.2%) and 1.5% (2.8%), respectively.
Fig. (4.15) is a plot of the output power versus
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launched power for the two output couplers. It is evident
that the amount of output coupling is not very critical.
The output power saturation seen at pump powers > 100mW
is due to Yb3* absorption saturation, as characterised in
section (4.6.6). A maximum output power of 1.6mW was
obtained with a launched power of 160mW. Higher output
powers than those shown can be achieved with higher ¥b3*

concentrations or simply by using 1longer fibre lengths.

Subsequently, the same fibre was also pumped with a mini-
YAG or YLF laser operating at 1.064um and 1.053um(36],
Using a 27% output coupler and an optimum fibre length
(=1lm and 0.5m for the two wavelengths) threshold was
obtained with 13.5mW of launched power at 1.064um and
8.5mW at 1.053um. The slope efficiencies with respect to
launched power were stated as 3.1% and 5% for the two
cases. It 1is interesting to note that the slope
efficiencies are higher than obtained by Snitzer et
all37], He used slightly higher Yb3* concentrations of
4.2 mole%¥ and a dopant ratio of 63. Pumping with a
1.064ym source his reported slope efficiency was only
0.7% with a maximum output power of 100uW and a lasing
threshold of 9mW with a 2% output coupler.

Using fibre ND536 Barnes et all3%4] demonstrated a lasing
threshold w ed (absorbed) pump power
of 6mW (2.2mW or 4mW) employing semiconductor lasers
emitting at either 810nm or 826nm. A maximum output power
of 0.9mW was obtained with 11lmW absorbed pump light and
slope efficiencies up to 10% were demonstrated with an
18% output coupler. Further, Q-switched operation was
also shown to be feasible and maximum peak powers of 5W

were obtained in 60nsec pulses.
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4.7 The Yb3t/Er3t Fibre Laser-Discussion

It is instructive to compare +the 1lasing thresholds
obtained in fibre ND545 to the theory of energy-transfer
as outlined in section 4.3. To simplify the discussion we
discuss the results obtained with YAG-laser pumping
first, since Er3* excitation is then only achieved via
energy-transfer. Further, we neglect the Stark splitting
of the Yb3t and Er3* ground states, since ¥Yb3' absorption
saturation did not occur at lasing threshold in fibre
ND545 and the erbium laser was emitting at 1.56pum. This
is close to laser emission down to the Er3t ground state,
which would correspond to emission at 1.536um[28]. In
order to obtain an approximate expression for the lasing
thresholds we may solve equations (4.30). Assuming the
effective forward energy-transfer rate at lasing
threshold is Wg{(g=0.5), an erbium luminescence efficiency
n, 4ignoring the finite length of the fibre and excited
state absorption, we may (as a rule of thumb) compare
the expressions for the lasing threshold for an Er3*

(equation 4.37a) and Yb3'/Er3*-doped fibre (equation
4.37b)

nRyiz > 1/721 (4.37&)
TIRab - > 1/1'21’. (4-37b)

Ng 2R p+Wg5 (g=0.5)+1/7p,

where R;3 is the pump rate of an Er3*-only doped fibre;
Rap=Iog/hvp and o, is the absorption cross section at the
pump wavelength. In the absence of Yb3t absorption
saturation and for large dopant ratios Ny/Np it holds
2Ryp<< Wg(g=0.5)+1/rp, and therefore (4.37b) reduces to

Ny
nRab o~ 2n7(g9=0.5) > 1/751, (4.37c)
E
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where #5¢(g=0.5) 1is the transfer efficiency at lasing
threshold. We see that even very low values for
nt(g=0.5) may be compensated by large dopant ratios in
the fibres, thus giving rise to low lasing thresholds.
Further, we may interpret the effect of a large dopant
ratio as producing a large effective absorption cross
section given by (og)eff=(Ny/Ng)o, which also compensates
for a low absorption cross section at the pump

wavelength.

As seen in section 4.6.7 pumping with a YAG laser at
1.064um gave rise to a lasing threshold of about 12mW
with a 7% output coupler; this is equivalent to a pump
rate Ryp=3.3 sec-l. Using the value for r,;=l4msec,
n=90%[28]  and Ny/Ng=54, we derive from (4.37c) that a
pump rate Ryp of 3.3 sec-l is equivalent to a transfer
efficiency at lasing threshold of about 22%.

This simple result is significant in a number of ways.
vvvvv gy nsfer efficiency at lasing threshold
obtained in fibre ND545 is the same as reported by
Gapontsev et alll2] in high~-quality phosphate laser
glasses, which had a 9 times faster transfer rate at zero
acceptor excitation corresponding to a transfer

efficiency nt(g=1)=95%. Thus very high dopant

d to better energy-

concentrations do not necessarily lea
transfer lasers. Qualitatively, this may be explained by
the fact that back-transfer becomes more significant at
high dopant concentrations as shown in sections (4.3.3.3)
and (4.6.4). Further, as discussed 1in section (4.6.3.2)
acceptor saturation at high dopant concentrations is
governed by fast donor diffusion, which leads to a very
rapid fall-off of transfer rate with acceptor excitation.
At lower donor doping levels we have the conditions of
slow donor diffusion, where the fall-off of transfer rate

with acceptor excitation is comparatively slow.
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We may calculate the transfer efficiency of fibre ND545
as a function of acceptor excitation under the conditions
of slow donor diffusion, i.e. using equations (4.22) and
(4.9). In this, we assume dipole/dipole interactions,
i.e. s=6, and the ratio np/npp=0.63, which gives rise to
a transfer efficiency at zero acceptor excitation of 58%.
Further parameters used here are listed in table 4.3. At
50% acceptor excitation we readily show that the transfer
efficiency is np(g=0.5)= 36%. This value is 14% higher
than the value of pp(g=0.5) as estimated from (4.67c).
However, (4.67c) does not account for a fractional
overlap between the laser and pump modes of 80%. A more
accurate estimate for no(g=0.5) may be obtained from the
measurement of lasing thresholds by solving the rate
equation (4.30) and using (4.34) and (4.35). Assuming,
for simplicity, that g59(g=0.5) 1is constant along the
fibre length we obtain that »p(g=0.5) needs to have a
value of 28% to give the observed lasing thresholds with
the two output couplers. This value for gno(g=0.5) is
only 8% lower than estimated from (4.22). As expected the
assumption of slow donor diffusion produces a value for
the energy-transfer efficiency at lasing threshold which
is too high. The small discrepancy may be explained by
the onset of donor diffusion in fibre ND545, which leads

to a more rapid decrease in transfer efficiency with

acceptor excitation.

The observed increase in slope efficiency when pumping at
1.053um as compared to 1.064pm{35] may be explained by
the onset of Er3t excited state absorption at 1.064um,
which leads to excitation from the metastable state
4113/2 to the 4F9/2 level. At shorter pump-wavelengths
this is avoided and therefore when pumping at 1.047um,
which is a wavelength available from mini Nd:YLF lasers,
even higher slope efficiencies than reported in ref. 36
should be possible.
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The results obtained with 810 and 826nm pump sources([34]
are the most difficult to analyse, since pumping at these
wavelengths also leads to direct excitation into the
“Ig/5-level in Er3*. However, from (4.37c) we can
derive an approximate estimate of the proportion of
direct Exr3+t excitation versus Er3+ excitation via energy-
transfer for the two cases. From measurements of fibre
absorption presented in section 4.6.1 we see that the
Yb3+ absorption cross section at 810nm is about the same
as at 1.064um, namely 1x10-23cm2. Since the diameter of
fibre ND536 was 5um, a launched power of 6mW thus
corresponds to a pump rate Ryp=l.2 sec-l. Ignoring the
direct absorption into Er3*, we obtain from (4.37c) that
a transfer efficiency at lasing threshold of about 100%
is required to achieve threshold, whereas at 826nm the
required transfer efficiency is about 40% due to the
higher Yb3* absorption cross section. The measured
transfer efficiency in fibre ND536 was only 37% at zero
acceptor excitation. The minimum reduction in transfer

)
P I Ny

efficiency at lasing threshold is now easily es
if we neglect the quitting effect. This is Jjustified,
since a large proportion of the Er3* ions get excited
directly. In this case the transfer rate is proportional
to the number of acceptor ions in the ground statell?’],

Ws(g) = gWs(g=1). (4.38)

Thus the transfer rate reduces from 780sec-l at g=1 to
390sec~l at g=0.5 at lasing threshold. Therefore the
maximum possible transfer efficiency in this fibre at
threshold is about #¢(g=0.5)=22% (Note that under the
conditions of slow donor diffusion we derive almost the
same value, namely #7(g=0.5)=20%). We may conclude that
pumping at 810nm is predominantly due to direct Er3t
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excitation (by a factor of 5:1), whereas at 826nm energy-
transfer contributes not more than 50% to the excitation
of Er3*. Higher contributions of energy-transfer versus
direct excitation may be achieved by increasing the

dopant ratio.

4.8 Conclusions

Optical fibres co-doped with Yb3* and Er3*t were
fabricated with the aim to achieve energy-transfer
between  them. Both germanosilicate and P,0s5-doped
aluminosilicate glasses were used as the dopant hosts.
Yb3*-dopant concentrations up to 0.5 mole$ could be
incorporated into the germanosilicate and up to 3 mole%
into the aluminosilicate fibres without the occurrence of
scatter centres and concentration guen
measurement techniques required for the characterisation
of energy-transfer in rare-earth-doped fibres were then
analysed. In particular, the relevance of pulsed
measurements to cw laser applications have been outlined.
The energy-transfer properties of the
were characterised according to these measurement
techniques. Energy-transfer efficiencies of up to 73%
were measured. Energy-transfer was found to be caused
predominantly by static dipole/quadrupole interactions in
the germanosilicate fibres and by dipole/dipole
interactions in the aluminosilicate fibres. Forward and

[

back-transfer rates were measured as a function of Yb3*%
concentration and the difference in these two rates was
used to evaluate the effect of donor diffusion in the
fibres. This result was subsequently incorporated along
with a treatment of the random orientation of the dopant
ions in the glass host to account for the rapid fall-off
of transfer efficiency with acceptor excitation in these
fibres. Gain (or reduction in loss) measurements were
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used to demonstrate this significant reduction in energy-
transfer efficiency. A maximum gain of 5dB/m could be
obtained in an aluminosilicate fibre using a launched
power of 25mW at 820nm.

Finally, the efficient operation of an yb3+/Er3t 1laser
was demonstrated in a fibre exhibiting a transfer
efficiency at zero acceptor excitation of 58%. Using a
1.064um pump source lasing threshold was obtained with
7mW absorbed power. Slope efficiencies up to 4.2% could
also be obtained. Higher slope efficiencies could be
achieved by avoiding pump excited state absorption in
Er3+ by using appropriate pump-wavelengths within the
broad Yb3* absorption band. It was further shown that at
lasing threshold the transfer efficiency was about 28%.
The reduction in transfer efficiency from 58% at =zero
acceptor excitation to 28% at lasing threshold was shown
to be predominantly governed by slow donor diffusion.
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Appendix 4.1

Equation (4.19) may be derived as follows: The
fluorescence decay signal of a donor ion with a total
number of N neighbouring acceptor ions at positions r; is

given by

N
®(t) = 8o(t) I exp(-th, (r;)), (A.1)

where ¢g(t) is the intrinsic decay signal and W;(xrj) is
the transfer rate to the i‘th acceptor ion. (A.l) may be

written as

®(t) = &g (t)exp(-W(¢))¥N, (A.2)

where ﬁ(g) is the mean transfer rate to all N acceptor
ions within the volume around a donor. Using the mean

value theorem we may then write

RV N
2(t) = a(t) % [ o(xrexp(-zy)az, (A.3)
0

where p(r)=4rr2dr is the probability of finding an

acceptor at a radius r. Taking the limit Vo=, we finally

obtain (4.19).
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Appendix 4-II

It was shown in section 4.3.3 that the donor
fluorescence response to §-pulse excitation in the
presence of a fraction f=1-g excited acceptors is given
by (4.21). Substituting

ZzZ = (t/‘ro)(ro/r)s (A.4)
we obtain
d(t)=0g(t) lim [ é 1 323/5 Jz-l-3lse-2dz_
Z,Ry,Ngo* 8 1-(rpin/Ry) Zy
(A.5)
0 1 \N
J Z“1'3/se'zd2]_,J
Zmin
where
f t 1 !‘ ]_fn ‘ls .\ FaN
2y;min < [ — 11 = J . (8.0
7 JLRV;min

Equation (A.6) may be written to first order as

. | 1 /s._. .. .
o (t)=0 (t)Llin| . -2y’ frr(1-2)-r1-2,2 ;)]
¢ 1-(rpin/Ry)> i
(A.7)
-3/s N
+ Zmin exp(—zmin[] ] .
Since N = gns(4r/3)Ry3, where n, is the acceptor

concentration, (A.7) reduces to



75
a(t) = dp(t)exp{-(na/np)gln(g) -

(t/70)3/8g(ny/na) [T (1-3/8)-T(1-3/5,%pin)] + (A.8)

(np/np)gln(g)exp(=~Zpjin )},

where npg is the so assumed uniform critical acceptor
concentration at which the energy transfer rate would
equal the intrinsic donor decay rate. Rewriting Zyi, in
terms of the critical acceptor concentration we finally

obtain (4.22).
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Fibre [Yb3+] [Er3+] [Ge0s ] [Al,035] [P505]

mole$% mole$ mole% mole% mole%

ND426 0.4 - 13 - -
ND548 3.5 - - 5 2
ND385 0.2 0.05 13 - -
ND414 0.6 0.15 13 - -
ND536 1.7 0.055 - 5 2
ND545 3.0 0.055 - 5 2
ND547 3.7 0.05 - 5 2
Table 4.1)

Dopant concentrations of fibres used in the experiments.



Fibre np/npg s Wg nt

sec-1
ND385 0.25 8 470 0.26
ND414 0.27 8 520 0.28
ND536 0.32 6 780 0.37
ND545 1840 0.58
ND547 3600 0.73
Table 4.2)

Energy transfer rate Wg(g=1) and energy-transfer
efficiency np(g=1) of the Yb3*/Er3+-doped fibres. n,/nuq
is the ratio of the acceptor concentration over the
critical acceptor concentration at zero acceptor
excitation. s=6 stands for dominant dipole/dipole
interactions and s=8 stands for dominant dipole/

guadrupole interactions.



Parameters values units

T91 14 msec

Tha 0.75 msec
nt(g=1) 58 3

Ws (g=1) 1800 sec-1
[Ng ] 0.12 1020 cm-3
[Ny ] 6.7 1020 cp-3
s 6

na/Npg 0.63

nrr(9=0.5) 37 %

Ws (g=0.5) 670 sec-1
o(1.56um) 1.5 10-21 cm?
Apump 1.064 um

g5 {(1.064um) 1.0 10-23 em2
n 0.9

r 2.5 pm

] 0.8

Table 4.3)

Relevant parameters describing the properties of fibre
ND545 used in section (4.7) for discussions of its lasing

performance.
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Figure 4.1 Energy-level diagram of the Yb3+/Er3+

system.
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Figure 4.2 The principal processes involved in energy-
transfer. The donor absorbs pump energy, which is then
transferred to the acceptor, from where fluorescence

to the acceptor ground state occurs.
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excitation for dipole/dipole (s=6) and dipole/quadrupole

(s=8) interactions assuming slow donor diffusion.



200

transfer rate (1/sec)

L 1

l

0 01

Figure 4.4

02 08

0.4

o6 06 07 08

Er exclted state population

Same as Fig.

rate is displayed.

(4.3),

except that transfer




transfer efflciency

1
0.8
0.8 -
\\.\:6‘\
0.4 1
8:8

0.2 -

0 T T T T T T ¥

0 01 02 03 04 06 08 07 08 08
Er exclted state population

Figure 4.5 Transfer efficiency as a function of acceptor
excitation for dipole/dipole (s=6) and dipole/quadrupole

interactions assuming fast donor diffusion.
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Figure 4.7 Set-up for the measurement of gain in rare-

earth-doped optical fibres. Dl' D2=detectors; MC=mono-

chromator; BS=beamsplitters; MO=microscope objectives;

C=condensor; M=mirrors.
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Figure 4.10 Fluorescence spectrum oI ID /bT -doped

fibre excited at 825nm.
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Figure 4.11 Yb3+ fluorescence as a function of time in
Yb3+—doped fibre (ND426, upper trace) and Yb3+/Er3+—doped
fibre (ND414, lower trace). A theoretical curve following

equation (4.23) has been fitted to the fluorescence decay

which is not distinguisgshable from

the measured curve.
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Figure 4.13 Output power versus pump power in fibre
ND545 using a pump laser at 1064 nm. At a pump power of
about 120 mW the Yb3+ absorption is totally bleached.
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Figure 4.14 Fraction of excited Er>’ ions as a function
of pump power at 1064nm in fibre ND385. A maximum
excitation of only about 30% of the Er * ions is
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possible due to acceptor and Yb3 absorption saturation.
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Chapter 5: Second-Harmonic Generation in Optical Fibres

5.1 Introduction

Optical Fibres are an ideal material for the observation
of nonlinear effects due to the high optical powers and
interaction 1lengths that are possible inside a fibre
core. This stimulated early workers to study nonlinear
interactions in fibres and has led to the establishment
of nonlinear optics as a major research area in fibre
optics. The continuing interest in nonlinear optics has
stemmed mainly from i) the 1limitations in power
transmission in optical fibres resulting from nonlinear
interactions, ii) the possibility of all-optical devices
for signal processing and transmission and iii) optical
frequency conversion. Here we are mainly concerned with
optical frequency conversion. Extensive reviews of i)
and ii) may be found elsewherelll. Frequency conversion
is of particular interest for extending the wavelength
regions that may be generated with semiconductor-laser
pumped wavelength-tunable fibre lasers, which at present
are limited to operation around 920nm, 1080nm and
1540nm{2]. The extension of operation to longer
wavelengths via stimulated Raman scattering is easily
achievable. Using a Nd~Yag laser emitting at 1.064pm,

wavelengths from 1.064pym to 2.1luym have been so
obtained(3]. The extension of operation to shorter

wavelengths may be achieved via four-wave mixing, which,
however, is difficult to accomplish in fibres, since
phasematching of the fundamental with the Stokes and
anti-Stokes lines is required[4.5], The maximum
frequency-shift obtainable for the efficient generation
of frequency-upconverted light is about 1000cm-! to
4000cm-1 in standard fibres[6]. The frequency-shift is
limited by the requirement that material and waveguide
dispersion have to be compensated in order to satisfy the

phasematching condition. Frequency-upconversion by
second-harmonic generation (SHG), on the other hand,
provides a frequency-shift of 9390cm-1 (pump at

1.064uym), where phasematching is easily achieved by
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optically writing nonlinear second-order susceptibility
gratings into the fibre or by externally modulating an

induced nonlinearity.

5.2 Review of Second-Harmonic and Sum-Frequency

Generation in Optical Fibres

The first observation of sum-frequency generation in an
optical fibre was made in 1979[7]. The efficiency
achieved with optical powers of = 70kW in the fibre
core was very low (<10-7%) due to the lack of efficient
phasematching. The observation may now be attributed to
quadrupole second~harmonic generation. In 1981,
phasematched sum-frequency generation was claimed in
slightly multi-moded optical fibres(8.:9]. Phasematching
by compensating material with waveguide dispersion in a
germanosilicate fibre with 5.9% germania concentration
was quoted., However, a simple analysis shows that at
least 11% germania concentration is necessary to achieve
the required refractive-index difference between core and
cladding in order to compensate for material dispersion.
It seems probable, rather, that phasematching between
cladding modes was accomplished. In 1985 sum-frequency
generation was reported in polarisation-preserving
fibres, with a total conversion efficiency of about 0.5-
t power of 22kW[10]., The sum-frequency
output was broad band. Thus four-wave mixing appears to

be responsible for the effect.

In 1986 the first observation of true efficient SHG was
made by Osterberg and Margulis(11l])., 1In this, high
intensity light (20-70kW peak optical power) delivered
from a mode-~locked and Q-switched YAG laser was launched
into an ordinary telecommunications fibre doped with <1%
phosphorus and during hours of continuous irradiation a
slow build-up of SH light was observed until the SH
conversion efficiency eventually saturated at about 0.5%.
Optimisation of fibre parameters and optical input
coupling led to SH conversion efficiencies of 5% with a
peak optical input power of 50kw[12,13], fThese results
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 were remarkable, since SHG in glass is forbidden due to
its inversion symmetry. Thus only very weak SHG due to
electric quadrupole or magnetic dipole moments[14.13] is

normally observable.

The results of Osterberg and Margulis were explained at
Southampton by the postulation of an optically written
x(2) grating in the fibre that provides phasematching of
the fundamental and SH wave and the required non-
inversion symmetry, thus giving rise to high conversion
efficiencies(16], fThis suggestion was triggered by
work the author was involved in, namely electric-field-
induced SHG (ESHG) which was carried out at the same
time. In ESHG, phasematching may also be achieved by the
spatial modulation of the effective second-order

ity induced by the dc electric field applied

TaTCCLL LY

alongside the fibre.

This similarity was taken even further by Stolen and
Toml17] who realised that in a fibre, nonlinear mixing of

waves, i.e. a fundamental (at

SSg s < S aiall (=

o
3
ct
o
b
l-_l
3
a
0
Xy
®
K
®
13
ot
1471
®
®
o
i

tw
1.064pm) and its SH wave (at 532nm), gives rise to a
spatially periodic dc electric field. The periodicity of
the dc-field is then exactly the same as the x(2)
grating period required to provide phasematching. Stolen
and Tom suggested that this induced electric field is the
origin for an alignment mechanism for defect centres in
the fibre, breaking the non-inversion symmetry and
providing the required spatial modulation of the so-

generated second-order nonlinearity.

In summer 1987 wavelength tunable SHG was demonstrated at
Southampton[18]), 1In this, it was shown that fibre
birefringence may be used to modify the phasematching
conditions giving efficient SHG at wavelengths other than
the seeding wavelength. Conversion efficiencies of 5%
were in fact achieved for pump wavelength varying from
1.036 to 1.090um with optical pump powers of about 1kW.
In November 1987 Farries demonstrated the so far highest
SH conversion efficiency of 13% in a highly birefringent
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phosphorus-~doped fibre with a launched optical peak power

of 950wl[18],

In January 1988 the workers at Southampton
university succeeded in aligning defect centres in
optical fibres by exciting them with high intensity light
and simultaneously applying a strong dc electric
field[20]), In this a large second-order nonlinearity was
created by using a cw Argon laser emitting at 488nm as
the defect excitation source. Further, it was shown that
high intensity pulsed light may also be used for the
excitation and orientation of defect centres, where blue
wavelengths were more efficient in creating second-order
nonlinearities than red wavelengths. Subsequently, the
author developed a technique by which the defect-centre-
induced second-order nonlinearity could be accurately
measured and verified that saturation mechanisms limit
the achievable x(2) in fibres. The results showed that
the nonlinear susceptibilities generated by an internal
orientation field are about hundred times smaller than

created by an external alignment field.

In February 1988 Lil21] demonstrated the Pockels effect
in poled optical fibres and later that month the author
demonstrated efficient SHG in poled fibres by modal

[22,23], In June 1988 the author was able to

phasematching
measure the excitation spectrum of y(2) in the blue/green
part of the spectrum and showed that poling of

germanosilicate fibres 1is strongly related to Ge E’

A4 ol s A 2 A

centres.

These results indicate that the full potential for
efficient SHG in fibres has not yet been approached. It
is hoped that by optimising fibre design and fibre
materials, a further increase in conversion efficiency
may be possible at even 1lower pump powers. SHG in
optical fibres looks to have a considerable potential for
applications such as in-line or intracavity frequency-
doubling of fibre lasers. Further, the study of second-
order nonlinear phenomena in fibres may lead to a better
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understanding of colour centres and photochromic effects

in fibres.
5.3 Nonlinear Polarisation

In linear optics the transmission of electromagnetic
waves is assumed to be governed by an induced electric
dipole moment leading to a polarisation in the
transmission medium, which reacts 1linearly to the
electric field strength. Most processes in nonlinear
optics may be accounted for by introducing a nonlinear
induced polarisation, which is proportional to the square
or the cube of the electric field. In this, the
polarisation due to induced dipole moments may be
expanded in powers of the electric fieldl24,25]

P; = x(1)Es + x(2)EsEp + x(3) E4ELE 5.1
L7 X378 % x5 BaBk * x5y, BIBkEL, (5.1)
where x(1), x(2), x(3) are the components of the first,

second and third-order susceptibility tensor and E4 k,1
are the components of the total electric field and
Einstein’s notation is used, i.e. duplicated indices
are summed over. For spatially varying electric fields,
a nonlinear polarisation second-order in E is also
created by induced magnetic dipole and electric
gquadrupole moments (see section 5.9), which is small
compared to the induced dipole polarisation and was
neglected here. The electric field and the polarisation

are conveniently written as
Ej = Eéexp(ikjr-iwt)
and a similar form for the polarisation.

In general, a propagating electromagnetic field consists
of a number (finite or infinite) of Fourier components
oscillating at fixed frequencies wjj....wjpn. The second
order susceptibility tensor then leads to the mixing of
any pair of frequency components forming a wave at the
mixed frequency. Similarly, the third-order
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susceptibility tensor leads to the mixing of three waves.
In particular, 1if two waves of frequency w; and ws
propagate inside the medium along the i-axis, the yjji(2)
component of x(2) is responsible for the generation of
the sum-frequency wave propagating along the i-axis with
a frequency w=wjtwy. The i-component of the polarisation

at w is then specifically written as

v o__(2) - wl_w2
P, Xijk (w wl+w2)Ej Ek '
where the frequencies involved in the mixing process have

been included in the symbol for x(2),

1 Sgymmetries of Nonlinear Susceptibilities

k4

In most applications of nonlinear optics, optical
wavelengths are used, which are far from electronic or
phonon-resonances. In this case, the effect of absorption
may be neglected in the form of the nonlinear
susceptibility tensor and the following permutation

symmetries are valid

xT . (w=witwy)
ijk

X, ,(v1=-wztv) (5.2)
jki

Similar symmetries also hold for higher-order nonlinear

susceptibility tensors.

The number of independent elements of x(2) and x(3) are
27 and 81 respectively. If dispersion of the nonlinear
susceptibility tensors may be neglected, the permutation
symmetries become independent of frequency. The number
of independent elements of x(2) and x(3) then reduces to

10 and 15 respectivelyl[26].

The number of independent susceptibility  tensor
components are further reduced by structural symmetries,
which in crystals may be deduced from transformations,
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such as rotations (about certain axes) and mirror
operations that map the crystal structure into itself.
Under these transformations the length of a space vector
remains invariant. The independent elements of x(2) and
x(3) for different crystal symmetries are listed
elsewherel24,25], In particular, for isotropic materials
such as glass it follows that x(2) is zero, since an
inversion operation transforms a uniform structure into
itself and it holds with I being the inversion operation

(5.3)

which is valid only when all elements of x;jx are zero.

The lowest order nonlinear susceptibility tensor for
isotropic materials is therefore x(3) with, as is easily

shown, 3 independent tensor elements, i.e.

X
1122 1221 X1212"

+ +

where = .
Xllll X1122 X1221 X1212

However, for isotropic materials an effective x{(2) may
still be defined due to induced nonlinear magnetic dipole
and electric quadrupole moments. Since they are too small

- hmer

itation, the

for any practical exp

b I
oA
discussed in section 5.9.

5.4 Electromagnetic-Wave Propagation in Nonlinear Media

The wave equation governing optical wave propagation in a
medium may be obtained from Maxwell’s equations. Using

cgs-units the wave-equation is written asl[2%]

2 2
[%ot(rot() + 1 _3_:]E(r,t) =- 3% 8% pir,ty, (5.4)
c?2 at2 c2 3t?

where the polarisation is given by 5.1. If an infinite
plane wave approximation is wvalid (infinite in time and
space), the electric field and the polarisation may be



88

decomposed into Fourier components in w and with (5.1) we

obtain
E(r,t) =3 E; (ki vwi) (5.5a)
i
P(r,t) = = x(DEj(kj,wi) + = PVI(kj,uj), (5.5b)
i 3

where PNl corresponds to the nonlinear polarisation
arising from second and higher-order terms in (5.1). The
nonlinear polarisation in equation (5.5b) leads to a
coupling of all Fourier components of the optical wave
with each other. 1In particular, the wave equation
governing the nonlinear generation of a wave propagating

at a frequency w may be written as

2 2
Emunnn-+“£]mkm)=3ELWLmygfm, (5.6)
c? c?
where ¢ is the linear dielectric tensor. Similar

equations also hold for the propagation of the
fundamental waves at the frequencies wj, which together
with (5.6) give a system of coupled-wave equations
describing the propagation of optical waves under the
influence of a nonlinear polarisation. Due to energy
conservation a set of N frequency components w; must add
up to w, where N is the or
interaction. In order to obtain a strong coupling of the
waves at w; to a wave at w, the wavevectors k; must also
add up to k, i.e. the interaction must be

phasematched.

The electric field propagating at a frequency w may be

expressed as
E¥(k,z) = BE¥(z)exp{i(k¥z~-wt)}. (5.7)

Neglecting 1longitudinal field components of E¥(k,2),
the spatial derivative of Ev¥(k,z) in (5.6) may be

written as
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rot(rot(E)) = -AE = =(32E/3z2) =
(5.8a)
-exp(i(kz-wt)[82/922 + i2ka/dz -k2]E¥(z)
and
-k2E + (w2/c2)(e-E) = 0. (5.8b)
Using the slowly varying amplitude approximation
éigifl << |x 8E (5.9)
822 dz

and writing the nonlinear polarisation in terms of its
amplitude PNl (z) and wavevector kp¥

PNL (k,w) = PNL(z)exp{i(k¥z-ut)} (5.10)
(5.6) reduces to

BE"’(Z) = i27w PSL(z)exp[i(k;-kw)Z]! (5.11)

az n{w)c

where n(w) is the refractive index at frequency w. An
expression for the cémplex conjugate E¥(z)* may be

obtained similarly.

Assuming a constant polarisation along the fibre we may
integrate (5.11) directly and obtain
2 NL exp[i(ky-k")z-1
E¥(z) = 27w pNL expli(kp-k )2-1] (5.12)

n(w)c (kp-k“)

The intensity of the generated wave is then given by

I¥(z) = cn E2

8«
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NL,, NL * . 2.1
= wa (P, ") sinc (EAkz), (5.13)
where
- wzzwz
Y o_
2n(w)c
5.5 Nonlinear Propagation in Optical Fibres-Overlap
Inteqrals

Owing to the tight confinement of the optical modes in
fibres, an infinite plane-wave approximation is no longer
valid when nonlinear wave propagation is analysed. In
particular, optical waves may propagate in different
order fibre modes and in this case (5.11) needs some

The electric field of a propagating fibre mode m may be

written asl[27]

o~
W
ot
1=
g

an(wjen(w,

v 1y
o

by \ i oy - o
E yy)expliBp{w)zlexp(~-iuwt),

f..\
m{¥ )
where Bj(z) is the propagation constant. By integrating
the Poynting vector over the mode cross section, the
modes may be normalised such that the power in mode m is

given by

_ Ctn *
P_= a.a. - (5.15)

The correct form for the normalised fibre modes may hence
be calculated from an arbitrary mode notation ¥, as

W
¥

n . (5.16)
[Iwmw;dA]l/z

Assuming the nonlinear polarisation at the frequency w is
due to the mixing of n pump waves, the i-component of
PNL (y=y,+ ...+wn) may be written as

e(wmIXIY) =
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NL (n)

wil

(E mn)in'

ml)ll (5.17)

where (E¥";.)jn is the electric field along the in
direction in mode mn and of frequency wn, o is a constant
and the nonlinear susceptibility is assumed to be non-
uniform across the fibre cross section. Assuming Ak=0,
equation (5.13) is then correctly written as[14]

(Ba(2)); = 1 [[ (e} (") axdy, (5.18)

where (Pp%(z)); is the total power in the m’th fibre mode
along the direction i and y has been defined in (5.13).

. ! - Py $ﬁ$"ﬁﬁ
"""" the form

[ 5Mo(™)?

N{wg)x..oxn(w,) (5.19)

(Bl (2));= 7[§E}nAi_l

where ¥(R) is the n-th order nonlinear susceptibility
averaged over the equivalent core area A and we have

defined an overlap integral as

n) _ (A~ [ (n) * 1
oy = i———r%y—— JJ xi11...in(®m)i(em1)i1° - - (Opn) s ndXAY-
- (5.20)

5.6 Phasematching Techniques for SHG in Optical Fibres

In orxder to obtain efficient SHG in a medium, two
conditions have to be satisfied. These are

i) An effective x(2) must be present in the fibre and

ii) Phasematching between the fundamental and the SH wave
must be possible
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The various methods available for inducing large values
for x(2) are described in sections (5.8)-(5.10). For the
discussion of phasematching techniques for SHG it is
necessary only to assume that a x(2) is present in the
fibre. In this case a pump wave at frequency w is
converted into a wave at frequency 2w. Since the
conversion efficiency is small in optical fibres (<10%)
it is sufficient to make the no pump-depletion
approximation, i.e. to assume that the intensity of the

pump wave remains constant in this process.

The wavevector of the nonlinear polarisation at 2w 1is

then given by twice the wavevector of the pump wave, i.e.

2 2
k% = 2k". 5.21
5 (5.21)

Phasematching may be achieved by arranging the wavevector
of the nonlinear polarisation at 2w of a free wave
propagating at 2w to equal the wavevector at », i.e.

2kv = k2w, (5.22)

This may be achieved by appropriate mode selection for
the pump and SH wave. Fibre birefringence could
theoretically also be used for adjusting the phase
velocity of these waves. However, at present the
available birefringence in fibres is not high enough to

make this technique practicable.

Phasematching may also be obtained by introducing a
periodic structure into the fibre to compensate for the
difference in phase velocities. The phasematch condition

is then written as
G = k2v - 2kv, (5.23)

where G=2x/A is the grating vector and A its period.
Most effective for phasematching are gratings in x(2).
In this the magnitude of x(2) is modulated or the
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direction of x(2) periodically reversed. Refractive
index gratings are inferior compared to x(2) gratings due
to the small modulations in refractive index that are
possible in fibres. In addition, internal index gratings
produced by standing wave patterns in fibres as described
by Hill et al.[28] cannot be used since the grating
period for ©phasematching is too small, thus only
relatively inefficient gratings accessing the evanescent
field as described by Russell et al.[29] are viable,
which also couple light out of the fibre.

All these phasematching techniques suffer from f£fibre
imperfections that limit coherent in-phase propagation of
the fundamental and SH-wave to only a few centimetres.
Coherence lengths of a few tens of centimetres are
possible via an internally written y(2)-grating as

demonstrated in section (5.7.2.2).

5.6.1 Mcdal Phasematching

Unlike in four-wave mixing experiments, modal
phasematching for SHG is difficult to achieve in fibres
due to the much larger difference in optical frequencies
of the propagating waves. From (5.22) it follows that the

condition for phasematching is
n(x/2) = n(r), (5.24)

where n()x) is the effective index of a propagating fibre
mode at vacuum wavelength ). It is therefore necessary to
ensure that the effective index n(x) of the pump
wavelength and the effective index n(A/2) of the SH are
the same. This may be achieved by a special fibre design,
such that the pump wavelength propagates in the
fundamental mode and the SH in a higher-order mode. In
this case waveguide dispersion may compensate chromatic
dispersion between the two wavelengths. The effective
index of a fibre mode may be calculated from the

normalised propagation constant b[30], i.e.
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nZ(y) - n2. (a
po M) "R ) (5.25a)

nZo(2) - n21(2)

where ngg(A), nc1(x) are the refractive indices of the

fibre core and cladding glass, which may be obtained from
a standard Sellmeier expansion. b is given by the V-value

of the propagating fibre mode

b =1 - luvI? (5.25b)
V2
where u(V) may be calculated by solving the eigenvalue
equation[27] or using an approximate expression as given
by Glogel30]. The number of modes that may be
phasematched to each other is limited by symmetry. In
particular, it follows directly from (5.20) that for a

uniform x{(2);;7 phasematching is only possible from
either a symmetric or asymmetric fundamental mode to only
a symmetric SH mode. The reason for this is that the
overlap integral is zeroc unless phasematching between
modes of the correct symmetry is obtained. A fundamental
wave in the LPg; mode may thus couple only to higher
order LPgp modes. Fig. (5.1) shows the variation of the
effective index as a function of V-value for the lower-
order fibre modes for a pump wavelength of 1.064ym and
its SH. A typical fibre with the high numerical aperture
bre the lowest-

L2 3 =]

}€A=0032 was <cnosen. in
order phasematch is obtained for the LPp; as the pump and
the LPpy mode as the SH for a V-value at the fundamental
wavelength of V=2.0. The required core radius to give

this V-value is then calculated from

a=_2" (5.26)
2xNA

as a=l.1lym. In general it is necessary to produce fibres
with a NA>(0.25 in order to ensure that waveguide

dispersion may compensate chromatic dispersion.

An example of modal phasematching is shown in Fig.
(5.2). In this a fibre with a NA=0.25 was manufactured
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and pulled to the required core radius specification
(a=2.3pum) to phasematch the fundamental LPj;-mode with
the SH LPp, mode. A x(2)-nonlinearity was induced in the
fibre via a defect poling technique (see section 5.10)
and the SH conversion efficiency measured as a function
of infrared pump wavelength. The fundamental wave
phasematches to its SH at a pump wavelength of 1.208um.
The large half-width of the phasematch peak of about 1nm
is due to fibre imperfections and may be used to estimate
the length of coherent propagation of the fundamental and

SH wave as explained in section (5.7.1.1).

The overlap integral for phasematched LPy; and LPg, modes
is always small (=10%), since the two modes are almost
orthogonal. The reason may be seen immediately if we
consider the following. In order to obtain
phasematching, the fundamental wave must propagate in the
fundamental mode and the SH-wave must propagate in the
higher-order mode. Therefore, the V-value of the higher
order mode is twice that of the fundamental mode. In
expression (5.20) for the overlap integral the
fundamental wave has to be squared, which is
approximately equivalent to doubling the V-value. Hence
(5.20) results in the field overlap integral of two
almost orthogonal waves, which is a small number. The
overlap integral may be increased, if a nonlineari
present only in the fibre core, which is achieved by
using different materials for fibre core and cladding. In
Fig. 5.3 the overlap integral is plotted for
phasematching between the LPj;, LPg; and LPg3 modes for a
range of V-values, assuming both a uniform nonlinearity,
i.e. (x(2)= x(2);,7), and a nonlinearity present only in
the fibre core. Here the eigenvalue equation was solved
in the weak-guidance approximation[30] and the effect of
dispersion was neglected, since it was found to lead to
relative errors of less than 5%. It may be seen that far
from cut-off of the highexr-order modes, the overlap
integrals for the two x(2)’s tend to have the same value,
where if the higher-order modes are close to cut-off, the

overlap integral for the uniform x(2) approaches zero
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and the ratio of the two overlap integrals becomes large.
This behaviour is expected since for large V-values all
optical power 1is propagating in the fibre core and
therefore the two overlap integrals are the same. Close
to cut-off the higher-order modes spread out, causing the

difference in overlap integrals.

5.6.2 Phasematching by Externally Induced Modulation

of x(2)

Phasematching may be achieved by an external periodic
modulation of x(2). It is a well known technique in
integrated optic wave-guides[31] and gases{32], but has,
however, not yet been demonstrated in fibres due to
technical difficulties. In principle, phasematching by
modulation of (2} should be Dbetter than modal
phasematching, since the modulation of x(2) enables
phasematching between the same-order modes and thus
ensures overlap integrals between the fundamental and SH-

wave of the oxder of unity.

The amplitude of the nonlinear polarisation due to a

modulation of x{(2) may be written as

PAL = (2)EYE (C + McosGz), (5.27)

where M (0<M<l) is the modulation depth and C (0<C<l) is
the dc-offset of x(2), The phase of the nonlinear
polarisation is given by (5.21). For negligible pump
depletion the expression for E2¥ as a function of z is
obtained by inserting (5.27) and (5.21) into (5.11)

aEiw - igM[zgei(ZkU—kzw)z+ei(G+2kw—k2w)z+ei(2kw—k2w-G)z]
v e | 7

(5.28)
where

4w X(Z)EwEw.
n(2w)c

g’ =

The first and third term on the right hand side of (5.28)
may now be neglected, since they are highly dephased and
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do not contribute to the build-up of E2¥, The solution
for E2v is obtained from (5.28) as

E2v(z) = $M [exp(inkz)-1] (5.29)

Ak

where Ak=G-(k2%-2k¥%). The power in the SH-wave is then

given by
2 . 2[1
P“Y(z) = 4¢M? P;lezslnc [iAkz], (5.30)
where
2x3p222 - 2
£ 32x°wez [X(Z)Om] .

n(2w)e(w)c3A ’

Note that if the fundamental wave propagates in only one
mode, P¥p,=P¥ ,=(1/2)P¥, where P¥ is the total power in
the fundamental mode. Again, as explained in sectiocn
(5.7.1.1) fibre imperfections limit coherent propagation
of the fundamental and SH wave in optical fibres. It may
also be argued that phasematching by modulation of x(2)
is not a real phasematching process since the phase
velocity of the fundamental and SH wave are still
different. The important feature of the process is that
the nonlinearity is strong when the fundamental and SH-
wave are in phase and weak in the opposite case, thus

acting as a net source for the SH-wave.

5.6.3 Phasematching via an Internally-Written »(2)-
Grating

The method for producing the longest coherence 1lengths
between a fundamental wave and its SH in optical fibres
is by internally writing a x(2) grating structure into
the fibre via a four-wave mixing process (involving
x(3Y)[17), In this, two mutually coherent optical waves,
i.e. a fundamental and its SH, are launched into the
fibre. Following Stolen and Tom[l7] we call these waves
seed waves. We denote the seed SH with Ey2%, where the
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subscript is added to indicate that it is a free wave.
Four-wave mixing of the fields at w and 2w via x(3) now
generates a dc polarisation in the optical fibre.
Assuming, for simplicity, that Dboth waves are plane
polarised and parallel to each other the amplitude of the

dc polarisation is obtained as

1 (3 2 * ~-iskz
Pdc=§x§1il(0=-2w+w+w)[Eow(z)] EY(z)E¥(z)e +c.c..
(5.31)
As may be seen from (5.31) this dc polarisation produces
a transverse dc electric field Ej. along the fibre, whose
direction is periodically reversing. E4z. is obtained from

the polarisation via

Ege = -EEPdci (5.32)
£
where ¢ is the dielectric constant at zero frequency.
Assuming typical optical input powers of 2kW and 100W
respectively for the fundamental and SH wave into a 4um
diameter fibre, the electric field strength is obtained
as Eyq.=46V/cm. As explained in section (5.10), a second-
order nonlinearity is then created in the fibre over a
period of several minutes. Central to the process is the
assumption that defect centres are excited by high

intensity light, which may then align in the presence of
a dc-field. This creates a dipole nonlinearity and hence
a second-order nonlinear susceptibility. Since the dc-
field is periodically reversing its direction, the x(2)
nonlinearity is also periodically reversing its
orientation and a x(2) grating structure is created. The
amplitude of this x(2)-grating is assumed to be

proportional to first order to Eg., i.e.
X(Z) = KEdcl (5.33)

where k« is a constant. Since the induced x(2) has the
correct periodicity for phasematching the fundamental
wave at w to a SH wave generated by the induced x(2)
internally in the fibre, two SH waves are then
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propagating in the fibre: the free (or seed) SH wave
launched into the fibre and the driven SH wave generated
by the induced x(2). The driven SH wave also interacts
with the pump wave to produce another dc polarisation
generating its own x(2). However, the x(2) induced by
the driven SH-wave lags in phase compared to the x(2)
induced by the free wave leading to an equilibrium
condition, at which the visibility of the x(2) grating
varies sinusoidally along the fibre, thus 1limiting the
achievable SH conversion efficiency. The amplitude of the
nonlinear polarisation at 2w generating the driven SH

wave is given by

Py(z) = £ (2EY (2)E¥ (2) (5.34)

and the wavevector is given by (5.21). Inserting (5.31)
and (5.33) into (5.34), the full expression for PNL,
may now be obtained. By inserting (5.34) into (5.11) we
get the following two coupled wave equations for the
evolution of the driven wave E2% in the fibre

2 N
dEsw = ia[EZw + (EZw)*e-ZlAkz] (5-35&)
a2z
2wy * .
3 (Ecw) = —ia[ (E2w)* + E2we2ilkzy, (5.35b)
8z
where
a = BE%(w)
and
R = 4w NX(3)

n(2w)c 1111

The solution for 2a<ak is given by
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E2v(z) = E%weiAkz[cos(gz)-i[ Ak-2a ]sin(gz)], (5.36)
g

where g=(ak2-2aAk)1/2, It is instructive to evaluate the
dc-field that is generated by the total SH-field given by
(5.36). Inserting (5.36) into (5.31) we obtain at

equilibrium

Py. =~ cos(gz)cos(2akz) + (1-2a/ak)1/2sin(gz)sin(2akz).
For a<<ak this is conveniently written as

Pgc = cos[(Ak-a)z] - (a/Ak)sin[(Ak-e)z]sin(2akz). (5.37)
The second term of the left hand side of (5.37) is small
and may be neglected. However, the first term shows that
the coefficient o leads to a phase delay of the x(2)
grating, which reduces the effective coherence length for
SHG to n/a. The SH conversion efficiency generated once

the seed SH is switched off may be obtained by
subtracting E2%0 from (5.36) and is given by (for a<<ak)

v E;iﬁl sin2 (az/2). (5.38)
Io(w)

I2v = 4

It may be seen that provided the fundamental wave has the
same intensity in both the seeding and reading process,
the induced SH may then not be larger than the seed SH.

The theory of internally-written x(2) gratings as
proposed by Stolen and Tom[l17] and summarised here is
still central to the understanding of SHG by alignment of
defect centres (see section (5.10)). However, the

regquirement that defect centres have to be excited in
order to make their alignment possible was not discussed
by these authors and is included here. Several aspects of
the physical process behind the mechanism are not yet
understood. In particular, this theory does not give a
convincing explanation as to why x{(2) gratings may be

formed over a long period of time, when only a
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fundamental wave is launched. The only SH light present
in this case is due to quadrupole and magnetic dipole
nonlinearities. The intensity of the so generated SH-wave
amounts to only 100pW for a pump power of 2kW (fibre
radius=4um). The mixing of these waves then gives rise to
a dc electric field of only 33uV/cm. As seen in section
(5.10.3.2), the magnitude of the induced field is much
too small for the alignment of defect centres. 1In
addition, the effects of linear and nonlinear limiting
mechanisms have not been taken into account. A detailed
description of coherence and competing nonlinear effects

is given in section (5.7).

5.7 Limiting Mechanisms

Several mechanisms 1limit cohe
fundamental and the SH wave in optical fibres. Due to the
high optical powers used in the fibres not only linear,
but also nonlinear processes are important. The linear
limiting mechanisms are temporal coherence due to the
f the waves, spatial coherence
to fibre non-uniformities and fibre absorption arising
from colour <centres in the fibre. The nonlinear
mechanisms are the intensity-dependent refractive index,
self-phase modulation, stimulated Brillouin and Raman

scattering, optical breakdown and damage.

5.7.1 Linear Limiting Mechanisms

5.7.1.1 Temporal Coherence

Finite temporal coherence is the main factor limiting the
lengths of internally-written x(2)-gratings. Spatial non-
uniformities are automatically compensated by the optical
writing process and have to be considered only when y(2)-
gratings are externally written or in modal
phasematching. Therefore we restrict the discussion of

temporal coherence to self-written yx(2)-gratings.
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From section (5.3.3) we may write for the induced dc-

polarisation in a fibre

%*
Pyo(2) = xiiileOEwO(EZwo) Re{J,,}, (5.39)

where
J21=§I1E(wl)E(w2)E(w1+w2)ei[k(“1+”2)'k(”l)'k(”z)]Zdwldwz
(5.40)

where EvO is the integral over the spectral distributions
E(w) and wg is the centre frequency. The normalisation

factor N is obtained from

Y o o
N = JiE(wl)E(wz)E(wl+w2)dwldw2. (5.41)

We assume now that the wavevector varies linearly as a
function of frequency around the centre frequency and may

therefore write
k(wi;2) = k(wg) + a(wi;2-wo), (5.42a)
k(witwz) = k(2wp) + b(witwz-2wp). (5.42b)

For symmetric spectral distributions we may then write

for the real part of J;;
Re{Jy1} = cos(akz)Ky1, (5.43)

where K;1 is the temporal coherence factor

@
1 .
K2l=ﬁflE(wl)E(wz)E(wl+w2)COS{(b-a)(w1+w2—2w0)z}dwldw2.
(5.44)
It may be seen that for symmetric spectral distributions
the temporal coherence factor is a real number; only in
the case of non-symmetric spectral distributions Kj;

would be complex.
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It is useful to introduce factors s;=wj-wgp and s;=wy-wg;
the spectral distributions are then written as

s 2
E(S),5) = expr:[ ;’2] :] (5.45a)
| s
S,+s5., 2
E(sl+82) = expr:[ ; /z] :}. (5.45b)
s

We then obtain for Kj;;

D T

2 = § JE(sl)E(Sz)E(51+sz)c°s{7‘51+52)}dsldsz' (5.46)

where y=(b-a)z. This integral may be evaluated as

Kyy = exp[-[l%f]z], (5.47)

which is conveniently written as

K21 = exp[- [LC:h]z], (5.48)

where (Lcon)-1=(1/2)(b-a)sw and sw is the spectrum half
width of the pump source. This result may also be

obtained by integrating over the total number of
available ak’s as demonstrated by Tom et al.[33].

Assuming a fundamental wavelength of A=1.064um,
neglecting waveguide dispersion and using standard
Sellmeier expansions for the wavelength dependence of the
refractive index, it may be found b-a=0.023/c. A typical
laser linewidth of 6w=190GHz (=lcm~l) thus gives a
temporal coherence length of 1l4cm. By using intra-cavity
etalons, the line-width of a YAG laser may be easily
reduced by a factor of 10, giving rise to coherence
lengths as 1long as 140cm. However, as discussed in
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section 5.7.2, non-linear effects prevent such 1long

coherence lengths.

An estimate of the temporal coherence 1length may be
obtained by measuring the bandwidth fwg; Of the x(2)-
grating, i.e. by scanning the pump-wavelength around the
phasematch  peak (in terms of the SH-conversion
efficiency) and measuring the width of the phasematch
peak at half maximum. Toml[33] has shown that when the
coherence length is small compared to the fibre length,
the coherence length may be calculated from the spectrum

half-width in the following way

2
L ,=_ 1 g2 (5.49)

coh ..
(D-a)ouwg oA

at a pump-wavelength of 1.064um, where §1 is the spectrum
half-width in terms of wavelength.

5.7.1.2 Spatial Coherence

Spatial non-uniformities in fibres severely 1limit the
efficiency of i) modal phasematching and ii)
phasematching via an externally-induced periodic x(2)
modulation. If the spatial non-uniformities of the fibre
were known, the amplitude of the SH wave could be
directly calculated from (5.11). In practice, however,
one has insufficient knowledge of fibre irregularities.
It is then useful to resort to a simple model. In this,
we assume that a fibre length L consists of a number of
uniform sections of 1length 6L with a distribution of
values for Ak. The total SH intensity may then be assumed
to be given by incoherent addition of the SH waves
generated in each uniform section(l4]. The total SH
output intensity from a fibre is then given by the
convolution of the Ak distribution function f(Ak) with
the spread function corresponding to the lengths of a

segment
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I(ak) = f(Ak-Ako)sincz[%AkOSL] dak, (5.50)

8t——8

A Jlower 1limit for the SH-output intensity is then
obtained if we assume that only one fibre section has
Ak=0 and we neglect the contributions from all other
fibre sections. The SH intensity is then given by
(5.30). The half-width 6w of the resulting sinc-function
may be obtained by scanning the pump-wavelength and
measuring the SH conversion efficiency as shown in Fig.
5.3. A lower 1limit for the coherence length is then

estimated from

2
~ 102 (5.51)

for pump-wavelengths around 1.064um, where b and a were
defined in section (5.7.1.1). From (5.51) and using the
value of 1lnm for 63 from Fig. (5.2), it may be calculated
that the fibre described in section (5.6.1) has a lower
limit for the spatial coherence length of 1.5cm. Tighter
diameter control gave a half-width of 0.5nm and a
coherence length of 3cm. This 1is considerably shorter
compared to coherence lengths, L.yop=30cm, obtained in
fibres having an internally written x(2)-grating.
Spatial coherence may be further increased if external
gratings are used for phasematching, since both the
fundamental and SH may then propagate in the same-order
mode, which reduces the negative effect of wave-guide

imperfections on phasematching.

Apart from the total spatial coherence length in a fibre,
the repeatability of the centre frequency xy of the
phasematch peak is also important. Ag is a function of
the glass refractive index and core diameter. However, it
may be shown that variations in refractive index are
negligible compared to core diameter fluctuations in
determining wgll4]. Thus to a good approximation it is

only necessary to consider variations of wy as a
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function of core diameter variations ¢a, and we may

therefore write

Jw

_ 8Ak
anrk
0

Swo = sa (5.52)

dac v

ac

where a.; is the core diameter at a given frequency wg,
which corresponds to perfect phasematching. For a fibre
design with a NA=0.30 phasematching between the LP;; and
LPy, modes is obtained for a V-value V=2.0 and a core
radius of 1.2um. Assuming a total fibre diameter of
92um, an increase in fibre diameter of 1uym leads to an
increase of the centre wavelength, 1p, of 7nm. Since
fibre diameters may only be controlled to within 0.5um,
we may expect a repeatability of igp of about i2nm.

repeatability, which, however, are expected to show up
only if fibre samples are taken that are at least several
tens of meters apart. Thus, it may be seen that the fibre
is very uniform over at least very short sections, since

diameter variations of less than 0.05um or core diameter
variations of only about 1lnm in a 3cm length of fibre.

5.7.1.3 Group-Velocity Walk-Off

Temporal walk-off between the fundamental and SH wave due
to group-velocity dispersion leads to a further reduction
in interaction length. For diffraction limited pulses we
may approximate temporal walk-off in a fibre length L by

6t =

o

[Neo(2w) = Neg(w) ]y (5.53)

where n.,(v) 1is the group refractive index at the
frequency w. Thus for a fibre of 1length IL=im and
Neo(2w)-Np(w)=0.012 we obtain a temporal walk-off of
§t=40psec, which for a pulse length of 100psec leads to a
reduction in coupling between the two waves of about

40%.
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5.7.1.4 Absorption

The creation of permanent second-order nonlinearities
leads to high losses in the fibre (see section 6.10). In
fact losses of up to 20dB/m at 532nm have been measured.
Therefore it is useful to briefly discuss the effect of
absorption on SH conversion efficiency. In general the
fibre loss 1is several orders of magnitude higher at
blue/green wavelengths than at infrared wavelengths.
Hence we only assume a loss coefficient o for the SH.

Equation (5.11) is then modified to

[d -a]Ezw(z) = irexp(iakz), (5.54)

where ¢ has been defined in (5.28). Solving this equation

in terms of intensity we obtain

P“Y(z) = ¢e™% , (5.55)

where ¢ has been defined in (5.30). For Ak=0 the maximum
is obtained for 2z=2.2/a, which may be interpreted as an

effective interaction length of 2=1/e. The conversion

ibre is then simply calculated by

fu
[
(0]
n
n
W
I
[

n-F-F-ir‘-innr-Y n
using the effective interaction length and setting «=0 in
the above expression. A loss of 20dB/m corresponds to an

effective interaction length of 22cm.
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5.7.2 Limitations due to Competing Nonlinear Effects

5.7.2.1 Intensity-Dependent Refractive Index

The intensity dependence of the refractive index for

plane parallel 1light of frequency w may be written
as[34,35]

1672 (3)

én = =ptu-w)I(wv), (5.56)
e (o) x1117 (w=wtw )

where I is the intensity of the optical wave at frequency
w. For an optical power of 1kW in a 4um diameter fibre at
1.064pm and using the value x(3)7771= 2.0x10-14esu (see
Appendix 6.II), we obtain §n~4x10~-6., Thus a phase-shift
of » is generated in 12cm of fibre. It is clear then that
when optical wave-trains consisting of pulses of
different intensities (as generated via simultaneous
mode-locking and Q-switching) are launched into a fibre,
each pulse sees a different refractive index, which leads
to a loss of the fixed phase-relations between the
fundamental and SH-wave. This is not important when
coherence lengths are already short. However, for
internally written x(2)-gratings, the coherence length at
this intensity is then reduced to less than 12cm and it

is thus useful to write x(2)-gratings at lower

intensities.
5.7.2.2 Self-Phase Modulation

Self-phase modulation in fibres leads to a frequency
broadening of the optical input wave, which |is
proportional to the derivative of the phase perturbation
given by the intensity-~dependent refractive index. The
frequency broadening is written as[36,37]

3
3 2x6nL _ 3275 L (3) oI
sw(t) = 282 = 8 2x6nL _ 3 . x$31,28,  (5.57)
at max at A cn< A ot [max’
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where L is the fibre length. Self-phase modulation is
thus only important when very short pulses are used.

Assuming a Gaussian pulse shape
I(t) = Ipexp[-2(t/ty)?] (5.58)

with an 1/e width of tp=100psec and a power of 1lkW in a
4um diameter fibre we obtain \

§w = 2.6GHz/cm. (5.59)

This gives a limit for the temporal coherence length in
internally written x(2)-gratings of L.gp=23cm. The
intensity dependent refractive 1index is therefore
dominant in reducing the effective grating length at this

pulse width.

The intensity-dependent refractive index and self-phase
modulation may be used for varying the width of the
phasematch peak in internally-written x(2)-gratings and
provide the opportunity for limited tuning of the pump-
wavelength for SHG at the expense of a reduced coherence
length. Fig. (5.4) is a measurement of the bandwidth of
an internally-written x(2) grating obtained by using a
YAG laser operating Q-switched only (pulse-width=200nsec)
and also Q-switched and mode-locked (pulse-
width=100psec) in the writing process. Optical input
powers delivered from mode-locked and Q-switched pulses
were about 5 times more intense than delivered from Q-
switched pulses. The bandwidth in the latter case is
0.04nm and in the former case it is about 0.2nm, showing
the broadening of the x(2)-grating due to self-phase
modulation and the intensity-dependent refractive index.
From (5.49) the coherence lengths for the two cases are

calculated as 20cm and 4cm.
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5.7.2.3 Stimulated Light Scattering

Stimulated light scattering in optical fibres is caused
by the interaction of high intensity light with material
excitational waves. These may be high energy optical
phonons arising from molecular vibrations as observed in
Raman scattering or lower energy acoustic phonons arising
from wvibrations of the crystal 1lattice as seen in
Brillouin scattering. Several other stimulated 1light
scattering mechanisms also exist[2%4], which however are
of less importance in glass optical fibres and are
therefore not discussed here. The frequency conversion of
light by stimulated 1light scattering processes leads
necessarily to a loss of pump power for SHG. We outline
here the power 1levels and fibre ths at which

stimulated light scattering becomes significant in order
to establish the importance of these effects in

frequency-doubling.

5.7.2.3.1 Stimulated Raman Scattering

Stimulated Brillouin scattering has been theoretically
described by Bloembergen(38]., He showed that it is a
third-order nonlinear effect, which may be treated by a
set of coupled-wave equations similar to (5.6). In this a
pump wave of amplitude Ep and frequency wp couples to a
Stokes wave (Eg and wg) via a molecular vibration wy,
such that wp-wg=wy. In the slowly varying amplitude
approximation the <ccupled-wave egquations for ©plane

polarised light are written as

d ap —izww; (3)
[__ + __]Ep = _ - (w wp+w -w )IESI E (5.60a)
dz 2 kPc2
d o i2nw
P - s (3) =
[__ + __]Es s (wg=ugtug-up) |Ey | E_, (5.60b)

dz 2 kSc2
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where x(3)p is the Raman nonlinear susceptibility, which
is the negative imaginary part of the third-order
nonlinear susceptibility. It may be seen that
phasematching is automatically achieved due to the mixing
of the photons like wp=wptwg-wg. Assuming zero pump-
depletion due to the nonlinear process, the solution for
the intensity of the Stokes wave is obtained as

[l-exp(—apz)]
I (2z) = IS(O)exp[gRIp - asz], (5.61)
%p

where gg is the Raman gain coefficient

*
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The critical pump power P., required to give rise to a
pump and Stokes wave of equal intensity in a fibre length
L was derived by Smithl3°] by integrating the amplified
spontaneous Raman emission over the whole fibre length.

 JONN T mal 24 13 mm £31liann smaccmoaad mans < Y eras -
For typical silica fibre parameters P., is given by

P =~ 16[ A o ], (5.63)
gRl—exp(-aL)

where o is the fibre attenuation and A is the fibre core
area. At SH-pump powers of P.,, the SH-conversion
efficiency is reduced by a factor of two. Assuming a pump
power of 1000W, a core diameter of 4um, neglecting
absorption and using the value of gg=9.2*%10-1% m/W at
1.064uml40], we obtain that the pump and the Stokes wave
have equal intensity after L=2m. The significance of
stimulated Raman scattering in 1limiting useful fibre
lengths for SHG is therefore one order of magnitude
smaller than the intensity-dependent refractive index
and may be neglected as long as fibre lengths shorter

than lm are used.
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5.7.2.3.2 Stimnlated Brillouin Scattering

Stimulated Brillouin scattering only occurs in the
backward direction, since no frequency shift is obtained
in the forward direction. The analysis of the effect is
similar to the treatment of stimulated Raman scattering.
Critical powers for optical fibres were derived by
Smith(39], Assuming an optical input in form of pulses,
the interaction 1length for backward amplification is
reduced to the pulse length L. Neglecting pump absorption
during the pulse length the critical power for typical

silica fibres is obtained as

P_=21_%8 (5.64)

AvprL

where gg is the Brillouin gain coefficient and Avp/Avp is
the ratio of the linewidth of the Brillouin gain spectrum
and the pump-laser. This ratio has to be included in
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linewidth of only 30MHz at 1.064um[40], which is small
compared to a typical laser linewidth of several GHz. On
the other hand the Raman gain linewidth is several THz
and thus it is large compared to a typical laser
linewidth. The Brillouin gain scales as 1/A2 and was
measured at 1.064um as gp=4x10-11(m/W)[40], Assuming an
interaction length of 20cm (pulse or fibre length), a
core diameter of 4um and a laser linewidth of 30GHz
(=lcm-1), we obtain for the critical power P.,.=30kW. A
reduction in 1linewidth by a factor of 30 in order to
increase the temporal coherence length reduces the
critical power to 1kW. However, as seen 1in section
(5.7.2.2), when pulses of this intensity and 20cm length
are launched, self-phase modulation leads to a frequency
broadening of 2.6GHz/cm and thus prevents the build-up of
stimulated Brillouin scattering. Hence stimulated
Brillouin scattering becomes the dominant stimulated

light scattering mechanism only at narrow laser 1line
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width and long pulse-lengths. The critical power of 1kW
in an interaction length of 20cm may be compared to the
nonlinear refractive index. In section (5.7.2.1) it was
shown that 1kW of pump power leads to a phase-shift of «
in 12cm of fibre. Thus both effects are then similarly
effective in reducing the SH conversion efficiency
provided the pulse length is long enough to prevent self-
phase modulation, i.e. longer than about 1 nsec. In the
experiments performed here, laser 1line width of about
30GHz or pulse width of less than 500psec have always
been used and thus the effect of stimulated Brillouin

scattering may then be neglected.

5.7.2.4 Electrical and Optical Dielectric Breakdown

Dielectric breakdown limits both the creation of second-

order nonlinearities and their exploitation. Here we are
concerned with both dc-electric breakdown and breakdown
at optical frequencies. Dc-electric breakdown limits the
electric field that may be used for externally aligning
defect centres (see section 5.10) and also the strength
of the dc-field in electric-field-induced harmonic
generation (see section 5.8). Optical breakdown limits
the optical power that may be launched into fibres both
for the excitation of defect centres (see section 5.10)
and harmonic generation.

Dielectric breakdown in solids may occur because of
several mechanisms. The most common is due to electron
avalanche ionisation. The requirement for this is that
free electrons exist in the conduction band of the solid,
which may occur due to thermal excitation or due to
ionisation via a multi-photon absorption process. The
free electrons may then absorb energy from the optical
field in collisions with lattice atoms or be accelerated
by the electric field until they have enough energy to
ionise surrounding atoms. This eventually leads to an
electron avalanche process and results in catastrophic
local heating of the solid and visible damagel24].
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Dc-electric breakdown was investigated by Moon and
Norcross[4l]. They measured that a silica film of 20um
width could withstand fields of up to 200V/ym at room
temperature. This is in fact 1less than obtained in
germanosilicate fibres. For a fibre design as described
in section (5.10) with an electrode spacing of 20um
fields of up to 400V/pym could be applied. This
corresponds to an optical intensity of 31GW/cm?2 and
demonstrates that no edge effects lower the breakdown

threshold.

Recently it has also been shownl[#2] that when very large
dc-electric fields (>100V/um) are applied to silica glass
over several hours, colour centres are introduced into
the material. Losses up to 10dB/m have been measured at
532nm after the appiication of a large £field. This
indicates that the electrons may be accelerated such that
they break bonds in the glass without causing electric

breakdown.

Optical breakdown in solids was investigated by Smith et
all43] using picosecond pulses and in silicate glasses by
Glebov et all44] using pulses of 25nsec width. Glebov
found that for photon energies smaller than half the
band-gap energy breakdown occurs for optical intensities
of the order of 500GW/cm?2, where the optical breakdown
intensity is defined as the intensity at which there is a
50% probability of optical breakdown to occur. For
higher photon energies two-photon absorption leads to a
reduction in threshold by a factor of 50.

In the experiments performed with germanosilicate fibres
it was found that when using 6nsec pulses delivered from
a dye laser breakdown occurred at intensities of only
56W/cm?2 for blue 1light of wavelength 1=480nm. For
wavelengths around 1um breakdown thresholds of about
10GW/cm? were obtained. These much lower breakdown
thresholds may be explained by fibre end-face
imperfections, which give rise to strong local fields at
sharp edges and a reduction in threshold power. Further,
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the 1laser 1light was slightly multi-moded (especially
around 1lum) leading to hot spots outside the fibre core
area and optical damage. Using ultra-polished fibre end-
faces and spatial filters to clean-up the laser mode, it
should be possible to raise the breakdown thresholds to
the levels published by Glebov.

Using a YAG laser emitting 100psec pulses at 1.064um
threshold intensities of the order of 100GW/cm? were
obtained. The improvement is due to the better spatial
profile of the YAG laser beam and also the approximately
inverse dependence of optical breakdown threshold on

optical pulse length.

5.7.3 Summary of Limiting Mechanisms

In conclusion we have found that spatial coherence limits
the coherence lengths achievable when modal phasematching
or phasematching via externally-written x(2)-gratings is
considered. Maximum coherence lengths of about 3cm have

mentally verified for modal phasematching

Temporal coherence and the intensity-dependent refractive
index are the dominant mechanisms limiting coherence
lengths when internally-written x(2)-gratings under the
following typical writing conditions are considered:
mode-locked and Q-switched pulses of 1kW peak intensity,
100psec pulse width and lcm-! bandwidth delivered into a
4,m diameter fibre core. Coherence lengths of up to 4cm
have been so demonstrated. By operating the writing laser
only in the Q-switched mode, coherence lengths up to 20cm

have been measured.
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5.8 Second-Harmonic Generation Induced by an Electric

Field

Electric-field induced second-harmonic generation (ESHG)
was first observed by Terhunel45.46] in calcite. The
generation of SH light in ESHG is governed by the third-
order nonlinear susceptibility x(3)(2w=w+w+0), which
produces an effective second-order nonlinearity in the
material. The amplitude of the nonlinearity in a fibre is

given by
PYL = 1, (3)  (2uy=w+wt0)[Egc (E¥+ E¥)O0;+2E (B, -E¥)0q].
2w 1111

3 (5.65)
The overlap integrals may be calculated from (5.20). For
plane polarised light the effective nonlinearity reduces
to

PIL = x{3), (2v=w+u+0)Eq E¥E¥Oq, (5.66)

where the overlap integral 0Oy is again obtained from
(5.20). By defining the effective second-order
nonlinearity x(2)gc=(x‘?7111)es£=x‘371111B4c, the SH
power generated may be calculated by using (5.30). For a
field strength at the dielectric breakdown 1limit of
silica, i.e. Ey4,=400V/pm and wusing the value for
x(371111=2.0x10-2% esu (=2.7x10-22 m2/v2) as conver
into our notation from measurements of the nonlinear
refractive index at 1.06um (see Appendix 6.II), we obtain
x(2)3.=2.7x10-10 esu (=5.5x10-14 m/V). This is only about

9 times smaller than the value of x(2) of KDP
(x(2) (KDP)=2.3x10-2 esu)[24] at this wavelength.

Since x(2)4. is symmetric, phasematching of a fundamental
wave in the fundamental mode is only possible to
symmetric higher order modes. The overlap integral for
modal phasematching between the LPp; and the LPy, or LPp3
modes as a function of V-value is plotted in Fig. (5.3).
Independent of pump polarisation, the SH is always
polarised parallel to the dc-field. The intensity of the
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SH~wave 1s proportional to the square of the dc-field

strength.

Measurements of modally phasematched ESHG were made in a
germanosilicate fibre doped with 0.5 mole%¥ P;0s5. The
fibre had a NA=0.25, a core radius of 2.3um and a length
of 20cm. The fibre had a specially designed D-form with
internal electrodes (see section 5.10) which allowed the
application of fields up to 400V/ym. The fibre core was
elliptical with an aspect ratio of 1/2; the major axis of
the ellipse was aligned with the dc-field to within 10%.
The fibre phasematched the LPp; to the LPgp; mode at a
wavelength of 1=1.208ym. The SH conversion efficiency as
a function of wavelength is plotted in Fig. 5.3. The
phasematch peak has a half-width of 1lnm corresponding to
a coherence length of 1.5cm as discussed in section
(5.7.1.1). The SH conversion efficiency as a function of
dc-field strength is shown in Fig. (5.5). It may be seen
that indeed the SH output power is proportional to the
square of the dc-field strength.

The SH signal as a function of time after the dc-field
was switched on or off is shown in Fig. (5.6). The
measurement was obtained by launching pulses from a
Raman-shifted dye 1laser (30Hz repetition rate) and

1 in the ©SH output signal in a digitising
oscilloscope. The peak pulse power was limited to 40W in
order to avoid writing any x(2) gratings into the fibre
and the applied electric field was 125V/ym. Each
measurement point in Fig. (5.6) is an average of 100
pulses, which thus corresponds to an acquisition rate of
measurement points of 0.3 per second. Each data point was

transferred to a computer and stored.

We see that the SH-signal almost simultaneously
appears/disappears (within the sampling rate} with the
switching on/off of the dc-field. Even when the dc-field
was left on for 15 minutes and high-intensity infrared
light (A=1.208um) was launched into the fibre, no
measurable increase of the SH signal was noticed. Also,
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once the dc-field was switched off the SH signal dropped
to the same base value measured prior to the ’'treatment’.
This is in contrast to results published by Mizrahi et
al.[47] who used external electrodes for a similar
measurement and claimed that a long response time, of the
order of several 10’s of seconds, of the ESHG signal in
fibres to a dc-field exists. Similar effects were
noticed in my work only when external electrodes were
used to create a dc-field, which indicates that external
electrodes tend to collect surface charges over a period
of time, which counteract the applied electric field.

The maximum SH conversion efficiency obtained with an
applied field of 125V/uym and an optical input power of
40W was 0.002%. The overlap integral was calculated as
05=11%, which indicates that much higher conversion
efficiencies are possible when external gratings are used
for phasematching. However, the dc-fields will then have
to be smaller, since edge effects will reduce the
breakdown field strength. Another way of increasing the
SH-conversion efficiency is to use lead based glasses,
which have a up to 5 times higher third-order nonlinear
susceptibility than silica, which would thus give rise to

an increase in the SH signal of 25 times.

The observed SH-conversion efficiency may be compared to
equation (5.30). For the fibre parameters given above and
assuming an effective fibre 1length L equal to the
coherence length of 1.5cm, where perfect phasematching is
obtained, equation (5.30) predicts a conversion
efficiency of 0.001%. This is in good agreement with the
experiment. The discrepancy is due to the fact that the
influence of coherence lengths shorter than the actual
fibre length was not accounted for and therefore the
assumption o©f perfect phasematching in a fibre length
equal to the <coherence 1length is only a crude
approximation to the real situation. Further, the value
used for x(3) is only approximate. x(3)(v=wtw-w) for
the intensity-dependent refractive index and



119
x{3) (2u=w+w+0) for ESHG are the same only in dispersion

and absorption free materials.

5.9 Effective Second-Order Nonlinearities due to

Quadrupole and Magnetic Dipole Moments

SHG induced by electric quadrupole and magnetic dipole
moments is assumed to be relevant to the formation of
x(2) gratings generated from noise, i.e. over a period of
several hours when only 1light at the fundamental
wavelength is launched into a fibre. The nonlinearities
induced by electric quadrupole and magnetic dipole
moments may be treated as an effective second-order
nonlinearity which then allows the application of
equation (5.30) to calculate the power of the generated

nonlinearity is known.

Quadrupole-induced SHG was first observed by Terhune in

Calcitel%3] and subsequently treated theoretically by
50]  and

Archan| 48] 2dler[49] el DY rambhacman ] 510 T
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recently by Paynell5] and Terhune and Weinberger(1l4] for
the specific case of harmonic g¢generation in optical
fibres. The nonlinear polarisation for isotropic

materials may be written to second order in E as([153]
P = yE+aiE(divE)+a, (E.grad)E+a3 Ex(curlE), (5.65)

where y is the linear susceptibility and «; and «, arise
from electric guadrupole interactions and a3 arises from

magnetic dipole interactions.

When the SH-wave is not phasematched to the fundamental
wave, as is usually the case at the start of the x(2)
writing process, the term with «; is small compared to
the terms with ey and a3. Further, it may be shown that
as=a3. The terms with e, and o3 lead to a coupling of the
fundamental wave in the LPy; mode to the SH in the LP;,
mode. In optically induced x(2) gratings generated from
noise the SH wave is indeed seen to be propagating in the
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LP;; mode, which indicates that quadrupole interactions
contribute to the formation of x{(2) gratings. Paynell5]
has calculated the overlap integral between the LP;y; and
LP;, mode using a Gaussian approximation for the modal
field distribution and has defined an effective second-
order nonlinearity as the product of the quadrupole and
magnetic dipole nonlinearity with the overlap integral.

His result in SI units is

2 (neo-nc1)t/2
2 =2 (8k)asz, (5.66)
Dcosp

(
e

X

where ay was calculated using a classical dispersion
analysis and was obtained as a;=1.8x10-33 in SI units for
silica glass. For a typical non-phasematched fibre
x(2)ogg is  then calculated as x(2)_£e=10-17m/V
{=2.4x10-14 esu). It is interesting to compare the
effective x(2) due to gquadrupole interactions with the
effective x(2)4, due to ESHG. Assuming again non-
phasematched harmonic generation and conversion from the
LPp; mode to the LPg,; mode, we fiind that a field of only
=~0.4V/um is necessary to generate the same SH signal as
that due to quadrupole interactions.

5.10 Second-Order Nonlinear Phenomena by Alignment of

Defect centres

5.10.1 Physical Processes

As pointed out in section 5.3.1 the presence of second-
order nonlinearities is due to a material being non-
centrosymmetric. Since glass is an isotropic material, it
is also centrosymmetric and therefore the lowest-order

nonlinearities are of third order.

However, it may be envisaged that the centrosymmetry may
be broken by defect centres. Is is well known that
electrons or holes may be trapped at defect sites[31]. A
defect site with a +trapped electron breaks the
centrosymmetry and leads to a local dipole moment. If
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electrons or holes are trapped at defect centres in an
ordered way, the sum of the 1local dipole moments
may eventually give rise to a second-order nonlinearity.
The ordering of electrons or holes could be accomplished
by applying a dc electric field across the glass, which
could favour trapping electrons facing the anode or holes

facing the cathode.

Free electrons and holes may be created in a number of
ways. In germanosilicate glass the following process is
known. 1In oxygen deficient germanosilicate glass as
encountered in as drawn optical fibres GeO exists in
addition to Ge0y[32]. A basic model (taken from ref. 53)
for the coordination of GeO in the glass matrix is shown
in Fig. 5.7. In this covalent Ge=Ge bonds with a
characteristic absorption band at 240nm exist[52], These
bonds may be broken by ionising radiation (UV or nuclear
radiation) leading to the formation of Ge E’ defect
centres with a trapped hole and free electrons{33]. as
shown 1in section 5.10.3.2.1 two-photon absorption of
intense 1light of wavelength 480nm may alsc lead to
excitation into the 240nm absorption band and breaking of
Ge=Ge bonds. Generalising this discussion, multi-photon
absorption or third-harmonic generation in fibres may
also lead to the breakage of bonds and the creation of
free electrons. In addition, as discussed in section
5.7.2.4, in the presence of very strong external dc
electric fields (>100V/gm) applied to the (glass,
thermally excited electrons in the conduction band may be
accelerated to high energies and also break bonds giving
rise to colour centres. This effect is in fact a

precursor to dielectric breakdown.

Once the free electrons are created, electron trapping
sites are provided by four-coordinated Gel33] as shown in
Fig. 5.8. The resulting defect sites are known as Ge(1l)
and Ge(2) centres[53]., In what way the application of a
dc-electric field leads to an alignment of Ge(l), Ge(2)
or Ge E’ centres and whether these defect centres lie at
the root of second-order nonlinearities is not yet known.
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Information about the underlying exact physical
mechanisms could be obtained by relating ESR measurements
of the concentration of Ge E’, Ge(l) and Ge(2) centres to
measurements of the magnitude of the defect centre
induced second-order nonlinearity. In section 5.10.3.2
experimental evidence is presented, which indicates that
the breaking of Ge=Ge bonds and the formation of Ge E’
colour centres indeed plays a significant role in the

creation of second-order nonlinearities.

From a practical point of view, the following technique
has to be applied to generate second-order
nonlinearities: defect centres have to be excited and
simultaneously a poling field must be applied to enable a

defect alignment mechanism to take place.

As shown in section 5.6.3 simultaneous launching of a
fundamental wave and its SH into an optical fibre leads
to the generation of a spatially varying dc-electric
field in the fibre along which defect centres excited by
a multi-photon process may align. The magnitude of the
induced (2’ is very small and may only be used for SHG
or possibly three-wave mixing. This technique is

discussed in section 5.10.2.

Another technique for the creation of second-order
nonlinearities is to excite defect centres by intense
blue radiation or strong dc-electric fields and to
simultaneously apply a poling field along which defect
centres may align. The x(2) induced by this technique
(i.e. externally induced second-order nonlinearities) is
up to 26 times larger than achievable by internally
writing a x(2)-grating. The technique may potentially be
used for the demonstration of all second-order nonlinear
effects, which are already known in crystals. So far,
only SHG and the Pockels effect have been demonstrated in
poled optical fibres and a detailed discussion of these

effects is given in section 5.10.3.
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5.10.2 Second-Harmonic Generation in Internally-
Written ,(2)_Gratings

5.10.2.1 Formation of y(2)_Gratings from Noise and

by Seeding

Second-order nonlinear susceptibility gratings may be
written into fibres using either only a pump wave (from
noise) or a pump-wave with its SH (by seeding). In the
latter case the formation of a grating takes several
hours, where in the former case the time is reduced to a
few minutes. y(2)-gratings may be written into pure
germanosilicate fibres and germanosilicate fibres doped
with phosphorus[54]. However, it was found that silica
fibres doped with both GeO; and P,05 produce the hlghest

fi181 27 - {2) mmmd 2o e <5 Tmem
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second-order nonlinearities
written into pure silica-core fibres and only very weak

gratings may be written into fibres doped with only

phosphorus([341],

™

In order for the formation of a yx{2)-grating from noise
to occur, peak intensities of typically more than
10GW/cm?2 have to be launched into fibres for wavelengths
around 1lpm. When x(2)-gratings are formed by seeding, the
threshold intensities are reduced and x(2)-gratings have

been written using peak intensities of only 1GW/cm?2 .

x(2) -gratings have also been written from noise using a
fundamental wave of wavelength 1=647nm and peak powers of
only 5GW/cm?[35], where the time for the preparation
process was reduced to only a few minutes. Further, it
has also been shown that x(2)-gratings may be written by
launching a fundamental wavelength of 1.32um using a
seeding technique and peak intensities of 2GW/cm2(56].
In all cases lasers of a high repetition rate, i.e.>1lkHz
have been used in the writing process and it has not been
established yet whether gratings may be written by using

lasers of lower repetition rate.

A standard experimental set-up used for the writing of a
x(2)-grating is shown in Fig. 5.9. A LiIO3; crystal may be
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inserted into the fundamental laser beam to generate the
coherent seed ©SH. The intensity of the launched
fundamental and seed SH wave is measured by the
calibrated detector D; and after given time intervals,
the seed SH is blocked and the SH conversion efficiency
measured by detector D, . A monochromator is used in order
to filter out the SH signal and to reject signals due to
third-harmonic generation and four-wave mixing.

A typical measurement of the formation of a x(2)-grating
as a function of time is shown in Fig. 5.10. The growth
of both a x(2)-grating generated from noise and by
seeding was monitored. In this, a fibre doped with 7%
GeO; and < 1% P,05 with a core diameter of 5um was used.
Pulses of wavelength 1=1.064pum, 10kW peak power, 100psec

-3 At 3 I
width and vered from a mode-

locked and Q-switched YAG laser were launched over a
period of time. For the fibre prepared by seeding, the
seed SH had an intensity of 4% of the fundamental wave.
The formation of a x(2) grating from noise takes about 10

l1kHz repetiti

hours and the formation of a yx!{2)-grating by

accomplished after about 15 minutes.

The growth of the SH-signal along the fibre length was
measured by side-scatter. The experimental set-up is
shown in Fig. 5.11. For ease of measurement the
fundamental wave was launched from the back of the x(2)-
grating. The bandwidth of the x(2)-grating could also be
obtained along the fibre length by scanning the pump
wavelength and measuring the SH conversion efficiency. In
this, a wavelength-tunable Raman-shifted dye laser (6
nsec pulse width and 30Hz repetition rate) was employed
to provide the pump wave. The result of the measurement
of the evolution of the SH signal along the fibre due to
a x(2)-grating written from noise is shown in Fig.
5.12. It may be seen that in this fibre the main
contribution to the SH signal is generated in the last
S5cm of the fibre, which is in good agreement with the
temporal coherence length of this grating, which was
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calculated from (5.49) and the FWHM spectral width
(Ax=0.24nm) of the grating as L.,h=3cm.

The polarisation dependence of the SH conversion
efficiency was established in x(2)-gratings written from
noise and by seeding. Here all waves used in the writing
process were linearly polarised and parallel to each
other. It was found that the highest conversion
efficiency was obtained for a pump polarisation parallel
to the polarisation of the writing wave, where the
polarisation of the SH was also parallel to the direction
of the writing wave. The conversion efficiency was
proportional to cos%(e), where o is the angle between the
direction of the polarisation of the writing waves and
the read-out waves. This confirms that the dinduce
second-order nonlinear susceptibility tensor consists of
only one dominant component x(2);;;, which is oriented
parallel to the internally-generated dc-field.

The reciprocity of a x(2) grating written by seeding was

=7 cornF i rmad mhe waeTra
also coniirmed. The results were that 1ndependent of

whether a x(2)-grating was read-out from the front or
back end, the phasematch wavelength and the polarisation
direction giving the highest SH conversion efficiency
were the same. However, when gratings were written and
read out at wvery high optical intensities, the H

conversion efficiency was found to be higher when
launching from the front end owing to nonlinear

o~

limiting mechanisms not being reciprocal.

The launching of high intensity light into the fibre and
the creation of a x(2)-grating led to large increases in
fibre loss. Typically, induced losses up to 10dB/m have

been measured
centres are being created by the writing process. So far

however, it has not been established whether the

-
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formation of colour centres is due to third or second-
harmonic generation or multi-photon absorption. It
appears that colour centres may be written into fibres at
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any wavelength as long as the launched peak intensity is

high enough.

The highest SH conversion efficiency obtained with an
internally-written x(2)-grating to date was 13% with a
pump intensity of 10GW/cm? as demonstrated by
Farries[19]. In this, the same highly-birefringent fibre
as discussed in section (5.10.2.4) was wused. The
coherence length of this fibre was 20cm, from which
(5.30) allows the calculation of the magnitude of the
induced second-order nonlinearity. Assuming an overlap
integral of unity between the fundamental and SH-wave, we
obtain x(2)=2x10-11 esu, which is in good agreement with
the value of y(2) measured by other workers. The induced
x(2) i
nonlinear susceptibility for KDP at this wavelength.
Higher wvalues for the induced nonlinearity may be
obtained by using strong external dc-fields in the
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writing process.

In order to verify that a x(2)-grating is formed by high

intensity light a series of experiments have been carried

out and these are discussed 1in sections (5.10.2.2-

5.10.2.4).

5.10.2.2 Temnerature Effects

The dependence of the refractive index on temperature and
thermal expansion may be used for limited wavelength-
tuning of a x(2) grating. In order to measure the
dependence of the SH conversion efficiency and the
phasematch wavelength on temperature a prepared P,0Og5 and
GeO, doped fibre with a x(2)-grating was spliced into
two pieces of untreated fibre and then totally enclosed
inside a furnace with the two end pieces of untreated
fibre kept outside. Laser 1light could then easily be
launched into one fibre end and the SH signal measured at
the other end. The fibre was then kept at given

temperatures for periods of 15 minutes each and after the
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end of each period, the position of the phasematch peak
and the SH conversion efficiency were measured. No
attempts were made to compensate for a non-uniform
temperature distribution inside the furnace, which led to
a broadening of the FWHM width of the phasematch peak at

elevated temperatures.

The temperature-dependence of the phasematch wavelength
and the SH conversion efficiency are shown in Fig.
5.13. From this we obtain that the phasematch wavelength
shifts by 0.04nm/°C towards the infrared. The SH
conversion efficiency stays constant up to about 100°C
and then detiorates rapidly with a further increase in
temperature. At 400°C the SH conversion efficiency is
only about 10% of the initial value at room temperature.
However, it was found that over a period of months the
strength of a x(2)-grating deteriorated even at room
temperature. Therefore, it is wuseful to cool x(2)-
gratings in order to keep high conversion efficiencies
over long periods of time and for wavelength tuning. By

cooling a fibre to 1liquid nitrogen temperatures; the

phasematch wavelength would be shifted by about 8nm

towards the blue end of the spectrum.

It is interesting to note that the induced loss in
P,05~-doped germanosilicate fibres could not be bleached
by heating up to temperatures of 300°C. This indicates
that the aligned defect centres created by high intensity
light redistribute themselves without disappearing once
the temperature is raised. Another possibility is also
that the aligned defect centres transform into other
defect centres with a similar absorption cross section.
In order to obtain an improved knowledge of how defect
centres are transformed and affected by temperature ESR
measurement would have to be carried out.
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5.10.2.3 Fibre Stretching

A fibre-stretching experiment was performed in order to
confirm the presence of a x(2)-grating in an optical
fibre and to demonstrate fine-tuning of the phasematch
wavelength. Here a uniform uniaxial stress is applied to
the fibre, which changes the unstretched x(2)-grating

period, Ay, to
A’ = Ag(1l+al/1), (5.67)

where Al/]l is the relative longitudinal elongation of the
fibre, which may be calculated from Young’s modulus and
the applied stress. In addition, the applied stress leads
to a decrease in refractive index by An, which may be
written for Al/l<<l asl537]

n = Cn3(ar)(al/1), (5.68)

where C=0.102 is a constant derived from Poisson’s ratio
and the relevant components of the elasto-optic strain
tensor, and n()x) is the refractive index at the
wavelength ) of interest at zero stress. The wavelength
Ap at which phasematching occurs for a given applied

stress may be thus calculated from

1 2
= __[n'(Ap/Z)-n’(Ap)], (5.69)
A’ Ap
where A’ is given by (5.67) and n’(Ap) and n’(xp/2) are
the effective phase refractive indices at the pump and

SH wavelength given by

( - R
n’'(x) = lb[ (NeotANeg )€~ (Nc1+ANncy ) 1/

1/2 (5.
[(nco"'Anco)z'(ncl"'Ancl)2]] (5.70)

where b is the normalised propagation constant and Ang,,
An.; may be calculated using (5.68).
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The stretching experiment was performed on a fibre with a
numerical aperture NA=0.183 and an outer diameter of
100pm. The cut-off wavelength for the LP;; mode was
Ac=703nm. However, both the pump and the 8H were
propagating in the LPy; mode. The experimental
arrangement is shown in Fig. 5.14. Here the grating end
of the test fibre was glued into a disk containing
weights in the range from 0-150g. The grating end was
then spliced onto a dummy fibre which directed the output
onto a detector. Wavelength-tuning was achieved by using

the usual Raman-shifted dye laser.

The results of the tuning experiment are shown in Fig.
5.15 along with the theoretically predicted curve

between theory and experiment is obtained, confirming the
presence of a yx(2)-grating which provides phasematching

between the LPj;; modes at the fundamental and SH
wavelengths. The maximum obtainable wavelength shift
before fibre breakage occurred was 0.78nm corresponding

£ N ’)6% £ A £ e Mhitae at+ratrhines
W & OJ- il A ol Boof o o B A b3 bk bt ot e o UUILJ-IIE

cf

o an elonga
a fibre may be a useful tool for fine-tuning the
phasematch wavelength of a x(2)-grating and it may also
be used as a crude stress sensor. Theoretically, a fibre
elongation of 1% should be possible in a good fibre. But
it was found that the stress resistance in the fibre used

here was unusually low.

5.10.2.4 Birefringence Effects

Highly-birefringent fibres may be used for obtaining
frequency-doubled radiation at wavelengths, which are
shifted from the writing wavelength. In order to
calculate the effect of fibre birefringence, we nust
consider the general expression for the dc-field induced
by a pump wave and its coherent seed SH. Employing a
procedure similar to the one used in obtaining (5.31}),
the general form for the induced dc-field is obtained as
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Eqe = %X{:ﬂl [230 (wo ) [Eo (wo )+ Eo (2vwg) ]+
o (200) [Eo (wo) +Bo (wg) I*+c.c.] . (371

It may be seen that the unit vector wuy. along the
direction of the induced dc-field is always parallel to
the polarisation of the seed SH. The following analysis
is simplified if we assume in addition that the seed
waves are launched along the minor or major axes of the
fibre. Since highly-birefringent fibres are polarisation
preserving, the polarisation state of the seed waves is
maintained and depending on which axis the seed SH is
launched, uy, also aligns with that axis. As verified in
section (5.10.2.1), the x(2);;;-tensor element also
aligns with uy.. This may then be exploited for shifting
the phasematch wavelength from the fundamental wavelength
used in the seeding process, if the two seed waves are
launched orthogonally into the fibre.

This may be seen as follows: The two optical seed waves

launched into the HiBi fibre generate x{2)-gratings

oriented along uy. whose grating vectors are given by

Gi 3k (wo) = 220y (209)-nj(wo)-nx(v0) ], (4.72)

Ao
where i,j and k can equal s or f depending on whether the
relevant seed-wave is launched along the slow ar fast
axis. nj(2wg), nj(wg) and ng(wg) are the phase indices of
the seed waves. We can reduce the further discussion to

three simple cases, where we consider

a) seed fundamental and SH || slow axis
resulting grating vector Gggg(wgp), udcllslow axis

b) seed fundamentalllslow axis, seed SH||fast axis

grating vector Gggg(wg), ugc !l | fast axis

c) seed fundamentalllfast axis, seed SHIlslow axis

grating vector Ggff(wg), Uge ! Islow axis

»
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Since x(2)y,; is aligned along uy., the SH is always
generated along uy., where the SH conversion efficiency
is proportional to (uge-E(w))%. Thus the highest SH
conversion efficiency is obtained when the read-out
fundamental and generated SH are aligned with uy..
Phasematching then occurs for a read-out wavelength ),
for which the x(2)-grating vector equals the wavevector
mismatch of the fundamental and generated SH wave, i.e.

when

a) Gggs(wp) = Kggg(w)

b) Gfgs(wp) = Kefg(w) (5.73)

Cc) Ggrf(wg) = Kggg(w)

where w is the optical frequency at wavelength ) and we
define the wavevector mismatch Kjjx in the same way as

the grating vector, i.e.

Kijjk(w) = 2_”[2ni(w)-nj(w)—nk(w)]. (5.74)
A

In case a) phasematching occurs for a wavelength equal to
the seed fundamental. In case b), phasematching occurs at
a wavelength shorter than X; and in case «c),
phasematching occurs at a wavelength longer than ij.
This may also be seen from Fig. (5.16), where the grating
vector was calculated for the fibre used in the
experiments (to be described) for different choices of
fibre axes for the seed waves at 1.064um. The shift in
optical frequency Av (from the fundamental wavelength)
was then estimated as a function of grating vector
frequency. Phasematching is then obtained when the
grating vector Gjjx at av=0 equals the wavevector

mismatch Kj jx-.

To test the predictions obtained from theory a P,05 and
GeOs-doped highly birefringent fibre was manufactured.
The fibre had a numerical aperture NA=(0.24 and the core



132

was elliptical with an aspect ratio of 1/3 (see Fig.5.17)
and an equivalent core radius of 1lgm.. Only the LPj;
mode was guided at 1.064pm. At 532nm both the LPp; and
the LP;; mode were guided. The main contribution to the
fibre birefringence arose from stress birefringence. The
fibre birefringence B()x) was measured as a function of
wavelength using a white-light source  technique.
B(1.064pm) was 4.8x10-4 and B(532nm) was 2.2x10-%. The
birefringence dispersion 4B/3dx was 1.38x10-3 um-1 in the
vicinity of 1.064um and effectively zero at 532nm. Over
the 1m fibre length used in the experiments, cross-
coupling between the two polarisation states amounted to

1% of the total output power.

The phase index of the propagating waves was calculated
using the approximation

ng,f = n(x) t 0.5[B(xg)+(A=20)8B(Xp)/8A] (5.75)

where n()) is the phase index as calculated for a non-
gent fibre by using equations (5.25) and the
approximate form for the solution of the eigenvalue
equation as given by Glogel30]. i, is chosen according to
whether the phase indices are required in the vicinity of

1.064pm or 532nm.

The y(2)-gratings were produced by the seeding technique
described in section (5.10.2.1). The two seed waves were
linearly polarised. The LiIO3 crystal produced the SH
orthogonally polarised to the pump wave. A half-wave
plate (at 1064nm) was inserted after the LiI0O; crystal to
change the relative polarisation directions of the seed
pump and SH. Dispersion in the plate introduced a maximum
10% ellipticity into the writing SH when its polarisation
was aligned at 45° to the plate’s major axis. The
wavelength and polarisation dependence were probed using
the Raman-shifted dye-laser. The probe pulse peak power
was about 10W and the polarisation of the probe pulses
could be adjusted with a compensator.
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The measured conversion efficiency as a function of
frequency deviation Ay from 1.064pym is shown in Fig.
5.18 for the three cases mentioned above. The SH was
generated predominantly in the LPgy; mode. Conversion to
the LP;; mode, which occurs through inevitable minor
radial asymmetries in the input coupling of the SH
writing light, was only observed in case b). Numerical
solutions of equations (5.73) for conversion to the SH
LPp; mode predict conversion peaks at b) of 1.078um and
c) of 1.051pm, which agrees very well with the
measurement. The simple theory does not predict the minor
peaks visible in Fig. 5.18, which have not been explained
satisfactorily yet. However, they are thought to be due
to 1inaccuracies in alignment, the relatively poor
polarisation preserving properties of the fibre (1%

cross-coupled intensity represents 10% in dec-field
terms), and axial nonuniformities in birefringence. These
alignment inaccuracies also lead to substantial
conversion efficiencies when the orthogonal read-out pump
polarisation state is chosen (see Fig. 5.19). The

elliptically polarised conversion peaks suggest that
phasematching is achieved simultaneously at the same
wavelength for both fast and slow pump-waves. This odd
result is an artefact of the inability to resolve several
very closely spaced peaks, some of which are slow and

others fast-polarised.

Finally, it may be noted that it is well known that the
fibre-birefringence may be increased by thermal
annealing. In this, the fibre is heated at a temperature
of about 600°C for several hours. After annealing of the
HiBi fibre described here, the orthogonal seeding
technique produced phasematch peaks shifted by up to
225cm-1 (=%26nm) from 1.064pm. This corresponds to an
increase in fibre birefringence to about 10-3 at 1.064um.
It was found, however, that thermal annealing did not
produce the 'same Dbirefringence consistently, i.e.
typically the obtainable frequency-shift varied between
200 and 225cm-1.
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By pulling the HiBi fibre to a larger diameter, so that
it also guided the LP3, mode and using the orthogonal
seeding technique, frequency-shifts up to 330cm-1 were
obtained for the LPj,; mode.

In conclusion, orthogonal seeding may be used to produce
phasematching at wavelength other than the writing
wavelength. Frequency-shifts up to 330cm~1 (=140nm) were
indeed demonstrated. This technique may also be used to
measure the fibre birefringence and it was confirmed that
a birefringence up to 10-3 may be obtained in a HiBi
fibre. Further, the orthogonal seeding technique does not
lead to a decrease in SH conversion efficiency. In fact
conversion efficiencies up to 5% have been demonstrated
using an input intensity of 10GW/cm? in an orthogonally
seeded HiBi fibre described here. Parallel seeding
produced conversion efficiencies up to 13% in this fibre,
which is the highest conversion efficiency reported so
far. The higher conversion efficiency for parallel
seeding indicates that the x(2) induced by the

internally-generated dc-field may not be saturated, since
the dc-field is by a factor of three stronger for
parallel seeding, which produced an almost three times

stronger conversion efficiency.

5.10.3 Second-0Order Nonlinear Phenomena Using

Externallyv-Induced Second-Order Nonlinearities

The application of large external dc-electric fields to
GeO, and GeO0,/P,05-doped fibres over a period of time
leads to the formation of large second-order
nonlinearities. By simultaneously irradiating the fibre
with high-intensity 1light the time constant of the
process may be significantly shortened and poling may be
achieved at much smaller external dc-fields. The process
is thought to be due to the alignment of defect centres.
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5.10.3.1 Fibre Design and Fabrication

External dc-electric fields equivalent to the dc-electric
breakdown limit may Dbe conveniently applied to
specifically designed optical fibres. The fibre structure
was developed by L. Li. A typical fibre cross section is
shown in Fig. 5.20. In order to produce this fibre shape
a standard MCVD preform is treated in the following way:
Initially, a hole is drilled into the preform on one side
of the fibre core. Then the part of the preform on the
opposite side of the core is removed by grinding. Fibre
pulling is conventional, however, it is necessary to use
relatively low pulling temperatures in order to avoid a
deformation of the fibre. The flat side of the fibre does
not have to be polished to give a sufficiently smooth
surface, since it was found that the pullir
smoothes out the wunavoidable surface irreqularities

introduced by grinding.

An electrode consisting of an In Ga alloy with a melting
temperature of about 20°C is pumped into the fibre hole
at a temperature of about 40°C. The flat side is then
pressed onto a smooth metal plate, which provides the
second electrode. Electrical contact is established to
the liquid metal by inserting a gold wire into the fibre
hole and soldering it onto a circuit board.
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5.10.3.2 Creation of Nonlinearities

5.10.3.2.1 Defect Excitation by Pulsed Blue Light

As discussed in section 5.10.1 in germanosilicate glass
Ge=Ge bonds may be broken by two-photon absorption of
480nm light, which is resonant with the 240nm absorption
band of these bonds. Broken Ge=Ge bonds transfer into
Ge E’' centres with a trapped hole plus a free electron,
which is then trapped by four-bonded Ge to form Ge(l) and
Ge(2) centres. Ge E’ centres have no corresponding
absorption bands, however, Ge(l) and Ge(2) centres have
absorption bands centred at 282nm and 214nm[33]1. The
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214nm absorption band is narrow and the 282nm absorption
band is wvery broad with an absorption tail that extends

well into the visible.

Several experiments were performed to gualitatively show
that the defect formation process as discussed above
indeed occurs in germanosilicate fibres[58], Initially a
range of fibres doped with 1.5 to 6.5 mole percent GeOp
were fabricated. Pulsed blue light of a fixed pulse
intensity of 1GW/cm? and wavelength of 470nm was then
launched into the fibres. The pulses were delivered from
a frequency-tripled YAG laser pumping a dye laser and had
a bnsec pulse width and 30Hz repetition rate. The high
intensity light induces a strong absorption into the
fibre with an absorption tail in the visible similar to a
Ge(l) centre. The induced absorption took typically
several minutes to saturate at a steady-state level. The
induced absorption saturation was measured by launching
very low-intensity monochromatic light delivered from a
white 1light source into the fibres and monitoring the
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fibre transmission as a function of time.

Once the induced absorption saturated, the irradiation
was stopped and the absorption spectrum of the treated
fibres was measured. It was found that the induced
absorption scaled linearly with Ge concentration. At
460nm an absorption of 170dB/km per mole percent GeO,
was measured. This confirms that the defects excited by
blue/green light are germania related. A typical
absorption spectrum of a treated fibre is shown in Fig.
5.22, where the results of thermally annealing a treated
fibre at 250°C and 750°C are also displayed. The induced

absorption at a wavelength of 470nm as a function of peak
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blue light intensity was also
of 5m lengths of fibre were used and irradiated with a
constant light intensity until the absorption saturated.
The fibre had a GeO; concentration of 6.5 mole percent
and the excitation wavelength was 470nm. The results are
shown in Fig. 5.23, where the induced loss is shown

directly after the irradiation with blue 1light was
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stopped and the induced loss measured one day later is

also displayed.

Further, the excitation spectrum of the induced
absorption was measured. In this, pulses of wavelengths
ranging from 420 to 540nm were launched into a series of
5m lengths of fibre (2.7 mole percent GeO;) for a period
of 15 minutes each. The peak intensity was 1GW/cm? at
each wavelength. The results are shown in Fig. 5.24,
where the 1loss induced at 450nm is plotted against
excitation wavelength. A resonance 1is observed for
wavelengths around 480nm, which corresponds to the Ge=Ge
or Ge=Si absorption band of 240nm. Since there is no
absorption band in an untreated fibre at 480nm, two-step
absorption may be excluded and it is thus assumed that
two-photon absorption leads to excitation into the 240nm
absorption band and the breakage of Ge=Ge and Ge=Si
bonds. These broken bonds then lead to the formation of
Ge E’ centres with a trapped hole and the formation of
Ge(l) or Ge(2) centres with a trapped electron. The Ge E’
centres form deep traps, where the Ge(l) and Ge(2)
centres form relatively shallow traps and are easily
bleachablel39]. When blue light is launched into a fibre
for a period of time a dynamic equilibrium between
populations of Ge(l), Ge(2) and Ge E’' centres is
present[58]. The equilibrium is governed by two-photon
absorption creation of Ge E’ centres and the formation of
free electrons, which may recombine with a hole at
another Ge E’ centre to form Ge(l) and Ge(2) centres,
which may in turn be bleached by single-photon
absorption. In addition thermal excitation of electrons
also plays a role as shown in Fig. 5.22.
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5.10.3.2.2 Excitation of Defect Centres Pulsed Blue
Light and Simultaneous Poling

As discussed in section 5.10.1, it is assumed that when
defect centres are excited, the simultaneous application
of a dc-electric field should lead to an ordered trapping
of electrons and holes and the formation of second-order

nonlinearities.

To verify these assumptions, the formation of second-
order nonlinearities in germanosilicate fibres was
investigated. A multi-mode fibre doped with 28 mole%
GeO, and a single-mode fibre doped with 18 mole% GeO,
were used in this study. The multi-mode fibre had

internal electrodes and the cross section is shown in
Fig. 5.24. The core diameter was 10pm. The single-mode
fibre had no internal electrodes. Its core was elliptical
with an aspect ratio of 2:1 and the effective core area
was 5.9%10-8cm?. Due to the core ellipticity the fibre

had two cut-off wavelengths of 0.9 and 1.0um

erformed the

fibre was kept straight, which meant that it was
polarisation preserving. The fibre was designed to allow
for modally phasematched SHG of a fundamental wave at
about 1.065ym propagating in the LPg3; mode and the SH

propagating in the LPj, mode.

To measure the effect of poling on the formation of a
second-order nonlinearity, the experimental set-up shown
in Fig. 5.25 was wused. The pulsed blue dye-laser
(wavelength=485nm) and the fundamental of the YAG laser
were launched into the front end of a fibre. The optical
power launched was measured with calibrated
photodetectors and the SH light signal generated by the
fundamental of the YAG laser in the fibre was measured by
a photomultiplier. A monochromator was used to filter out
the exact wavelength of 532nm. A dc-field was then
applied across the multi-mode fibre and blue 1light
launched into it. At regular time intervals the blue
light was blocked, the dc-field was switched off and the
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infrared light unblocked to probe the magnitude of the
induced x(2) by measuring the generated SH signal.

Prior to any treatment of the fibres, a very weak SH
signal caused by nonlinear quadrupole and magnetic dipole
moments was detected. A minimum in-core peak intensity
I.;, of 100MW/cm? was necessary before any increase in SH
signal was detectable. However, this was verified for a
dc-field strength of less than 30V/ym only. At
intensities above this threshold the §SH conversion
efficiency typically took several minutes to reach a
saturation value Pg,y+2% that depended on E4.. The maximum
observed SH power in the multi-mode fibre at an applied
field of 4V/um is plotted in Fig. 5.26 as a function of
peak blue light intensity. Just above I, this function
is strongly nonlinear, and for higher intensities it
saturates. The saturated SH power Pgg:2% in the multi-
mode fibre as a function of dc-field strength is shown in
Fig. 5.27. For small fields Pg,:2%¥ grows quadratically
with electric field and above 4V/um it saturates. This
suggests that almost perfect alignment of all orientable

defect centres is achieved for Eyq.>4V/um.

Once created, the induced x(2) nonlinearity could not be
erased by pulsed blue light alone. Even at intensities
twice as high as used in the alignment process. However,
a x(2) created in the single-mode fibre could be bleached
by using intense cw Argon laser light at 488nm. This was
confirmed in the following way. The SH conversion
efficiency in the single-mode fibre was measured after
poling it and the fibre then taken to an Argon laser,
where an optical power of 550mW (intensity of 1MW/cm?)
was launched for 10min. A subsequent measurement of the
SH conversion efficiency showed a reduction in SH signal
of 90%. Further bleaching experiments were performed by
Oulette et all60], who used a mode-locked and Q-switched
frequency-doubled YAG-laser for optical bleaching of
internally-written x(2)-gratings in germanosilicate
fibres. They showed that peak optical intensities in
excess of 1lkW and average powers higher than 1lmW had to
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be used to bleach the y(2)-grating in a time of several
minutes. It is therefore not surprising that optical
bleaching of a second-order nonlinearity could not be
achieved by using blue light peak pulse powers of only
100w and average powers of only 20uW. However, Oulette et
al showed that for the same average power, optical
bleaching by 1light pulses is more effective than
bleaching by cw 1light, which indicates that optical

bleaching is governed by a multi-photon process.

The pump polarisation dependence of the SH conversion
efficiency was also verified. It was found that the
highest conversion efficiency is obtained for an infrared
pump polarisation parallel to the direction of the dc-
field or poling axis. The SH signal varied as cos%c with
a being the angle of the pump polarisation with the
poling axis. Therefore it may be concluded that as in the
case of internally-written x(2)-gratings only a x(2);q;
tensor component is formed by the poling process.

The magnitude of the induced x(2) could be estimated in
two ways. The first method is to compare the SH signal
due to ESHG in an unpoled fibre with the SH signal in a
poled fibre. The second method is by measuring the SH
conversion efficiency directly in a modally phasematched
fibre. x(2) may also be be measured by using the Pockels
effect and optical rectification. These techniques will
be discussed in section 5.10.3.3 and 5.10.3.5.

When comparing the ESHG signal (P2%4.) with the SH signal
induced by poling (P2¥;,7; the following expression for
the ratio of the two signals is obtained (assuming plane
polarised light with the polarisation axis parallel to

the poling axis)

p2w [(2 20=w+w )0 ]2
pol _ Xpo] (4v=w+w)0pol (5.76)

14

Pg‘c‘; [xiiil(2w=w+w+0)Echdc]2
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where Eq., is the field strength used for the ESHG
measurements and Op,] and O4. are the respective overlap
integrals for the two processes. The magnitude of x(2),,;

is then obtained from

2
(2) = (3 OdcBdc Ppgl 1/2 5.77
Xpo x‘1111 o P2u . (5.77)
pol dc

For a multi-mode fibre a comparison using this technique
is only approximately valid, since the polarisation of
the fundamental wave is scrambled and the two overlap
integrals may not be accurately calculated. However, an

approximate value for x(2),,; may so be estimated. Using
the value for x(3);;77=2.0x10-1% esu, the maximum value

for x(2),,1=2x10-11 esu was so estimated. This is about
120 times smaller than yx(2)(2w=w+w) for XDP.

A comparison as described above could not be made for the
single-mode fibre since the overlap integral for ESHG was
almost zero. This may be seen if we consider that this
fibre was designed for modally phasematching the LPj;
with the LPpj;-mode. ESHG is essentially governed by an
effective (x‘2)371)eff=x¢371111E4cs Which is uniform
across the fibre. Since in this fibre the V-value at a
punp wavelength of around 1.065ym is 2.0, according to
Fig. 5.3, the overlap integral is indeed almost zero.
Therefore the direct measurement of the SH conversion
efficiency was used to estimate the magnitude of x(2),,;.

When measuring x(2),,; it is important to induce a x(2)
along a length of fibre, which is shorter than the
spatial coherence length. This may be easily achieved by
using very short electrodes in the poling process. As
shown in section 5.7.1.2, a spatial coherence length of
typically 1.5 to 3cm can ke obtained by modal
phasematching. Therefore, the electrode length was
reduced to only 3.25mm in the following experiments. The

electrodes consisted simply of two polished metal plates
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separated by lmm with index matching oil inserted between
them to increase the breakdown field strength.

In general the poling field was applied to the fibre at
an unknown angle o with respect to the major axis.
However, a <could be obtained by measuring the §SH
conversion efficiencies n;, n; along the two fibre axes.
Neglecting the difference in phasematch wavelength for
wave propagation along the two fibre axes and assuming
the pump-wavelengths are simultaneously phasematched to
the SH-wave, i.e. they are in the centre of the

phasematch peak, 5; and 5, are then given by

ny = & Pwcosha (5.78)

ny = £ P¥sinta, (5.79)

where ¢ has been defined in (5.30). By comparing nj; and
np, the magnitude of the induced x(2) may then be
calculated. If the SH-wave is not simultaneously
phasematched to the fundamental wave propagating along
the two fibre axes, as may be the case in fibres with a
strongly elliptical core or when longer poling electrodes
are used, the width of the phasematch peak is narrower
than the separation of the two phasematch peaks
corresponding to phasematching along the two fibre axes.
Assuming the conversion efficiencies are measured for
wave propagation along the two fibre axes, n; and 5, are
then proportional to cos®a and sinfe respectively.

5.10.3.2.4 The Excitation Spectrum of y(2) (2u=w+tw)

in Germanosilicate Fibres

The single-mode fibre described in section 5.10.3.2.2 was
used in this experiment. The direct measurement technique
described in the previous section was applied to measure
x(2) (2u=uw+w). Defects were excited by launching pulsed
blue light (as described earlier) of wavelengths ranging
from 430-540nm into different fibre samples of length

22cm. The peak blue pulse intensity was kept constant at
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1.7GW/cm?2 and an external dc-field of 2.5V/um was applied
by using the 3.25mm long electrodes. Each fibre sample
was irradiated with blue light and simultaneously poled
for a time of 5 minutes. The blue light was then blocked
and the dc-field left on for another minute. The fibre
samples were then stored at room temperature for six
weeks and afterwards SHG measurements were made. In this
the Raman-shifted dye laser was used. The polarisation of
the infrared light could be adjusted by a compensator in
order to measure the SH conversion efficiency along the
two fibre axes. In order to find the modal phasematch
peak infrared light of 1.2GW/cm? peak intensity was
launched into a fibre sample and the SH signal monitored
while the infrared wavelength was scanned until a
resonance was found. The phasematch wavelength varied
from 1.050 to 1.080um between fibre samples, which is due
to unavoidable small fibre inhomogeneities as explained
in section 5.7.1.2. Due to the ellipticity of the fibre
the phasematch peak along the major and minor axis of the

fibre was split by 0.8nm.

The results are shown in Fig. 5.28. A strong resonance at
an excitation wavelength of about 480-490nm is observed.
In terms of the measured SH-signal for a given infrared
intensity, the resonance is even stronger, since the SH
signal is proportional to the square of x{2). The maximum
induced x(2) is about 7.5x10-13 esu, which is about 30
times smaller than the magnitude of x(2) estimated for
the multi-mode fibre as calculated in the previous

section.

5.10.3.2.5 Formation of Second-Order Nonlinearities in
Germanosilicate Fibres—Discussion

By comparing Figs. 5.28 and 5.23 we see that there is a
close correlation between the creation of second-order
nonlinearities by poling and the excitation of defect
centres by high-intensity pulsed blue light, at least for
germanosilicate fibres. An excitation wavelength of
480nm, corresponding to the 240nm absorption peak of
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oxygen deficient germanosilicate glass produces the
highest induced absorption and the highest induced
second-order nonlinearity. This indicates that both
processes are governed by two-photon absorption induced
breaking of Ge=Ge or Ge=Si bonds and the formation of Ge
E’ centres with the trapping of holes and the generation
of free electrons. As explained in section 5.10.3.2.1 it
is assumed that the blue light induced absorption is due
to the subsequent trapping of free electrons at four-
coordinated Ge and the formation of Ge(l) and Ge(2)

centres.

It has been shown that Ge(l) and Ge(2) centres are easily
bleachable by cw Argon laser light[59]. This was verified
when the 1loss in germanosilicate fibres was measured
while high-intensity cw light (A=488nm) was launched into
it. While the high-intensity light was on, the induced
loss in the fibre was small, due to continuous
reexcitation of free electrons that got trapped at Ge(l)
and Ge(2) centres. However, as soon as the blue light was
switched off, the 1loss increased very rapidly due to
permanent trapping of these free electrons and the
formation of Ge(l) and Ge(2) centres.

On the other hand bleaching of second-order
s a slow process. Therefore, unless there
is a mechanism that causes the colour centres to fall
into the same traps after a short exposure to high-
intensity o¢cw blue 1light, it is wunlikely that the
relatively unstable Ge(l) and Ge(2) centres contribute
dominantly to x(2). A possible explanation could be that
aligned colour centres form domains, which cause bleached
Ge(l) and Ge(2) centres to fall into the same traps when
the bleaching process is stopped. A possible experiment
to show that this is not the case may be to launch high-
intensity cw blue light into a fibre and to measure the
SH conversion efficiency at the same time. If the SH
conversion would drop during the presence of the blue
light and increase after the blue light had been switched

off, it would indeed indicate that Ge(l) and Ge(2) play a
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significant role in the formation of second-order

nonlinearities.

A more plausible explanation is, however, that the more
stable Ge E’ centres lie at the root of second-order
nonlinearities. In this case an ordering mechanism could
arise by preferential trapping of a hole at broken Ge=Ge
bonds. The inducable second-order nonlinearity should
then be proportional to the square of the GeO,
concentration. If, on the other hand, preferential
breaking of Ge=Si bonds under the influence of an applied
dc-electric field is dominant, the inducable second-order
nonlinearity should be linearly proportional to GeO,

concentration.

All three models discussed here do not explain the
saturation mechanisms observed in section 5.10.3.2.2
satisfactorily. However, the initial strongly nonlinear
dependence of the inducable x(2) for a given applied dc-

field strength on blue light intensity as shown in Fig.
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for the initial creation of second-order nonlinearities.

Summarising, the physical processes behind the formation
of second-order nonlinearities that have been elucidated

so far and backed up with experimental evidence are
1) High intensity blue 1light (1=480nm) is resonantly
absorbed via two-photon absorption

2) Ge=Ge or Ge=Si bonds are broken

3) Free electrons are created that get trapped to form
Ge(l) and Ge(2) centres and holes get trapped to

form Ge E' centres

In order to determine which defect centres are dominant
in the formation of second-order nonlinearities under the
influence of an applied dc-field, further experiments as

described above and ESR measurements are necessary.
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However, the initial stages of the process have been
revealed by the experiments described in sections

5.10.3.2.1-5.10.3.2.4.

5.10.3.2.6 Other Poling Techniques

In addition to optical fibre poling by using pulsed blue
light, other techniques have also Dbeen employed
successfully for the creation of second-order
nonlinearities. These are i) defect excitation by cw blue
light and simultaneous application of strong dc-electric
fields, ii) the application of strong dc-electric fields
only and iii) +y-irradiation and the application of dc-

electric fields.

However, the ex ta for these three poling
techniques are still very limited and therefore they are
only briefly described here. Technique ii) was discovered
by Lil61] and is described in section 5.10.3.3, where

results obtained with technique iii) are also discussed.

Defect excitation by cw blue light and simultaneous fibre
poling has so far produced the highest magnitude for
x(2) (2wu=w+w) in optical fibres. In this, the f£fibre
already described in section 5.8 was used. As described
in section 5.8, applying a dc-field of 125V/um to the
fibre for a period of 15 minutes did not lead to a
measurable creation of a x(2)(2w=w+w) in the fibre. A
large x(2) was generated in the fibre in the following
way. 400mW of cw Argon laser light of wavelength 488nm
was launched into the fibre for 10 minutes and
simultaneously a field of 100V/um was applied. The blue
light was then switched off and the dc-field left on for
another minute. The magnitude of the induced x(2) was
estimated by comparing the SH signal created in the poled
fibre with the ESHG signal before ©poling. The
measurements were made at a fundamental wavelength of
1.208um, where the fibre was modally phasematched. The
two overlap integrals in equation (5.77) were calculated
as Ogc=11% and Op,1=15% in this fibre. Using equation
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(5.77) x(2) (2u=w+w) was calculated as (2.7%t1)x10-10 esu,
which is only about 9 times smaller than the value of
x{2) (2u=w+w) for KDP. Launching a pump power of 40W at
1.208um, a SH conversion efficiency of 0.05% was
measured. Using the estimated spatial coherence length
for modal phasematching of 1.5cm (see section 5.8),
equation (5.30) predicts a conversion efficiency of 0.02%
for the above pump power, which is in good agreement with
the measurement considering the measurement uncertainties

outlined in section 5.8.

No exact comparison of x(2)(2w=w+w) created by the same
poling technique in phosphogermanosilicate and
germanosilicate fibres has vyvet been made. However, a
comparison of x(2)(w=w+0) (see section 5.10.3.3) between
these two fibre shows that P,05-doping leads to higher

nonlinearities.

5.10.3.3 The Pockels Effect

The long interaction lengths available in poled optical
fibres allow the measurement of even a very weak Pockels
effect and the demonstration of electrooptic modulation
via the Kerr effect. When a dc electric field is applied
to a poled fibre and a fundamental wave launched into it,
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the Pockels effect creates a
the frequency of the fundamental wave. Assuming the
second-order nonlinearity consists of only the
x(2)171(v=v+0) component, the nonlinear polarisation at

frequency v is obtained as

PNL = x{2) (v=w+0) (E¥)1(Eqc)- (5.80)

The nonlinear polarisation is proportional to Ez,. and
gives rise to a phase retardation Ag, of the pump wave.
App is commonly expressed in terms of the Pockels

coefficient r;;, where Ag, is given by
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nn3r11Ech
ABp = - r (5.81)

where L is the interaction length and 1 is the wavelength
of the pump wave. Using (5.80) it may be verified using a
standard procedurel62] that r;; may be expressed in terms

of x(2);;; (v=w+0) like

4r
r = 27 (2) (y=uw+0 5.82
1=~ x 77 (w=vt0) ( )
Similarly, a phase retardation proportional to the square
of the electric field is observable in glass fibres,
which is governed by the Kerr coefficient s;;

ﬂn3511E2 L
rpy = de” | (5.83)
A

The amplitude of the nonlinear polarisation giving rise
to the Kerr effect is of third order and may be obtained

as

PY = (3

wp = X2 (u=ur0+0) (B¥)1 (Eqc)1(Bac)a- (5.84)

Applying a similar procedure as employed in obtaining
(5.82) and using (5.84), the relation between the Kerr
coefficient and the third-order nonlinear susceptibility

is found as

81, = E% x(3)  (u=ut0+0). (5.85)

In the case of a poled fibre with a pure silica cladding,
a x(2) is only induced in the fibre core. It may then be
shown that the phase retardation is proportional to the
intensity overlap integral Opocx between x(2)(r) and the
fibre mode. It is important to have single-mode operation
of the fibre at the pump wavelength. Further, if the
fibre is elliptical, as often encountered in as drawn D-
shaped fibres, the poling axis has to be aligned with one
of the fibre axes to obtain the highest possible phase
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retardation with an applied electric field. The general
expression for the phase difference of two waves
propagating along the two fibre axes with a poling axis
at an angle o with respect to the major axis and an
applied dc-field at an angle B8 with respect to the maijor

axis (see Fig. 5.29) is

xn3r11Ech
Aﬁp = N\ COS(G+B)Op°ck. (5.86)

Since the third-order nonlinear susceptibility has an
orthogonal component, which is about one third of the
parallel component, +the Kerr effect induced phase
difference for two pump waves propagating along the two

fibre axes is given by

wn3sllE£ﬁL 2 . .
ARk = _ (cos4B-sin<B). (5.87)
A 3 :

The techniques for measuring the Pockels and Kerr effect
have been discussed in detail by Lil63] and are
summarised here. The Pockels or Kerr effect induced phase
retardation may be measured by launching linearly
polarised light at 45° with respect to the fibre axes and
applying a modulating dc-electric field along one fibre
axis, i.e. the poling axis in the case of the Pockels
effect. A Soleil-Babinet compensator is used at the
output end to adjust the phase difference of the two
waves propagating along the fibre axes to a multiple of
#/2 at the fibre output end. A polariser is then inserted
between the output end of the fibre and a detector, where
the polarisation axis is at 45° to the fibre axes. If the
compensator is adjusted to give a phase-difference of nn
(n=integer), then an applied small modulating electric
field gives rise to a modulated detector signal with a
modulation depth of (Aa)2 with respect to the maximum
transmitted signal. If the compensator is adjusted to
give a phase difference of (2n-1)(a/2), then a small
modulating electric field gives rise to a modulated
detector signal with a modulation depth of 2A9. The
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Pockels effect modulates the signal with a freguency
equal to the frequency of the modulating electric field
and the Kerr effect modulates the detector signal at
twice that frequency. This difference in frequency may
therefore be exploited to distinguish between these two

effects in a poled fibre.

Detailed experimental results for the characterisation of
the Pockels effect in fibres are not yet available.
However, a number of important observations have already
been made, which show that the Pockels effect and SHG are
governed by different second-order nonlinearities, which
are also created in different ways. These observations

are summarised here.

LLLLLLL icn of x{2){2w=wtw),
x(2) (w=w+0) is induced in a phosphogermanosilicate fibre
(described in sections 5.8 and 5.10.3.2.6) when a dc-
field (E3.=125V/um) is applied to the fibre for a time of
less than 5 minutes[6l] and no defect excitation light is
fference in the maximum x(2)({y=y+0) created
by using a poling field only or by using a poling field
and simultaneously launching cw blue light, pulsed blue
light or quasi-cw mode-locked blue light into the fibre
was observed. Further, a minimum poling field of 60V/pm
had to be applied to the fibres in order to create a
Pockels effect in fibres without using any blue 1light.
These results indicate that no defect excitation light is
needed for the creation of x(2) (w=w+0) and that therefore
the mechanisms behind the creation of x(2)(w=v+0) and

x(2) (2u=uv+w) are different.

Further, the effect of high-energy y-rays on the poling
process was investigated. In this, a germanosilicate
fibre with a numerical aperture NA=0.15 and a cut-off
wavelength of 600nm was used. The fibre was exposed to v
radiation (=1.5 MeV energy) from a Co®? source while a
poling field of 150V/um was applied. Four different total
radiation doses of 1x103, 1x10%, 5x10%, 2x105 rads were
used. After the 4y radiation exposure was stopped, the
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poling field was left on for another minute. x(2)(w=w+0)
was then measured using the Pockels effect and a pump
wavelength of 633nm. The results are displayed as a
function of total radiation dose in Fig. 5.30. It may be
seen that 4 radiation is detrimental to the creation of
x(2) (v=0+0). It was then verified whether x(2)(w=w+0)
could recover in the fibre exposed to the highest amount
of radiation when this fibres was exposed to a poling
field of 200V/um for a time of up to 5 hours. No recovery
of x(2)(w=w+0) could be observed. This shows that
whatever defect 1is responsible for the creation of
x(z)(w=w+0), it is gradually eliminated by high energy

irradiation.

The highest value for an induced x(2)(w=w+0) was obtained
in the phosphogermanosilicate fibre described in section
5.8. In this a poling field of 400V/um and no defect
excitation light was used. It was observed[6l] that total
amplitude modulation at a wavelength of 633nm could be
obtained for an applied field of 65V/pm in an interaction
length of 50cm. Using these results and assuming an
intensity overlap integral Opock of 80%, the magnitude of
x(2) (v=u+0) is calculated from (5.82) and (5.86) as
8.6x10-11 esu. This is about 3 times less than the
maximum x(2) (2u=v+w) observed in a
phosphogermanosilicate fibre. The maximum value of
x{(2) (v=w+0) observed in germanosilicate fibres was
typically between three and five times less than measured

in phosphogermanosilicate fibres.[61]

5.10.3.4 Comparison of SHG and the Pockels Effect-
Discussion

The results described in sections 5.10.3.2 and 5.10.3.3
indicate that x{2)}(2w=w+w) and x(2)(v=w+0) are induced
into the two types of oxide glasses studied by different
mechanisms. x(z)(Zwﬁw+w) measures the purely electronic
contributionl33] to  the second-order  nonlinear
susceptibility and was shown to be only 10 times smaller

than in KDP in the best fibres. x(2)(w=w+0) measures a
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mixture of electronic and ionic contributions and was
shown to be about 3 times smaller than x(2) (2y=w+w) in
the best fibres. Further, phosphogermanosilicate fibres
were found to lead to higher nonlinearities than
germanosilicate fibres. x(2)(2w=w+w) was shown to be
closely related to the formation of Ge E’, Ge(2) and
Ge(l) centres by high-intensity light in germanosilicate
glass and an ordered trapping of holes or electrons has
been proposed to lead to the creation of x(2)(2u=w+w).

However, though it was shown that the formation of
x(2) (v=w+0) is also related to the excitation of defect
centres (see section 5.7.2.4), it is not yet known what
defect centres are involved in the process and what
mechanisms are responsible for the creation of the
Pockels effect. Further studies of the Pockels effect are
clearly necessary to elucidate these processes. 1In
particular, a fibre design is needed that allows the
simultaneous measurement of x{2) (2w=w+w) and x{2) (w=w+0)
to a high accuracy and under similar poling conditions. A
modally phasematched fibre with internal electrodes or a
fibre with an externally-induced x{(2)-grating would

enable these important measurements.

5.10.3.5 Optical Rectification

Optical rectification has so far not been observed in
poled optical fibres. However, we include a brief
discussion of this effect, since it may potentially serve
as a very useful measurement technique. In an optical
rectification experiment, the total electromagnetic field
inside the fibre is given by the fundamental wave and may
be expressed as in equation (5.7). Inserting (5.7) into
(5.1), we obtain for the nonlinearity governing optical

rectification
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PRT0 = x{3} (E¥)1(E*)1. (5.88)
High intensity 1light thus induces a dc-polarisation
inside a poled optical fibre. The dc-polarisation induces
a voltage across electrodes applied to the fibre (see
Fig. 5.31). If, for simplicity, we assume the core cross
section to be rectangular with axes of length a and b,
the induced dc voltage across the electrodes may be
calculated following an analysis given by Shenl24] and is

obtained as

4rab
V= - iZ)EZ, (5.89)
11
EW
where E is the electric field of the pump wave, ¢ is the

dielectric constant at zero frequency and w is the width
of the internal electrode. Since e¢~4 and using (5.13), we

may express V as

32
Ve -7 x{%]P, (5.90)

where P is the launched power. V should in principle be
measurable by using a cw pump source and a phase~
sensitive detection technique. Assuming plane polarised
light aligned parallel to the poling axis, a launched cw
power of 500mW, an electrode width of 40um and a
x(2) (0=w=w)=y(2) (b=w+0)=8.6x10-11 esu, V is calculated as
76nv. In a multi-mode fibre, the polarisation is
scrambled and thus V would be a factor of two smaller,
i.e. V=38nV. These are very small voltages, which however
could be increased by using smaller electrodes and larger
core areas, which would allow the launching of more light
power. Further, pulsed measurements are also possible,
since the launched power could then be increased by a

factor of 100 to 10G00.
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5.10.6 Summary

The results presented in section 5.10 show that poling of
oxide glass fibres is a viable method for the creation of
second-order nonlinearities. It has been shown that
poling may be obtained by using at least three different
techniques. In the first technique (poling by using only
light) a poling field (<100V/cm) is created via four-wave
mixing of a fundamental wave and its SH; defect
excitation is accomplished via a multi-photon process. In
the second technique (poling by using both light and a
dc-field) a poling field (>1000V/cm) 1is applied
externally to the fibre and defect excitation is
accomplished via high-intensity blue light. In the third
technique (poling by using only a dc-field) a poling
field (>6*105V/cm) is applied to the fibre and defect
excitation is accomplished via electrons accelerated by

the large dc-field.

The common feature to all three poling techniques is that
whenever a second-order nonlinearity is induced, colour
centres are formed and the fibre loss increases. The
maximum magnitude of the induced second-order
nonlinearity by the three poling techniques is summarised
in table 5.1. It may be seen that P,05-GeO;-doped silica
fibres exhibit the highest nonlinearities. Further,
poling by cw-blue light is about 10 times more effective
than poling by pulsed blue 1light in a P;05-Ge0O;-doped
fibre. It has not been established whether this 1is also
true for GeOjp-doped silica fibres. The creation of the
Pockels effect is dominated by a strong poling field,
i.e. it does not make a difference to the final magnitude
of x(2)(w=w+0) whether defect excitation light has been

used in the poling process or not.

There still remain several discrepancies when linking
these poling techniques to each other. In particular, the
question why an external poling field has to be two to
three orders of magnitude larger than an internal poling
field to create a second-order nonlinearity of the same
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magnitude remains unsolved. It may be that the involved
defects exhibit strong excitation resonances similar to
the one revealed in section 5.10.3.2.4. Further
measurements of x(2)-excitation spectra in
phosphogermanosilicate glass and for different wavelength
regions should resolve the qguestion of defect

resonances.

Another open question is the discrepancy between
x(2) (2v=w+w) and x(2) (v=w+0) measured in externally poled
fibres. However in order to make a good comparison
between these nonlinear coefficients, measurements have
to be carried out on fibres poled by using exactly the
same technique. In addition, a comparison of nonlinear

coefficients is only wvalid in dispersion-free and loss-
free materials, which is clearly not the case here, since
the second-order nonlinearity is related to colour

centres.

The physical origin of the second-order nonlinearities is
still not known. Though it has been shown in section
5.10.3.2 that the creation cof second-corder nonlinearities
is closely related to known defect <centres in
germanosilicate glass, is was not possible to establish
which defect centres and in what form are responsible for
the poling of the glass. A significant improvement in the
amount of data available on defect centres should be
possible by ESR measurements on poled bulk optical glass
samples. Poling bulk germanosilicate samples should be
rather straight-forward, since a poling field of only
several V/uym and UV-light is necessary in the process.

5.11 Second-Order Nonlinear Phenomena in Glasses:

Conclusions and Future

The understanding of second-order nonlinear phenomena in
optical fibres has clearly improved since they were first
reported by Osterberg and Margulis in 1986[11]. The work
described in this chapter has proved that a defect poling
mechanism lies behind the creation of second-order
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nonlinearities in glass. A variety of poling techniques
have been discovered, which have been readily
characterised and classified into: i) poling by light,
ii) poling by light and an external dc-field and iii)
poling by an external dc-field. The detailed
characterisation of technique ii) described here has
shown that there is a close correlation between defect
centre induced nonlinear transmission and the creation of
defect centres. It may well be that future work will also
reveal a strong link of this work to the observation of
light-induced refractive index changes as described by
Hill et all28],

Future work in the area of second-order nonlinear
phenomena will provide an opportunity for improving our
knowledge of defect centres in glasses. It will involve:

1) Improvements in the understanding of the physical
processes behind the formation of second-order
nonlinearities. Further characterisation of the poling
techniques described here is therefore required — several

experiments to achieve this have been proposed in this

chapter.

2) Continuation of the search for optical glasses with

ersmaaer 3 ~le IR e Ye i Vel
VoLy 11141t Lijuuca

ble second-order nonlinearities; the
poling and measurement techniques described here should
serve as a guide-line for the accurate characterisation

of the quality of these glasses.

3) Characterisation of other second-order nonlinear
phenomena apart from SHG and the Pockels effect; in
particular, optical rectification and three-wave mixing

needs to be studied.

4) Development of improved phasematching techniques; in
particular, externally induced x(2)-gratings appear to be
potentially very useful and could be employed as
practical frequency-doublers.
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Table for conversion of SI to cgs-si units:

ST cgs-si
length meter 102 centimetres
mass kilogram 103 grams
time second 1 second
force newton 105 dynes
energy joule 107 ergs
power watt 107 ergs/second
charge coulomb 3*10°
electric potential volt 1/300
electric field
intensity volt/meter 1/{3*%10%)
electric current ampere 3*109
conductivity mho/meter 9*10%
resistance ohm 1/(9*1011)
capacitance farad 9+1011
magnetic flux weber 1/300
magnetic induction tesla 1/(3*10°)
magnetic field
intensity ampere/meter 12x%107
poynting vector S joule/second/ 103

meter?

x(2) meter/volt (3*10%)/4x
x(3) (meter/volt)?2 (3*%104)2/4x

For silica glasses it holds

Smks = 1.93%10-3 Ezmks
Segu = 1.74%102 E2.4,
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Appendix 5.IT

Definition of Nonlinear Coefficients

Unfortunately, no standard definition of nonlinear
coefficients has yet been accepted. Even in the area of
SHG in optical fibres three different definitions have
been used. Throughout this chapter we have adopted the
definition of nonlinear coefficients as proposed by
Shenl24]), since it is the only definition that remains
consistent when mixing of degenerate waves and waves of
zero frequency is considered[24]. This definition has
also been used by the author[18,20,22,23] ip the original
fibre poling work. Stolen and Tom have used a different

definition in their important papers on SHGI{17:33], This
definition has subsequently also been used by Mizrahi et
all47], The early theoretical work by Terhune and

Weinberger(l4] employed the definition according to Maker
and Terhunel34]. In the following we list the expression
for the amplitude of the nonlinear polarisation as
encountered in this chapter assuming both Shen’s and

Stolen and Tom’'s definition. For simplicity we assume

plane polarised light throughout and consider mixing only

via x(2);,7 and x(3)3711;.

Nonlinear Shen Stolen and Tom
process
SHG x (2)EvEY (1/2)X(2) gwgw
TWM x(2)Evlgw2 x(2)pwlgw2
SOR x (2)Ev (Ev)* (1/2)X(2)Ew (Ev)*
PE x(2)EYE4, 2 X(2)EvwEy4,
ESHG x (3)EYEVE4, (3/2)X(3)EYEVE, .
NDFWM x(3)EvEWI(Ewl)*  (3/2)X(3)EwEwl(Ev1)¥
TOR x(3) (B2v)*EwEw (3/4)X(3) (E2w)*EvEw
IDRI x (3)EVEvY (Ew)* (3/4)X(3)EvEw (Ew)*
KE x(3)EYE4 B4, 3 X(3)EvE4.E4,

In this, SHG=second-harmonic generation; TWM=three-wave
mixing; SOR=second-order optical rectification;
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PE=Pockels effect; ESHG=electric-field-induced-second-
harmonic generation; NDFWM=near-degenerate four-wave

mixing; TOR=third-order optical rectification;
IDRI=intensity-dependent refractive index; KE=Kerr
effect.

The disadvantage of using Stolen and Tom’s definition is
now apparent, since it may be seen that for example in
second-order nonlinear mixing there is a sudden change of
X(2) (wa=wi+wy) to 2X(2)(2y=w+w) when w; and w,; become
degenerate or a change from X(2) (u+s5=w+s) to
(1/2)X(2) (w=w+0) when § goes to zero. On the other hand
Shen’s definition provides smoothly varying coefficients

even in the case of degeneracy.

& problem is encountered when Shen’s definition

is applied to third-order optical rectification. Strictly
following that definition we obtain for the created dc-

polarisation

D. (VRS
<dce X i

(3) Zurt*pwpwa-iAkz
( )(E— ) E¥EvYe .

The physically relevant dc-field is given by the real
part of the polarisation, which however is not obvious
from the above definition. We may rectify this problem by

writing
Pge = (1/2)x(3)[(E2v)*EvEw+E2v(Ev)* (E¥)¥],

which then results in a real expression for the dc-

polarisation.

The magnitude of x(3);,7; may be obtained from
measurements of the intensity-dependent refractive index
n,. Adair{%4] measured the value n,=8.5x10-1% esu at a
wavelength around 1.060um. In Shen’s definition n, is

given by
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n, = (2W/n)x(3)1111(w=w+w—w),

which results in the value of x(3)j7717 (v=w+w-w)=2.0x10-14
esu. This value of x(3) is subsequently also used in
other third-order nonlinear effects described in this
chapter.
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Table 5.1)

Measured values of second-order nonlinear coefficients in
oxide glass silica optical fibres. The results under i
refer to poling by using only light. ii corresponds to
poling by light and a dc-field, where a refers to pulsed
blue 1l1light excitation and b refers to cw blue 1light
excitation. iii stands for poling by using only a dc-
field.
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Fig. 5.8 Model for the formation of a Ge(l) or Ge(2)
centre.
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internal electrodes.
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Chapter 6: Conclusions

A series of achievements related to two novel types of
special optical fibre, i.e. rare-earth-doped £fibres and
fibres with crystal-like properties, have been described

in this thesis.

Rare-earth-doped fibres have been shown to be applicable
to distributed temperature sensing with a performance
that is comparable or better than the Raman-type
distributed temperature sensor for low-temperature
applications. Basic requirements for a sensitive rare-
earth temperature sensor 1in other temperature regions
have also been outlined. Further applications of rare-
earth-doped fibres as point sensors may also be
envisaged. In particular, fluorescence properties of
rare-earths could be exploited. At high doping levels the
magneto-optic properties of the composite material
improvell]l and thus magnetic field sensing could also be
possible. Resonances of the Verdet constant of rare-
earth-doped glasses near their absorption bands{2] may
also be investigated with respect to their sensitivity to

environmental conditions, i.e. magnetic and electric

fields.

causing energy-transfer between them has also been
carried out. It has been shown that energy-transfer
occurs in rare-earth-doped silica glass even at moderate
ion doping levels of only 1-2% thus 1leading to more
efficient pumping of fibre lasers. In particular, the
energy-transfer mechanisms in an ytterbium/erbium system
have been analysed. Energy-transfer from ytterbium to
erbium has been used to demonstrate an efficient erbium
laser operating in the important third window of
telecommunications. It has been shown that both YAG
and diode-laser pumping of such a system is possible.
Further research may lead to a further improvement of the
laser performance by optimising both the dopant host and
dopant concentrations. Similar energy-transfer pumping
schemes may also improve the versatility of other fibre

lasers. Efficient frequency-upconversion[3] should also
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be possible via energy-transfer between rare-earth ions
through the use of dopant hosts with low phonon

energies.

Finally, optical fibres with crystal-like properties have
been investigated. Several techniques (optical fibre
poling) have been developed for inducing second-order
nonlinearities into glass (germanosilicate and
phosphogermanosilicate) optical fibres. These poling
techniques have led to the creation of the highest
reported second-order nonlinear susceptibilities in
optical glass. With the fibre designs described in this
thesis the most efficient fibre frequency-doubler(4] yet
reported has been produced and electrooptic modulation
demonstrated via the Pockels effect[3]. Further, some of
the physical processes behind the poling of optical
fibres have been elucidated, where it has been proved
that poling is due to the excitation and orientation of
defect centres. It may be that different oxide glasses
other than investigated here could produce even higher
nonlinearities. Further systematic research on glass
compositions is therefore required. In addition, the
poling techniques developed in this thesis could be
further refined by investigating the defect centres
behind the formation of second-order nonlinearities. The
efficiency of frequency-doubling could also be improved
by the optimisation of phase-matching techniques.
Summarising, the fibre poling work described in this
thesis has greatly increased the interest in defect
centres in optical glasses and will hopefully be

subject to much more research in the years to come.
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