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Abstract

This thesis describes the development and characterisation of a device for the

generation of a wide spanning comb of frequencies, based upon a pump enhanced

optical parametric oscillator. The frequency comb, consisting of thousands of equally

spaced modes, has several potential applications in the field of optical
communications. By exploiting the high circulating field created by the pump

enhanced scheme, a compact device, operating at a level compatible with current

telecommunications systems can be realised.

Through careful resonator design and optimisation, an OPO with a threshold of 30 -

50mW and optimum pumping level of 120mW was developed. The OPO was pumped
at 800nm, producing a degenerate signal and idler wavelength of 1600nm. By

modulating the internal signal/idler field at a depth of 0.5 rad, a frequency comb

spanning up to 50nm (5.9 THz), with a mode spacing of 520 MHz was generated.
In an attempt to increase the width of the frequency comb and improve the overall

stability of the device, dispersion compensation was implemented by way of a pair of

intra-cavity chirped mirrors. With full compensation for the positive intra-cavity

dispersion, a frequency comb spanning 70nm (8.2 THz) was generated - a 20nm
increase over the uncompensated case. A significant increase was also observed in the
lifetime of the comb.

The frequency comb output was mixed with the output from a narrow-linewidth DBR
laser. Through the generation of beat frequencies, this confirmed the existence of

sharp frequency modes under the comb envelope, with a linewidth below 13.5 MHz.
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1. Introduction & OPO Background

Chapter 1
Introduction & OPO Background

The birth of the laser in 1960 heralded a revolution in the field of optics.

Properties such as high spatial and spectral coherence, large power densities and near

diffraction-limited focusing meant that several phenomena, previously accessible only
to the pen and paper of a theorist, could subsequently be explored in the laboratory.
One such phenomenon, which now encompasses a wide range of topics, is the area of
nonlinear optics. Within this area lie a group of devices known as optical parametric
oscillators (OPOs), whose operation is based on the nonlinear optical effect known as

difference frequency generation. In basic terms, an OPO takes an input laser

frequency and splits it into two new frequencies, which sum to the original frequency.
The output from an OPO has the same properties as laser light, without the constraint
of being determined by a particular atomic or molecular transition. This means that
OPOs can generate radiation that is tunable over a broad frequency/wavelength range.

In particular, OPOs are capable of accessing wavelengths, such as in the mid-IR,
which cannot be reached by available laser systems.

Optical parametric oscillation was first demonstrated by Giordmaine and Miller in
1965 [1], Subsequent research was of a fairly fundamental nature, with the high power

laser systems required to reach oscillation threshold precluding OPOs from finding
uses in many applications. However, in the last two decades a mini-revolution has
taken place in the field of OPOs. The discovery of several new types of nonlinear

crystal, based on arsenate and phosphate compounds, coupled with the development
of quasi-phasematching (see section 1.3) and novel resonator designs (see section 1.4)
has led to OPO systems with much lower power requirements. This has coincided
with the emergence of diode pumped solid-state lasers, whose high efficiency and

compact nature makes an ideal pump source for the new generation of OPOs. Today,
the combination of OPO and diode pumped solid-state laser (or even a diode laser on
its own) results in a highly efficient, compact device capable of producing widely
tunable laser radiation ranging between the UV and mid-IR parts of the EM spectrum.

Alongside the growth of OPO technology, the past decade has also seen a substantial
volume of research into the area of frequency metrology and particularly the
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1. Introduction & OPO Background

generation of optical frequency combs. Indeed, the application of frequency comb

generation to metrology was the subject of the 2005 Nobel Prize for Physics. As the
name suggests, a frequency comb consists of a series of precisely spaced, phase-
locked frequencies, usually over a bandwidth of several THz. Within the comb, the
individual frequency separation is generally in the region of a GHz. Therefore; the
comb spacing can be locked to a precision microwave/RF oscillator, providing a

highly stable source of optical frequencies that can be linked back to a single well-
defined electronic frequency.
The advantages of such a source for frequency metrology and spectroscopy are clear
to see. The frequency comb provides a set of exact frequencies against which an

unknown optical frequency can be measured with great accuracy. Even greater

potential lies with the application of frequency comb generation to the field of optical
communications and the technique known as wavelength division multiplexing. This
method for sending multiple communication channels down a single optical fibre

requires an equally spaced series of well-defined, stable frequencies - all properties
that are satisfied by an optical frequency comb.
To complement existing telecommunications technology, a frequency comb generator

must be compact and efficient, with low power requirements. If all three criteria are to

be met, a laser diode pump source is a necessity. In a previous experiment [2], the

technologies of optical parametric oscillation and frequency comb generation were

combined in a single, elegant device. Whilst compact in size, prohibitively high power

requirements meant that this device was not suitable for telecommunications.
This thesis describes the work carried out in a project whose aim was to develop a

combined optical parametric oscillator and frequency comb generator that would be
suitable for telecoms-based applications. Through careful design and modelling, a

dual cavity resonator was developed for the OPO. This allowed the input pump light
to be resonated entirely separate from the comb generation process in a scheme
known as pump enhancement. The high pump field circulating in the resonant cavity

significantly reduced the power requirements of the system. After optimisation a

threshold of 30 - 50mW was measured, with an optimum pumping level at 150mW

corresponding to a 10-fold enhancement of the pump field. This level can be easily
accessed by a single-mode laser diode.
With a pump wavelength of 800nm, a frequency comb was generated around 1600nm

by modulating the downconverted field within the OPO at a frequency equal to the
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1. Introduction & OPO Background

longitudinal mode spacing. For a modulation depth of 0.5 rad, a comb spanning up to

50nm was observed, comparable to that predicted by the theory. However, these

experiments also highlighted a number of problems relating to the stability and
maximum width of the comb. One of the main causes was found to be dispersion
within the intra-cavity media and this was confirmed by theoretical calculations and

computer modelling.
Whilst not originally considered at the outset of the project, the problems due to

dispersion could not be ignored. As a result, a dispersion compensation scheme was

implemented. Congruent with the aim of developing a compact device, a pair of

chirped mirrors was used to provide sufficient negative dispersion to cancel out the

positive intra-cavity dispersion. An initial characterisation of the system showed a

large but predictable change in behaviour. In particular, the OPO was found to switch
off for long periods as the cavity length was changed, which confirmed the
effectiveness of the dispersion compensation scheme. Under similar conditions to the

uncompensated case a frequency comb was again generated around 1600nm, but with
a 20nm increase in width, an increased lifetime and a reduction in power fluctuations.
In a final experiment, the dispersion-compensated frequency comb was mixed with
the output from a narrow-linewidth DBR laser. The resulting observation of specific
beat frequencies proved the existence of sharp, equally spaced modes underneath the
comb envelope.
The layout of this thesis and ordering of topics generally follows the timeline of the

project. In chapter 2, the technique of frequency comb generation is described in
detail, beginning with the underpinning theory and then discussing the various
methods employed and prior research in the field. Chapter 3 introduces the novel

pump-enhancement cavity and various related quantities such as the enhancement
factor and the optimum pumping level. The design and optimisation of the frequency
comb generator is covered by chapter 4. In particular, the various criteria and options
for cavity design are discussed, followed by the reasons for choosing the final design.
This chapter also summarises the results of experiments undertaken to find the

optimum pumping level for the device. The first proof-of-principle comb generation

experiments are detailed in chapter 5, followed by similar experiments that were

undertaken at the optimum pumping level. Subsequent problems with the latter

experiments and their explanation naturally established dispersion as an important
factor. In chapter 6, a detailed exploration of dispersion in the frequency comb
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1. Introduction & OPO Background

generator is described, ending with a discussion of the various compensation

methodologies that are currently employed. Chapter 7 continues the dispersion theme,

describing the incorporation of dispersion compensation into the frequency comb

generator and subsequent comb generation experiments. These final experiments
mark the end of the project, which is summarised in the last chapter, along with a

discussion of possible further work and directions in which the project could be taken.

However, before delving into the world of frequency comb generation it is first

necessary to introduce the device that forms the basis for the entire project, the OPO.
The physics behind the operation of an OPO has been described in a number of
seminal research papers and theses (see for example [3-7]). Rather than repeat much
of the analysis, which has already been concisely recorded in the mentioned

manuscripts, the rest of this chapter will simply give the main and pertinent results.
The accompanying text will seek to explain the context of these results and prepare

the reader with the necessary theoretical background to understand the discussions
and results in later chapters.

1.1) Optical Parametric Generation

When a material is placed within an electric field, the electrostatic forces associated
with the field produce a physical separation of the positive and negative charges
within the atoms/molecules of the material. This effect is known as polarisation. If the
electric field is oscillating, such as in the case of incident electromagnetic radiation,
the induced polarisation must also oscillate. In theoretical terms, this results in an

extra term being added to Maxwell's equation, which is given below for the case of

plane waves propagating along the z-axis.

d2E(z,t) d2E(z,t) d2P{z,t)
-jr'wi-jr^-jr (U)

In order to solve Maxwell's equation, the polarisation term must first be related to the
incident electric field. In the case when a linear relationship can be assumed, this is
described by:

P{t) = eoZE{t) (1.2)
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1. Introduction & OPO Background

In equation (1.2), P and E are both vector quantities. The electric susceptibility, %, is
the physical mechanism through which the interaction between polarisation and
electric field takes place. A linear relationship between P and E applies in the case of
low optical powers only, where the incident electric field is much smaller than the
intra-atomic field between electron and nucleus. This governs the area of linear

optics, which encompasses phenomena such as refraction and absorption.
However, when the incident electric field approaches the intra-atomic field

(~107V/m), the linear relationship between P and E breaks down. Instead, the

polarisation must be expanded as a power series in terms of the electric field, as

shown by equation (1.3)

P{t) = e0[x(l]E{t)+x(2)E{t)E{t)+x(')E{t)E{t)E{t) + ..^ (1.3)

Here, the first term on the right-hand side represents the linear polarisation as in

equation (1.2). Subsequent terms represent the 2nd, 3rd order polarisation and so on,

each governed by a separate susceptibility. Typically, x<2) is several orders of

magnitude smaller than x(l), with a similar difference between x<2) and %(3). Hence, the
effects of the higher order polarisation terms only manifest at very large optical power

densities, restricting the source to a focussed laser beam.
The crystal structure of the material in which the polarisation is induced also has an

important role to play. Due to the symmetry properties of the polarisation, even order
terms are only exhibited by crystals that can be described as non-centrosymmetric i.e.

crystals that do not have a centre of symmetry within the unit cell of their lattice
structure. Since the relationship between P and E is no longer linear, effects due to

higher order polarisation terms are grouped into the field of nonlinear optics.
The effect of each polarisation order can be obtained by examining the associated
term from equation (1.3) on its own. For the 2nd order polarisation, the required term

is:

P{2]{t) = e0z{2)E{t)E{t) (1.4)

If the incident field consists of a single frequency, C0|, then it is simple to show that
the resulting polarisation term in equation (1.4) will oscillate at 2(0,. A more
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1. Introduction & OPO Background

interesting case occurs when the electric field consists of two components, oscillating
at C0i and CO2 respectively i.e.

E(t) = £, cos(^f) + E2 cos (a>2t) (1.5)

Substituting the electric field described by equation (1.5) into equation (1.4) yields the

following polarisation term,

pp,(<)=«121 yLcos1)] + ^[c"s (2ajf\ +^+^
+ElE1 [cos(tq +ry2)r + cos(ry, -ry2)r]

(1.6)

Equation (1.6) shows that the resulting polarisation contains terms with frequencies

equal to the sum and difference of the two incident frequencies as well as terms at

twice the incident frequencies and DC. Since this polarisation will consist of a series
of oscillating dipoles within the material, EM radiation will be emitted with

frequencies equal to 2o)i, 2ct>2, (Oi + CO2 and CO] - 0)2.

Each of these frequencies represents a different nonlinear optical process. Second
harmonic generation (SHG) corresponds to 2o)| and 2o>2, whilst CO] + CO2 and 0)1-0)2

refer to sum and difference frequency mixing respectively. Finally, the appearance of
a DC electric field across the material is known as optical rectification.
For optical parametric generation (OPG), the underlying nonlinear optical process is
difference frequency mixing. OPG usually occurs in a crystalline material and
involves the interaction of a strong optical field at 0)3, known as the pump, with a

weak optical field at 0)2, via the %<2) susceptibility. This generates a field at the
difference frequency, 0)1 =0)3-0)2, which can then interact with 0)3 by the same

process, increasing the fie ld at dp. As a result, the pump is depleted whilst the weak
fields at G)i and (O2, collectively known as ;he downconverted waves, experience gain.
If OPG is considered in terms of particles rather than waves, then the process can be
pictured as a pump photon of energy Ep splitting into two lower frequency photons,
whose energies sum to Ep.
To see exactly how gain/depletion occurs for each of the three interacting fields, it is

necessary to solve the coupled wave equations. These equations, which can be derived

6



1. Introduction & OPO Background

separately from Maxwell's electromagnetic wave equation, describe the change in
amplitude of the fields as they propagate through the crystal medium (usually chosen
to be the z-direction):

= j^E,(z)Z(z)e^ (1.7)
az cnx

(1.8)
az cn2

?!M=jit3_El(z)E1(z)e-«°,') (1.9)
az cn3

In the three coupled wave equations above, deff is known as the effective nonlinear

X
optical coefficient and is defined as At this point, it should be noted that Xeff

refers to a particular value of %(2), which is dependent on the direction of propagation
with respect to the crystal axes. In the general situations described by equations (1.4)
and (1.6), %<2) is represented by a 3x3x3 tensor, with d, the piezo-electric tensor, equal

z(2)
to ——. To solve equations such as Maxwell's equation and the coupled wave

equations, it is necessary to write x(2) in the form of a two-dimensional matrix. Whilst
this is possible, a matrix representation of %(2) in its complete form is difficult to use in

practice. Fortunately, there are several ways in which the matrix can be simplified to a

readily useable form. Firstly, from equation (1.6) in particular, it is clear that

interchanging Ei and E2 will make no difference to the expression. This is because the

polarisation term, as given by equation (1.4), is only dependent on the product of the
two fields. As a result, an element in the matrix, %ijk is equivalent to Xikj and this
allows the use of a contracted notation with suffices j and k replaced by a single suffix
m. This new suffix takes values between 1 and 6 and therefore, the matrix is reduced

to a 3x6 array with 18 independent elements. Since the suffix ranging from 1 to 6 was

originally used in piezoelectricity, this simplification of the x<2) matrix is known as the

piezoelectric contraction.
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1. Introduction & OPO Background

A further reduction in the number of independent matrix elements can be achieved by

applying the various crystal symmetry operations that are allowed for the particular

crystal class. If a crystal remains physically unchanged after a symmetry operation is

performed, then the %(2> matrix should also be left unchanged. This requirement means
that certain elements in the matrix must be zero, whilst others must be equal or equal
in magnitude with opposite sign. As a result of performing many symmetry

operations, the number of independent matrix elements is drastically reduced from the
maximum of 18.

The final simplification to the %(2> matrix arises from the Kleinman symmetry

condition. This is applicable when the interacting optical fields are at frequencies far

away from resonances in the medium i.e. well within the transparency range (this is
almost always the case, since the crystal will be chosen to be transparent at the optical

frequencies of interest). This means that the frequency dependence of the d
coefficients is negligible (zero dispersion). Under this condition, the components of
the piezoelectric tensor will remain the same for any permutation of the suffices i, j
and k i.e. d;jk = d;kj = djjk etc. Regardless of the piezoelectric contraction and crystal
symmetry operations, Kleinman symmetry always reduces the number of independent
elements in the piezoelectric tensor to a maximum of 10.

By combining the piezoelectric contraction, crystal symmetry and Kleinman

symmetry, the number of independent, non-zero elements in the piezoelectric tensor is
reduced to only a few for all non-centrosymmetric crystal classes. It is then usually a

simple matter to obtain the correct value of deff from the reduced form of the tensor

for the chosen propagation direction through the crystal.

Returning to the coupled wave equations, (1.7) to (1.9), whose solutions show the
evolution of the three interacting fields as they propagate though the crystal during the
OPG process. The method for obtaining these solutions has been covered in great

detail by the reviews of Boyd, Ashkin and Byer [6, 7] and in the theses of Colville [4]
and Lindsay [5], The main points will be summarised here. Firstly, it is common to

work with Gaussian beams rather than plane waves, since the former represents a

physically realistic description of the three fields. It is also useful to convert to a new

variable, a, which is defined such that loci2 is equivalent to the normalised photon
flow. Finally, it is usually assumed that the amplitude of each field remains roughly
constant over the length of the crystal. Whilst this may seem paradoxical at first, it

8



1. Introduction & OPO Background

must be remembered that the changes described by equations (1.7) - (1.9) are small
and the gain/depletion experienced by each field on a single pass through the crystal is

very low. As a result of this approximation, the coupled wave equations simplify to

linear differential equations, which can be easily integrated to give:

«1(L) = «](0) + 2m3(0)a2*(0) (1.10)

OC2{L) = or2(0) + 2ra3(0)flr*(0) (1-11)

or3(L) = <z3(0) - 2m,(0) a2(0) (1.12)

In the equations above, (Xi,2,3(0) represent the fields at the input face of the crystal,
which is of length L. Initially, equations (1.10) - (1.12) appear to show gain at the
weak fields, (Xi and (X2, and depletion at the strong pump field, 0C3. However, the
crucial factor is in fact x, which is defined in equation (1.13) below:

r . (AkL
r= rcLsmc

.(AkL)A"J (1.13)

Here, K is a constant factor that is determined by deff, the spatial coupling between the
three Gaussian beams and the frequency and refractive index of each beam. In the

context of gain/depletion, the most important part of x is sine J. in the argument
^ 2 J

of the sine function, Ak is known as the wavevector mismatch and represents the
difference in k-vector between the three waves i.e.

= (U4)
c c c

Figure 1.1 shows the sine function plotted against

9



1. Introduction & OPO Background

sinc(AkL/2)

AkL/2

Figure 1.1 - Plot of sine
AkL

function

From figure 1.1, there are two important observations to be made. Firstly, a maximum
in the sine function (thereby giving maximum gain at ct| and c*2) requires Ak to be

zero. For any small non-zero value of Ak, the value of the sine function and hence the

gain rapidly decreases as either Ak or L increases. Secondly, if Ak is non-zero, then as

L increases (i.e. beams propagate through the crystal) there comes a point
AkL

■ = 7C

at which the sine function becomes negative. Going back to equations (1.10) - (1.12),
it can be seen that this will result in depletion for oti and CC2 and gain at 0C3. In other
words, energy will be transferred back into the pump from the downconverted waves.

If L is increased further, then figure 1.1 shows that this process reverts back to gain at

oti, a2 and depletion at 0C3 when
AkL

- 2tc . Hence, for OPG with wavevector

mismatch between the three interacting fields, power will oscillate periodically
between the pump and downconverted waves. The energy in (Xi and OC2 will reach a

n
maximum when L ——. This is known as the coherence length and is a measure of

Ak

the useful crystal length for OPG. It is usually equal to a few tens of microns. To
ensure maximum gain and the continual flow of energy from (X3 to oq and (X2 over the

entire length of the crystal, it is clear that Ak must be set equal to zero. Methods for

10



1. Introduction & OPO Background

achieving this condition, known as phasematching, will be discussed in section 1.3.

However, it is first prudent to introduce a set of relations that give further insight into
the transfer of energy between the three fields.

1.2) The Manley-Rowe Relations

Returning once again to equations (1.7) - (1.9) and multiplying by E*, E*2, £)* gives

?^^=jit?LE,(z)El(z)E;(z)e<™cn,
(1.15)

^|^2(^)| v I \^*l \T?*( \ j(6kz)

dz =J-j—eaz)ezUKUKcnn
(1.16)

MA = E;(z)e«)
cn,

(1.17)

Note that to obtain equation (1.17), the complex conjugate of each side of the

expression is taken (after multiplying (1.9) by E3*). From the three equations above, it
can be seen that:

r\
_ n2 d|g2U)|2 _ "3

CC\ dz 0)2 dz OX, dz
(1.18)

For an electromagnetic wave of amplitude, E, the associated intensity is given by:

I = — e0cn\E\ (1.19)

Utilising equation (1.19) to substitute for \Exf, IeJ2 , \E3f in equation (1.18) and

cancelling out any repeating terms results in the most common form of the Manley-
Rowe relations,

d ro _ d (I )l2 d ( I )
dz dz dz I °h) (1.20)

11



1. Introduction & OPO Background

In the equation (1.20), — effectively represents photon flux. Therefore, the Manley-

Rowe relations show that the destruction of any single pump photon results in the
creation of exactly one photon at each of the downconverted frequencies. This

interpretation assumes that the three waves have the correct phase relationship for

energy to flow from the pump to the downconverted waves. Furthermore, if the total

intensity is defined as the sum of Ij, I2 and I3 and remembering that 003 = o>2 + ©1 then,

(1.21)
dz dz dz dz

This shows that the total intensity in the OPG process is conserved.
In most applications of OPG, it is usual for only one of the downconverted waves to

be used. Since the Manley-Rowe relations detail the flow of energy between pump

and downconverted waves, they can also be interpreted as measure of the fundamental

efficiency of the conversion process from pump to useful output. No external factors
are involved in this efficiency and hence it is the theoretical 'best' that can be
achieved.

1.3) Phasematching

Phasematching is a crucial part of many nonlinear optical processes, particularly those

utilising continuous-wave sources. As explained in section 1.1, phasematching in
OPG involves setting the wavevector mismatch, Ak, to zero. This allows the

maximum gain for the process to be achieved and ensures the continual flow of

energy from the pump wave to the downconverted waves. Examining equation (1.14),
it is clear that Ak = 0 requires the refractive indices of all three waves to be equal i.e.
n3 = n2 = nj. However, when operating within the transparency range of a material,
normal dispersion will apply. Broadly, this means that refractive index will increase
with frequency (see chapter 6 for more details) and, in general, n3 > n2 > ni for the
OPG process. Had a solution to this problem not been found, then it is likely that the
area of nonlinear optics would have been reduced to a large volume of theory with

12



1. Introduction & OPO Background

little practical value. Fortunately, there now exist two well-established methods for

achieving phasematching.
The first, birefringent phasematching (BPM) utilises the anisotropic properties of

many of the crystals used in nonlinear processes. In such crystals, the experienced
refractive index is dependent on the polarisation and direction of propagation of the
incident waves. In particular, the refractive index associated with each crystal axis
will not be the same in all cases. For materials with this property, called birefringence,
the refractive index can be represented by a 3-D construction known as the index

ellipsoid or optical indicatrix (for information on the origin of this construct, see

chapter 2, section 2.1). The index ellipsoid for the simplest type of birefringent

crystals is shown in figure 1.2.

Uniaxial birefringent crystals have two associated refractive indices. By convention,
the refractive indices of the x and y-axes are both equal to the ordinary refractive
index, nx = ny = n0, whilst the refractive index of the z-axis is equal to the

extraordinary refractive index, nz = ne. In figure 1.2, r represents an arbitrary direction

through the crystal. The shaded ellipse shows the intersection of the plane

perpendicular to r with the ellipsoid. Hence, the semi-major (OQ) and semi-minor

(OP) axes of the shaded ellipse correspond to the two orthogonal polarisations of a
wave whose normal is in the r direction. Due to the isotropy of the crystal in the xy-

plane, a wave polarised parallel to OP will always experience n0. This is known as the

ordinary wave. On the other hand, a wave polarised along OQ will experience a

refractive index, ne(0) that is a combination of n0 and ne. Crucially, as shown by figure

Figure 1.2 - Index ellipsoid for uniaxial crystal

13



1. Introduction & OPO Background

1.2, the refractive index for the OQ polarisation (extraordinary wave) will change as

the angle between r and the z-axis is varied. Therefore, the refractive index of the
extraordinary wave depends on the propagation direction through the crystal. Note
that if a wave propagates along the z-axis, then the refractive index is n0 for any

polarisation direction. The isotropic nature of the z-axis means that it is usually
defined as the optic axis.
There also exists a second class of birefringent crystals known as biaxial, with

nx ^ ny ^ n.. Such crystals can also be represented by an index ellipsoid. However,
with two isotropic planes rather than one, the optic axis will not, in general, lie along
one of the crystal axes.
The variable refractive index of the extraordinary wave provides a means to set n3 =

n2 = ni and achieve phasematching. Consider the simple case where a\ = co2 =—. If

the downconverted waves are polarised such that they are ordinary waves and

experience n0, then the pump should be polarised as an extraordinary wave. This
allows a propagation direction to be chosen such that n3 = ne(0) = n0. Note that the
choice of the downconverted waves as ordinary or extraordinary will depend on

whether ne > nQ (positive uniaxial) or n0 > ne (negative uniaxial). The case where both
downconverted waves have the same polarisation is known as type I phasematching.
In type II phasematching, the downconverted waves have orthogonal polarisations -
one ordinary and one extraordinary.
Since BPM was not employed in this project, the discussion of this type of
phasematching will go no further. For more information and details of the calculations
involved see [8, 9],

It was previously mentioned that for non-phasematched OPG, the power generated in
the downconverted waves reaches a maximum after one coherence length. Beyond
this point, power is transferred back into the pump. This can be interpreted as being
due to destructive interference between the propagating fields and the fields newly
created by the oscillating polarisation in the crystal. This in turn is due to the fact that
the pump wave, which drives the polarisation, travels at a different speed to the
downconverted waves. However, if a 7t phase shift could be applied to the oscillating
polarisation every coherence length, the phase difference between propagating and
created fields would be reset to zero. Therefore, constructive interference between the
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two would always occur and the downconverted power would increase through the
entire length of the crystal. This is the concept behind quasi-phasematching (QPM)
and was demonstrated as early as 1966 [10]. Today, QPM is achieved by a technique
known as periodic poling, which inverts ferro-electric domains in the nonlinear
material to produce the required phase shift. Periodic poling was first demonstrated by
Yamada et al [11] and can now be applied to many types of nonlinear crystal.
In terms of the wavevector mismatch, the effect of QPM is quite different to BPM.
Instead of setting the refractive indices equal, QPM introduces an extra term into the

equation for Ak to make up for any shortfall in the wavevector difference:

Ak = k3 — k2 - k{ - K = 2n
f i ^
«3 n2 nt 1
^ yij 4 A

(1.22)

In equation (1.22), A represents the poling period (also known as the grating period)

of the quasi-phasematching i.e. the length between each domain inversion. Since A is
an engineered quantity and therefore independent of inherent properties of the crystal,
QPM allows any propagation direction to be utilised. Typically, the direction will be
chosen to exploit the maximum available deff coefficient and will normally be along
one of the crystal axes to negate unwanted birefringent effects such as beam walkoff.
This is the major advantage of QPM over BPM.
A Fourier analysis of the QPM process [12] shows that the nonlinear coefficient is

71
reduced by a factor of — compared to the perfectly phasematched case i.e.

dQPM (1-23)

This fits with the picture given by figure 1.1, which shows that the sine function has a

2
value of — after a coherence length (the point at which a domain inversion takes

7Z

place), compared to a value of 1 in the perfectly phasematched case. It is worth noting
that despite this reduction, QPM allows nonlinear coefficients that are typically at
least twice their birefringent counterparts to be accessed. As a result, nonlinear

processes that employ QPM can experience a much higher gain than the equivalent

birefringent system. This is of particular importance if the deff associated with BPM is
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small. In such cases, the use of QPM can drastically reduce the size and power

requirements of the pump source.

A further advantage of QPM lies with the fact that it can be employed for isotropic
nonlinear crystals. Such crystals, e.g. gallium arsenide, often have high nonlinear
coefficients but cannot be used with BPM due to their lack of anisotropy. The main
drawback of QPM is down to the method used to invert the domains, rather than any

fundamental issues with the phasematching process. The standard poling method of

inverting ferro-electric domains requires the application of a large pulsed electric field
across the crystal. Due to the spreading out of electric field lines, accurate domain
inversion is typically limited to thin crystals (around 0.5 - 1mm). This results in a

small aperture at the input face of the crystal, limiting the size of the beams in the

crystal and requiring tight focussing of the pump and downconverted waves.

Problems may also arise if the breakdown voltage of the crystal is close to the voltage

required for periodic poling.

1.4) Optical Parametric Oscillation

The process of optical parametric generation, coupled with one of the phasematching
methods described in the previous section forms the basis of an optical parametric

amplifier (OPA). Given that the beams travelling through such devices only perform a

single-pass through the nonlinear crystal, significant power in the downconverted
waves can only be generated when the initial gain is extremely high. The resulting
high power required of the pump wave can only be achieved practically by short-pulse
systems. Therefore, the OPA is generally restricted to use in the pulsed regime.
When the pump beam consists of a continuous wave (CW), the gain achieved on a

single pass through the nonlinear crystal is invariably too small to produce any

significant downconverted power. Hence, it is necessary for at least one of the
downconverted waves to be resonant in an optical cavity surrounding the crystal. Such
a configuration is described as an optical parametric oscillator (OPO). The basic OPO

design, which has remained relatively unchanged since its inception in 1965 [1], is
shown in figure 1.3 below.
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iNUiiiiiisai ^lyaiai
Cavity Cavity
Mirror Mirror

Figure 1.3 - Basic OPO cavity

When discussing the three waves involved in an OPO, the convention is to describe

(1)3 as the pump. Of the two downconverted waves, ©2 is usually defined as the higher

of the two frequencies and is called the signal, leaving 0)i as the lower frequency
idler. Figure 1.3 shows the simplest type of OPO, known as a singly resonant

oscillator (SRO). In this case, the cavity is designed so that the signal (or idler) is

resonant, as shown by the double-headed arrow in the diagram. The pump and idler,
on the other hand, exit the cavity after a single pass through the nonlinear crystal.
When introducing the concept of OPG, it was stated that the process involves the
interaction of a strong field at CO3 with a weak field at CO2 to produce C0i via DFG. As
shown by figure 1.3, the initial o>2 need not be provided by an external source. Rather,
it arises from quantum mechanical vacuum fluctuations, which, on average, produce
half a photon in each available mode [13]. The mode with the correct phase

(determined by the phasematching conditions) is amplified by the DFG process,

generating C0i and CO2.

Since only one wave is required to be resonant, the SRO is easy to set-up and does not

require complex mirror coatings with high reflectivity at multiple wavelengths. This
also leads to well-behaved tuning of the downconverted frequencies as the pump

frequency or crystal temperature is altered (see section 1.5). However, the fact that the

pump and idler waves pass through the crystal only once means that the input pump

power required for the OPO to begin oscillating, the threshold power (see section 1.4),
is typically very large. Pump thresholds for SROs tend to be in the region of a few
Watts [14, 15], requiring large and expensive laser sources.
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The drive to reduce the pump threshold to a more practical level has led to the

development of several different types of OPO. Some are nothing more than
modifications to the SRO cavity shown in figure 1.3, whilst in others, the cavity

design is significantly different. Table 1.1 below summarises the different types of
OPO, each with a diagram for illustration. The colouring of pump, signal and idler
waves is the same as that used in figure 1.3.

OPO Type & Description Diagram

Double Pass (DP) - Pump
and/or nonresonant wave

reflected by output mirror for
2nd pass through crystal.

Doubly Resonant Oscillator

(PRO) - Both downconverted

waves resonated.

Triply Resonant Oscillator

(TRO) - All three waves

resonated.

Pump Enhanced (PE1 - Pump
and one of downconverted

waves resonated.

Intra-Cavitv flC) - Nonlinear

crystal placed inside pump

laser cavity. Separate OPO

cavity created by beamsplitter. m
Table 1.1 - Types of OPO
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Each of the OPO cavities summarised in table 1.1 has its own advantages and

disadvantages. Those relating to pump threshold and tuning behaviour will be
discussed at greater length in the following two sections. For the moment it suffices to

say that increasing the number of double passed or resonant waves will reduce the
threshold. However, these schemes also increase the number of constraints on the

system, particularly with regard to optical coatings and the length of the cavity.
Further reduction in threshold can be achieved by employing the pump enhancement
or intra-cavity approaches. In the context of this project, pump enhancement is very

important, being the overall design on which the frequency comb generator was based
(see chapter 4). Consequently, chapter 3 is devoted entirely to the method of pump
enhancement and no further discussion need take place here.
The intra-cavity OPO has recently been the subject of much research [16-18] and
hence deserves some further explanation. With this type of OPO, the nonlinear crystal
is placed within the cavity of the pump laser, with a beamsplitter used to create a

separate cavity for the resonant downconverted waves. Since the circulating laser field
can often reach tens or hundreds of Watts, the pump threshold for the OPO can be
reduced by several orders of magnitude. This allows small and efficient laser sources
to be used. In particular, the IC-OPO is often combined with a diode-pumped solid-
state laser system (such as Nd:YAG or Nd:YV04) to produce a very compact device
with high electrical to optical efficiency.

1.5) Oscillation Thresholds

The oscillation threshold of an OPO is defined as the input pump power at which the
production of coherent output power in the downconverted waves begins. At this

point the unsaturated gain (i.e. the gain with no fields at cq and (X2) is just equal to the

round-trip loss within the OPO cavity. A further increase of the pump power causes

the device to oscillate with fields cq and CC2 being generated. These fields in turn

cause the gain to saturate and, under steady-state conditions, to remain fixed at the
threshold value. Therefore, the gain in an OPO operating above threshold is always
equal to the round-trip loss. As well as being an important parameter in establishing
the minimum pump power required for a particular OPO to work, the oscillation
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threshold also plays an important role in determining the optimum operating point for
the OPO (see chapter 3, section 3.4 for more detail).
The preceding definition of the oscillation threshold suggests that a mathematical

expression for the threshold power should be obtained by equating the gain and loss
for each of the three interacting waves on a single round trip of the OPO cavity. This
is indeed the method used in the detailed derivations of threshold expressions (see for

example [4]). As with the rest of this chapter, the derivations will not be repeated
here. Instead, the final expressions for the pump threshold in each of the cases listed
in table 1.1 will be given, with the accompanying discussion concentrating on how the
threshold is affected by the identifying features of the particular OPO type.

It should be noted that the expressions to follow give the minimum pump threshold in
each case. Therefore, perfect phasematching (Ak = 0) is assumed and no

phasematching parameters appear in the expressions. Also, the pump volume is
assumed to be minimised within the nonlinear crystal, creating an ideal balance
between having a small spot size and reducing beam divergence. This is known as

confocal focussing and, in general, results in the lowest pump thresholds. The
alternate case, where the effects of pump focussing are considered in greater detail, is
discussed alongside confocal focussing in chapter 4, section 4.2.

Starting with the simplest type of OPO, the threshold expression for an SRO is given
below:

In equation (1.24), the superscript and subscripts on the left hand side simply relate to

the fact that this expression gives the minimum external pump power that should be

coupled into the OPO to reach threshold. It can be seen that the expression for the
SRO threshold contains both crystal parameters (length L and deff) and pump beam

parameters (np and vp). However, the two most important factors are 8 and 3s/,. The

finesse of the cavity for the resonant wave (signal or idler) is given by The finesse

is effectively a measure of the quality of the resonant cavity and is related to the

round-trip loss, Ys/i, by:

(1.24)

2n

Ysn
(1.25)
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Hence, from equations (1.24) and (1.25), decreasing the losses in the resonant cavity

(and increasing the finesse) will reduce the pump threshold. The second factor, 8, is a

parameter defining how far from degeneracy

operated,

f CO ^
«>s=a,=-r
\ /

the OPO is being

2a — co co- 2co.
S =— p- = -^ (1.26)

co conP P

Equation (1.26) shows that 8 = 0 exactly at degeneracy. If all other values are fixed,
then this will give the lowest possible pump threshold.

Perhaps the most straightforward modification to the SRO is to double-pass the pump
and/or non-resonant downconverted wave by converting the output mirror into a high
reflector at the relevant wavelengths. As shown by the first diagram in table 1.1, this
is equivalent to doubling the crystal length for each wave that is double-passed.
Therefore, the threshold for an SRO with double-passed pump is simply half that of
the single pass case:

nlenc4
rf-1[SRO-DPP] (1,27)1kU11,b{\-S ) v%,

Note that this assumes that the output mirror has 100% reflectivity at the pump

wavelength. Given that high reflectors are generally specified as being >99.9%

reflecting during design, this is a reasonable assumption to make.
If the non-resonant downconverted wave were double-passed on its own then the
interaction between signal and idler on the backward pass through the crystal would
be in the absence of the pump field. Hence, conversion from signal and idler to pump

would occur, known as backconversion and reducing the downconverted power. This

problem can be overcome by double passing both the pump and non-resonant wave to

ensure that the pump field is always present in the crystal. As might be expected, this
results in a reduction of the threshold by a further factor of 2 (again assuming 100%

reflectivity and, additionally, correct phasing between the interacting fields):
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n2£nc4
C«.~= 7-r2-[SRO-DPP.SII] (1.28)

The next type of OPO to consider is the doubly resonant oscillator (DRO), where both
the signal and idler wave are resonant in the OPO cavity. In this case the pump

threshold is given by:

n2£nc4
C.-= , , ' ° i;[°*0] (1-29)

As shown by equation (1.29), the expression for the DRO threshold is very similar to
7Z

that of the SRO, but with an additional factor of . This can also be compared to
25j/i

the case of double-passing the non-resonant downconverted wave on its own in an

SRO (ignoring the issue of backconversion). The additional factor contains the finesse
of the cavity for this wave and therefore accounts for the fact that it is resonant in the
DRO. Taking a typical round-trip loss of 4%, equation (1.25) gives a finesse of -150.
Hence, the threshold of a DRO is generally two orders a magnitude less than its SRO

counterpart with figures in the mW range [19, 20],
As with the SRO, there exists the opportunity to double-pass the pump wave in a

DRO. In this case, the pump wave will be able to interact with both resonant

downconverted waves for twice the crystal length. Given the previous discussion on

double passing in an SRO, the logical conclusion is that the DRO threshold is reduced

by a factor of 4 (2 for each resonant wave). This is supported by the threshold

analysis, which yields equation (1.30):

n2£nc4
C,.-= 77^77^7 [DRO-DPP] (1.30)8i4(l-#) vld.S,

Equations (1.27), (1.28) and (1.30) have shown that a significant threshold reduction
can be achieved by reflecting the pump wave back through the nonlinear crystal
before exiting the cavity. Taking this idea one step further leads to the prospect of

resonating the pump wave in either an SRO or a DRO, with the latter becoming a

triply resonant oscillator (TRO) as a result. Before considering the threshold

expressions in each case, it should first be pointed out that, as far as the OPO is
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concerned, a resonant pump wave is no different to the double-pass case. This is due
to the fact that the resonant pump wave will pass through the crystal twice on any

single round trip. Therefore, the threshold pump power at the input face of the
nonlinear crystal, commonly known as the internal threshold, will be the same as that
achieved by double-passing the pump. Of course, the big difference is that, with a

resonant pump, the internal threshold power can build up over a number of round

trips. As a result, the pump power coupled into the cavity, the external threshold, is

significantly reduced. Since, in the case of a resonant pump, the external threshold is

only a fraction of the internal threshold (if the pump is double-passed the internal and
external thresholds are equal), such a set-up is known as pump enhancement.
The concept and application of pump enhancement will be discussed in detail in

chapter 3. For now, the relevant threshold expressions are considered. In the

preceding discussion, the similarity between pump enhancement and double passing
was noted. A natural hypothesis would be to expect this similarity to be repeated in
the threshold expressions, which are given below:

n2enc4
C—= , , ' ;[®0-/>E] (1-31)IxLd^-S') v%,Er

n2_e„c4
C — TTT- [DRO-PE(TRO)} (1.32)

iLd^(\-S2) v%d,Epp,max

The hypothesis is shown to be correct. Equations (1.31) and (1.32) are identical to
their double-pass counterparts (equations (1.27) and (1.30)), except for a new factor in
the denominator, EPimax. This is known as the enhancement factor (see chapter 3,
section 3.1) and is defined by equation (1.33):

7"?

E,^=^r (1-33)

It can be seen from the above expression, that the enhancement factor is dependent on
the finesse of the cavity at the pump wavelength and the transmission of the input
mirror, T,, through which pump light enters the OPO cavity. Hence, the enhancement
factor is directly linked to the cavity resonance at the pump wavelength. Note that the
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second cavity mirror is assumed to be 100% reflecting, giving the maximum
enhancement factor in equation (1.33). Given a typical cavity finesse of around 100
and a 10% transmission at the input mirror, the resulting enhancement factor would be
around 25. From the threshold expressions, this would also be the reduction in pump

threshold from the case of double-pass pumping. Therefore, pump enhancement has
the potential for very low external thresholds with values less than lOmW for the
DRO and less than lOOmW for the SRO [21].

The final type of OPO to be covered is the intra-cavity OPO (IC-OPO). As shown by
the diagram in table 1.1, the nonlinear crystal in this case is situated within the cavity
of the pump laser. This allows the large pump field circulating within the laser cavity
to be utilised. In this respect, the IC-OPO is similar to an OPO with pump

enhancement. At first glance, it might be expected that the threshold expressions for
an SRO or DRO with double-pass pump (equations (1.27) and (1.30)) can be applied
here. Of course, the subsequent threshold value must be equated with circulating

pump field rather than the output of the pump laser itself. As a result, the power

requirement of the pump laser is significantly reduced compared to the standard SRO
or DRO. The problem with this first approximation to the IC-OPO threshold is that it

ignores any effect the OPO might have on the pump laser itself via interactions with
the internal laser field. This issue is complicated by the fact that the OPO is a dynamic
device and therefore the interaction will be different below and above threshold. A

more detailed discussion of the IC-OPO threshold is beyond the scope of this thesis.
However, several publications have reported on the study of IC-OPO operation with
the observation of effects such as power clamping and relaxation oscillations [22, 23].

1.6) Tuning Behaviour

The signal and idler frequencies upon which a particular OPO will operate are

determined by a number of factors. Perhaps the most important is the requirement for

phasematching within the nonlinear crystal. In sections 1.1 and 1.3, methods for

achieving perfect phasematching, such that Ak = 0, were discussed. However, it is
more common to specify a range of Ak values over which the phasematching is
considered acceptable. This results in a phasematch bandwidth, which by consensus is

24



1. Introduction & OPO Background

defined between Ak =±—. At these points, the sine function shown by figure 1.1 has

a value that is approximately two thirds of the peak and the gain at 0Ci and (X2 is
reduced by the same amount. In terms of the intensity gain for the signal and idler, the

corresponding reduction is just over half of the peak value. With the phasematch
bandwidth defined, the phasematching condition (equation (1.22)) can be rewritten as:

The phasematch bandwidth can be viewed in similar terms to the gain bandwidth of a
laser. However, the important distinction and advantage of the phasematch bandwidth
is that its centre wavelength can be shifted, often over a wide range. Methods for

doing this include varying the pump wavelength [24], crystal temperature [25], crystal

angle (BPM) [26] and poling period (QPM) [27].

Changing the position of the phasematch bandwidth can generally be considered as

coarse tuning. For finer tuning it is necessary to look at frequency selection factors
within a fixed bandwidth. These can be summarised by the two equations below:

Equation (1.35) simply represents the requirement for energy conservation, which

underpins the entire parametric generation process. In equation (1.36), j corresponds
to a resonant wave, be it pump, signal or idler, p is a large integer and FSR is the

cavity free spectral range. This equation shows that the difference between the

frequency of the resonant wave and the nearest cavity mode must be less than half the

cavity linewidth, Avc i.e. the resonant wave must lie within the linewidth of a cavity
mode. So, equations (1.35) and (1.36) show that the signal and idler frequencies must

satisfy energy conservation and, if resonant, must coincide with a cavity mode

frequency.

|M| = \k3-k2-kl-K\<—I-j
(1.34)

(1.35)

Vj-pFSRj<—^ (1.36)
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Beginning with the SRO, where only one of the signal or idler is resonant, the

optimum frequency for the resonant wave will be that of the cavity mode closest to
the maximum of the phasematch bandwidth. The non-resonant wave, under no

constraint with regard to the OPO cavity, is free to adopt any frequency that satisfies
the conservation of energy. Fine tuning can be achieved by varying either the pump

frequency or the cavity length and consequently, the stability of the resonant wave is

dependent on the stability of these two factors.

Taking the idler to be the non-resonant wave and looking at tuning by pump

frequency first, it is clear that there are two cases. In the first case, the pump

frequency is changed such that the maximum of the phasematch bandwidth shifts by
less than half a FSR at the signal. Since the cavity mode closest to the phasematch
maximum has not changed, the idler frequency will change to maintain equation

(1.35) whilst the signal frequency remains fixed. The second case involves the

phasematch maximum shifting by at least half a signal FSR. This causes the signal

frequency to hop to an adjacent cavity mode. The maximum idler tuning range before
a mode hop occurs can be calculated from:

<3
Iav. 1 =
| z,max |

" 1
lAl/, J

In equation (1.37), Avs is the change in signal frequency that occurs for a change in

pump frequency of Avp.
If tuning is instead achieved by varying the cavity length then, as before, the largest
shift in the maximum of the phasematch bandwidth before a mode hop occurs is plus
or minus half a signal FSR. This gives a total tuning range of one FSR. Since the

pump frequency is now fixed, any change in the signal frequency will be repeated by
the idler frequency, but in the opposite direction, due to energy conservation. Hence,
the maximum mode-hop-free tuning range can be written as:

|A | = |A vjmax | = FSRs (1.38)

The frequency shift, Av, for a change in cavity length, Al, within this range can be
obtained by differentiating the standard equation for FSR,

26



1. Introduction & OPO Background

vpSR =T7T7 (L39)2nL + l

with respect to 1 (length of empty cavity) giving:

Av=-Av. AI (1.40)1

nL + l

If pump enhancement is implemented within the SRO cavity, then the further

requirement of pump resonance must be included when considering the tuning
characteristics of the OPO. Clearly, tuning by variation of the cavity length is limited
to the range over which the pump remains resonant within the cavity. This is
determined by the cavity linewidth at the pump wavelength and will generally be
much smaller than the range given by equation (1.38) for an SRO with single-pass

pump.

As discussed in chapter 3, section 3.5, it is normal to employ some form of
stabilisation to ensure that the pump wave remains on resonance. Assuming that the

pump source can also be stabilised to a high degree, the utilisation of such a scheme
can result in an OPO with high frequency stability in the downconverted waves.

Should the pump wavelength change; there will be a shift in the maximum of the

phasematch bandwidth as described in the single-pass pump case. In addition, the

subsequent change in cavity length to ensure pump resonance will produce a change
in the signal and idler frequencies. This results in an overall change to the resonant

signal frequency given by:

v, ()FSR
Avt = __££ !_Av„ (1.41)

fsrp p

Here, vp,o and vs,o are the initial pump and signal frequencies before the any shifts
occur. As in the case of an SRO with single-pass pump, a mode hop will occur if the
shift in the phasematch maximum away from the resonant signal frequency is greater

than half a FSR. However, it is necessary to take into account the fact that the signal

frequency also changes, as previously mentioned. Therefore, the criteria for a mode-

hop is given by the following:
FSR

A^-Av,=±—^ (1-42)
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Equation (1.42) shows that a mode hop will occur when the difference between the
shift of phasematch maximum, Avs>pm, and the change in the signal frequency, Avs, is

greater than half a signal FSR. This assumes that the maximum of the phasematch
bandwidth initially coincides with the resonant signal frequency. It can be seen that if
both Avs,pm and Avs change in the same direction, the range of mode-hop-free tuning
achieved by varying the pump frequency will be greater than that of an SRO with
non-resonant pump and fixed cavity length. Conversely, if Avspm and Avs have the

opposite sign, the tuning range will be reduced compared to the simple SRO case.

Having dealt with the tuning behaviour of an SRO in its various guises, it is now time
to consider the DRO. In addition to the phasematching and energy conservation

requirements, the DRO cavity must also simultaneously resonate the signal and idler
waves. Therefore, the signal and idler frequencies must both be resonant cavity modes
as well as summing to the pump frequency. As a result of these constraints, the tuning
behaviour of the DRO is significantly more complex than that of the SRO. The

systematic tuning behaviour of the SRO, which can be modelled by equations (1.37)
to (1.42), no longer occurs. In addition to hops between adjacent cavity modes, large

frequency shifts known as cluster hops are often observed. Associated with these

frequency shifts are significant fluctuations in output power, sometimes leading to the
OPO switching off completely.
DRO tuning behaviour has been studied both theoretically and experimentally by a

number of authors [28-30]. The reasons behind the complex tuning behaviour of the
DRO and the subsequent consequences in terms of spectral quality and control have

proved to be important issues in the context of this project. Rather than give a general

explanation here, these issues are explored in chapters 5-7, with particular attention

paid to the DRO used in the OPO-FCG project.

1.7) Chapter Summary

This chapter began by introducing the research project to be discussed by this thesis.
The aim of the project was to combine the technologies of frequency comb generation
and optical parametric oscillation, to develop a compact, low power device capable of

generating wide spanning frequency combs centred at 1600nm.
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After a summary of the subsequent chapters, the rest of this introductory chapter was
devoted to the discussion of the optical parametric oscillator. Beginning with the

polarisation term in Maxwell's equation, the field of nonlinear optics was established.
One particular aspect of nonlinear optics is difference frequency generation, upon
which optical parametric generation is based. In OPG, a strong pump field mixes with
two weaker signal and idler fields (whose frequencies sum to the pump frequency) in
a nonlinear crystal such that the signal and idler fields experience gain, whilst the

pump field is depleted. One of the most important factors in this process is the relative

phase between the three fields within the crystal. To ensure maximum gain for the

signal and idler, it is necessary for the wavevector mismatch between the three waves

to equal zero. This can be achieved in one of two ways. Birefringent phasematching
utilises the anisotropic properties of many of the nonlinear crystals used for OPG. In
such crystals, the refractive index experienced by a wave is dependent on its

polarisation and propagation direction. Hence, by choosing the correct polarisation for
each of the three waves, a propagation direction will exist that ensures they

experience the same refractive index - setting the wavevector mismatch to zero.

The second method of phasematching, quasi-phasematching, works by inducing a

periodic n phase shift between the pump, signal and idler. This resets the phase
difference between the three waves to zero, ensuring that power is continually
transferred from the pump to the signal and idler. QPM is most commonly achieved

by inverting ferro-electric domains within the nonlinear crystal, a process known as

periodic poling.
The coupled-wave equations describe how the electric fields for the pump, signal and
idler waves change as they propagate through the nonlinear crystal. From these

equations, the Manley-Rowe relations can be derived. These describe the transfer of

energy between the three waves and, in particular, show that the destruction of a

single pump photon creates exactly one signal and one idler photon. As a result, the

Manley-Rowe relations also give the fundamental efficiency of the particular OPG

process.

When dealing with continuous waves rather than pulses, it is necessary to resonate at

least one of the signal or idler if significant downconverted power is to be generated.
This is known as optical parametric oscillation and in the simplest case, a pair of
mirrors about the nonlinear crystal is used to resonate the signal or idler. Whilst this
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singly resonant oscillator is relatively simple to set up and offers systematic tuning,
the threshold power required for the generation of signal and idler is typically quite

large. As a result, a large research effort has led to the development of several types of
OPO cavity with significantly reduced thresholds. One of the most straightforward is

simply a modification to the SRO cavity, whereby the pump and/or non-resonant

downconverted wave are reflected back through the nonlinear crystal for a second

pass. Each wave that is double-passed can reduce the threshold by up to a factor of
two. An OPO with both signal and idler resonant is known as a doubly resonant

oscillator and typically offers threshold reduction factors of -100 compared to the

singly resonant case. The pump wave can also be double-passed in a DRO, offering a

further reduction. A large pump field can be built up around the nonlinear crystal by

resonating the pump wave. This is known as pump enhancement and reduces the

double-pass pump threshold in either an SRO or DRO by the pump enhancement
factor. This factor is related to both the finesse of the OPO cavity at the pump

wavelength and the transmission of the input mirror. The final type of OPO under
consideration was the intra-cavity OPO. In this case, the nonlinear crystal is placed
inside the pump laser cavity, with a beamsplitter used to separate the downconverted
waves from the laser crystal. This takes advantage of the large circulating pump field
that exists within the laser cavity. Hence, the output power of the pump laser required
to reach threshold is significantly reduced compared to the case where the OPO and

pump laser are in separate cavities. However, there are issues relating to the
interaction of the laser field with the nonlinear crystal that must be addressed.
The final section of this chapter looked at the tuning behaviour of the SRO and DRO.
In an OPO, the signal and idler frequencies are determined in the first instance by the

phasematching condition. It is normal to specify a bandwidth over which acceptable

phasematching occurs and this is analogous to the gain bandwidth in a laser.

However, in an OPO the centre of the phasematch bandwidth can be shifted over a

considerable frequency range by varying parameters such as the pump frequency and

crystal temperature, '."his results in course tuning of the downconverted frequencies.
Within a fixed phasematch bandwidth, signal and idler frequency selection is
determined by energy conservation and resonance within the cavity. The SRO, with

only one resonant wave, exhibits systematic tuning via variation of the pump

frequency or cavity length. Tuning of the resonant wave will occur over a predictable

range before a jump to an adjacent cavity mode, known as a mode hop. If pump
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enhancement is incorporated into the SRO and a stabilisation scheme is employed to

keep the pump wave on resonance, then high frequency stability of the
downconverted waves can be achieved. Also, the combination of pump tuning and

resulting cavity length change due to the stabilisation system can result in an

increased mode-hop-free tuning range.

The DRO, on the other hand, is an entirely different matter. Due to the constraints of

energy conservation and the dual resonance of the signal and idler, complex tuning
behaviour is often observed. As well as mode hops, this can include large frequency
shifts that are difficult to predict. This results in significant fluctuations in output

power. During the course of this project, the tuning behaviour of a DRO was found to

be an important factor and is explored in detail in later chapters.
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Chapter 2

Frequency Comb Generation

In the past decade, a powerful technique has emerged in the field of optical

metrology. Known as frequency comb generation, it allows the creation of a direct
link between an unknown optical frequency and a precise microwave frequency [1]. A

frequency comb consists of several thousand equally spaced optical frequencies (the
teeth in the comb) spanning several THz (tens of nm in wavelength terms). The

separation between individual frequencies is usually of the order of a few GHz.
Hence, the spacing in the comb can be locked to a precision radio-

frequency/microwave oscillator, whose output frequency is known to a high accuracy.

By utilising this 'optical bridge', spanning some 5 orders of magnitude, an unknown

optical frequency can be measured with a similar accuracy to that of the oscillator.
The technique of frequency comb generation has already found extensive use in the
field of spectroscopy [2], However, recent advances have led to a further exciting

possibility - the application of frequency comb generation in the next generation of

optical communication systems. Prior to a discussion of this subject, it is first

necessary to summarise the main physical and optical processes involved in the

generation of a frequency comb.

2.1) The Linear Electro-optic Effect

Perhaps the most fundamental process in the generation of a frequency comb is the
linear electro-optic effect. It occurs when an electric field is applied to anisotropic

crystals i.e. those where the velocity of propagation of an electromagnetic wave (and
hence the refractive index) depends on the plane of polarisation of the wave. The
linear electro-optic effect has been extensively discussed in several textbooks [3], [4].
What follows is a summary of the main points and equations.

Firstly, it is important to introduce the index ellipsoid or optical indicatrix. This is a

three-dimensional representation of the refractive index in an anisotropic crystal,

allowing the refractive index to be calculated for any given plane of polarisation.
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From Maxwell's theory of electromagnetism, the energy density, W, in a dielectric
medium is given by

W=-D-g (2.1)
2

The electric displacement, D, and the electric field of the incident light, are related

by

Dx=e,A
Dy=e22£y (2.2)
Dz = Eyjsz

Here, x, y and z represent the principal axes of the crystal and Ey are the relevant
elements from the electric permittivity tensor. Combining equations (2.1) and (2.2)

gives

W=-
2
rD\ D) d;N
—— 4 —4

V £ll £22 £33 J
(2.3)

According to equation (2.3) a constant energy surface is represented by a three-
dimensional ellipsoid. By dividing both sides of (2.3) by W and performing the

9 D2
substitution x2 =—— (similarly for y and z) the final expression for the index

2s0W

ellipsoid can be obtained,
2 2 2

A+W' <2-4)

Note that nx, ny and nz, which represent the semi-axes of the index ellipsoid, are given

and J—22- respectively, as defined in Maxwell's equations.
V co V £o

Figure 2.1 shows an example of an index ellipsoid for a particular class of anisotropic

crystals known as uniaxial. In such crystals, nx = ny = n0, the ordinary refractive index,
and nz = ne, the extraordinary refractive index. Since a wave propagating along the z-
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axis of a uniaxial crystal will always experience no, independent of the plane of

polarisation, the z-axis is commonly termed the optical axis.

Figure 2.1 - Index ellipsoid for uniaxial crystal

If an external electric field is applied to an anisotropic crystal, a permutation in the
lattice structure is created. This causes a change to the permittivity tensor and a

deformation of the index ellipsoid. As a result, the axes of the ellipsoid no longer lie

along the principal axes of the crystal. The index ellipsoid must now be represented

by the general equation for an ellipsoid i.e.

x2 +
1 > 2 . f 1
2 r + 2

n 2 {n

^
2 jir+2

/3

yz + 2
/4 \n2 J5

xz + 2 xy = 1 (2.5)

The change in refractive index from the case of no applied field, described by

equation (2.4), can be written as

f J A 3

yn y
=2jutj
j=i

(2.6)

with i = 1,2, ..., 6, j = 1, 2, 3, £1,2,3 - £x,y,z and the 6 x 3 element matrix represented
by rjj is known as the electro-optic tensor. In most crystals, the symmetry of the lattice
structure significantly reduces the number of non-zero elements in the electro-optic
tensor. For instance, in KDP, a commonly used electro-optic crystal, the only non¬

zero elements are r4), r52 (= r4i) and r63.
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Continuing with the example of KDP, it is obvious from equation (2.6) that the first
three terms of the general ellipsoid equation are identical to those of (2.4), since the
relevant electro-optic coefficients and hence the change in refractive indices are 0. As
a result, these terms are independent of the applied electric field. The other non-zero
terms are cross-terms (shown in the latter half of (2.5)), induced by the applied
electric field. Equation (2.7) gives the index ellipsoid for KDP when placed in an

electric field of arbitrary direction.

^T + ^T + ^T + 2r4&yz + 2r41£ xz + 2r0£xy = 1 (2.7)
n0 n0 ne

A comparison of equations (2.4) & (2.7) shows that the major axes of the ellipsoid are

no longer parallel to the principal axes x, y and z. To determine the effect on an

electromagnetic wave passing through the KDP crystal, it is necessary to find a new

set of axes, x\ yv and z\ along which the major axes of the index ellipsoid now lie.

Commonly, the electric field is applied along the z-axis of the KDP crystal (the

original optic axis) such that = £y = 0. Equation (2.7) therefore simplifies to

The desired x\ yv and z are such that the resulting equation for the index ellipsoid
contains no cross-terms and has the same form as (2.4) i.e.

v2 v2 v2

±r+2L-+i- = l
n. n\ n\

(2.9)

Comparing equations (2.8) and (2.9) shows that z = z and therefore nz- = ne. Equation
(2.8) is also symmetric in x and y, that is, replacing x with y and vice versa does not

alter the equation. It can therefore be deduced that the new axes xv and y" are rotated

through 45° from the original position of x and y (figure 2.2).
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Figure 2.2 - Rotation of principal crystal axes

This gives the following relationships between the two sets of axes,

x = xvcos45° + yvsin 45°
y = -;Fsin 45° + y" cos 45°

(2.10)

By substituting equations (2.10) into (2.8), the desired equation for the index

ellipsoid, in the form of (2.9), is achieved.

2 63bz
V"o

+y
1 * 1 z2+ r63^z +"22 ' '63^z

V«0
(2.11)

Equations (2.9) and (2.11) show that the index ellipsoid has indeed been rotated such
that its major axes now lie along the new principal axes x\ y" and z\ Also, the lengths
of the major axes have been altered in the xv and y" directions such that

-L =JL-rf2 2 '63b z
n. nn

1 1 p
2 + r63bz

nQ

(2.12)

From (2.12), the resultant change in the refractive index (assuming a small change so

that nx~ - ny. = n0) is found to be

38



2. Frequency Comb Generation

Anf=nf~n0

= £
2 63*z

3

= --2-r £
2 63^z

(2.13)

Note that since nz- = ne, as mentioned previously, there is no change in the refractive
index along the zv (= z) axis.
Whilst the above analysis applies to KDP and other crystals in its class, similar

equations can be derived for other crystal classes. Generally, the change in refractive
index is of the same form as (2.13), but with a value of r specific to the class of

crystal.

2.2) Phase Modulation

In the previous section it was shown that the application of an electric field to an

anisotropic crystal such as KDP, results in a rotation of the principal axes by 45° and a

change in refractive index along these axes proportional to the electric field strength

(equations (2.13)). In this section, a specific application of the linear electro-optic
effect will be discussed, namely phase modulation [5] - a key physical process in the

generation of a frequency comb.
When an optical beam of wavelength X passes through a medium of refractive index n

and length L, the associated phase shift is given by

Now, consider linearly polarised light passing through an anisotropic crystal that is

subject to an electric field, as described in the previous section (often described as

an electro-optic crystal). If the crystal is orientated such that the plane of polarisation
is aligned with one of the rotated principal axes, xv or y\ then the change in phase

(compared to the case of % = 0) is directly proportional to the change in refractive
index

(2.15)
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Here, no is the refractive index of the crystal with no electric field present and r is the

electro-optic coefficient of the crystal.
In the preceding analysis, a static electric field has been assumed. If instead, a

sinusoidally varying electric field of frequency fm is applied to the crystal i.e.

<f = #0sin(2/rfj) (2.16)

then, from equation (2.15), the change in phase will also have a sinusoidal variation
i.e.

At = -"Lnf°M2xfj) (2.17)

This situation, shown in figure 2.3, is usually described as phase modulation, with fm
known as the modulation frequency. As well as being an important part of many

optical applications, phase modulation is also extensively used in long-range radio
communications (e.g. satellite and deep space missions) due to its desirable noise

properties and the fact that it can be produced by simple and robust electronic circuits.

Polariser

Input Beam

>=>
Ouput Beam with
Phase Modulation

Electro-optic
Crystal

Figure 2.3 - Typical setup for electro-optic phase modulation

The question now arises as to the effect of phase modulation on the linearly polarised

light passing through the electro-optic crystal. An optical field of the form

Em — A cos (Inf0t) (2.18)
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incident on the input face of the crystal (z = 0) will emerge from the output face (z =

L) as

Eom = A cos (2xf0t + </>0 + A0) (2.19)

r2*7TYl J-j
Here, the constant phase factor {<j>0= —) can be ignored, since it does not affectA

7TLn3r£
the final outcome. Combining equations (2.17), (2.19) and writing 8 - 1—- givesA

Eoul= A cos {2xf0t-5sin {2xfmt)) (2.20)

The factor 8 is usually described as the phase modulation index. It is now possible to

use the Bessel function identities,

cos(8sm(2xfmt)) = J0(S) + 2J2(8)cos(4xfj) + 2J4(S)cos(87Tfj) + ---

sin(£sin(2xfj)) = 27, (£)sin(2xfmt) + 273 (8)sin(6xfj) + ■■■

(2.21)

to rewrite equation (2.20) as

Eou,=A

J0(8)c°s(27rf0t) + Jl(8)cos2x(f0 + fm)t + Ji(8)cos27r(f0-fm)t +
J2(8)cos27c(f0 + 2fm)t + J2(8)cos2x(f0-2fm)t + J3(8)cos27u(f0+3fm)t +
J3 (8)cos2n(f0-3fm)t-\

(2.22)

From (2.22), it can be the seen that the spectrum of the light emerging from the crystal
will consist of a centre frequency, fo, surrounded by equally spaced sidebands that are

separated from the centre frequency by multiples of the modulation frequency, fm.

Equation (2.22) also shows that the energy in the nth sideband is given by the value of
the nth order Bessel function at the modulation index i.e. Jn(5). Figure 2.4 shows how

Jo and Ji (corresponding to the energy in the centre frequency and first order

sidebands) vary with 8 over the range -27t to +27t.
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Bessel Functions

Figure 2.4 - 1st & 2nd order Bessel functions

In figure 2.5, a typical spectrum of a phase-modulated optical beam is shown. With
the modulator switched off, the left hand image shows the single mode of the input
laser beam. Switching the modulator on transfers a significant fraction of power from
this central mode to the two first order sidebands, clearly visible in the right hand

image.

Figure 2.5 - Spectrum of phase-modulated laser beam with modulator off

(left image) and modulator on (right image)

42



2. Frequency Comb Generation

2.3) Comb Generation in a Passive Cavity

Having discussed optical phase modulation and its effect on the frequency spectrum

of a monochromatic light beam, the technique of frequency comb generation can now

be described. Consider an electro-optic phase modulator (EOM) of length Lmod
situated between two highly reflecting mirrors, separated by a distance Lcav and

forming an optical cavity, as shown in figure 2.6. Light of frequency v0 is coupled

into the cavity. Since there are no other active media between the mirrors, such a

configuration is often called a passive or 'cold' cavity.

EOM
><

Lmod

Lcav

Figure 2.6 - EOM in an optical cavity

The resonant modes of this cavity are given by the standard equation
mc

v.„ = -

2(Lcav+(n-\)Lmod)
(2.23)

Here, n represents the refractive index of the EOM crystal and m is an integer. Hence
the frequency separation between adjacent modes, also known as the free spectral

range (FSR) of the cavity, is given by
c

V =v FSR
2(L +(n-\)Lmod)

(2.24)

A frequency comb is generated by setting the modulation frequency of the EOM equal
to the mode separation of the optical cavity i.e. fm = Vfsr [6]. To see how this works,
first note that by setting fm=Vfsr, the sidebands generated by the EOM will exactly
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overlay the cavity modes in frequency space. Hence, the sidebands will be resonant

between the two mirrors and will pass back through the EOM, experiencing phase
modulation. As a result, the initial sidebands will generate their own sidebands, which
will also be resonant, and so on. The overall effect is a cascade process, producing a

series of equally spaced frequencies, or modes, about v0 (the central frequency) over

a wide bandwidth - a comb of frequencies, figure 2.7.

60 70

-60 -40 -20 0 20 40 60
Sideband Order

Figure 2.7 - Example of comb generated in a passive cavity [7]

Of course, since there is no source of optical gain, energy conservation dictates that
the total power in the frequency comb must be equal to the optical power incident on
the cavity (usually from a laser source). Herein lies the major problem with the

passive cavity configuration. In terms of frequency comb generation the ideal case
would be for the input optical power, Pj, to be equally distributed across all

frequencies in the comb. However, it can be shown [8] that the fraction of power in
the k-th sideband from the input 'centre' frequency is given by

— = 77
P

n
\2

28.F
exp

-\kW
8.F

(2.25)

8 is the phase modulation index as defined in section 2.2 and Tjcav, F represent the

input coupling and finesse of the optical cavity respectively. From equation (2.25) it
can be seen that the power in each mode of the comb decreases exponentially with

increasing mode number. It is also apparent that there will eventually be a mode with

Pk ~ 0. At this point, the comb will be indistinguishable from the background noise.
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Therefore, (2.25) effectively defines the maximum extent of the comb. To increase the
extent of the comb, it is necessary to increase TJcav, F and 5. An increase in the phase

modulation index requires an increase in the electrical power supplied to the EOM. In

practice, this can lead to undesirable heating of the modulator. Therefore, early efforts
to increase the comb width concentrated on improving the quality of the optical cavity
in the FCG set-up. For example, Kourogi et al [9] achieved a significant increase in

cavity finesse and efficiency by applying a high reflection coating directly onto the
ends of the modulator crystal, forming a monolithic comb generator. The resulting
low round-trip loss was reflected in the maximum comb width of 6.1 THz, over 1.5
times larger than previously reported by the same group [8]. A different approach was

taken by Bell et al [10], who incorporated an additional cavity before the EOM cavity
in the comb generation set-up. The purpose of this 'pre-cavity' was to increase the

coupling efficiency of laser light into the FCG cavity, thereby increasing the power

transferred into the comb. This resulted in a comb containing 400 modes and spanning
over 1 THz.

2.4) Comb Generation with an Active Medium

Whilst the methods described in the previous section can help to increase the width of
the generated comb, the exponential decrease in mode power still exists. This is a

fundamental problem with the passive cavity configuration, which can only be
overcome by placing an active medium alongside the EOM in the cavity. The gain

provided by the active medium counteracts the exponential power decrease, creating a

flat comb with modes of approximately equal power.
In the context of frequency comb generation, there are two types of active medium.
The first consists of conventional optical amplifiers, which operate on the same

principles as a laser. For example, a frequency comb generation scheme proposed by
Ho and Hahn [11] utilised an optical amplifier and modulator in a fibre loop.
However, there are two major drawbacks to using an optical amplifier as the active
medium. Firstly, the gain bandwidth of the amplifier will limit the span of the comb,
since the power in any modes outside the bandwidth will rapidly decrease to

negligible levels. The proposed set-up of Ko and Hahn was expected to generate a

comb only spanning around 1 THz. This is significantly less than any of the comb
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widths generated by the passive cavity configurations. The second problem lies with
the fact that an optical amplifier will add noise to the comb frequencies. As noted by
Ko and Hahn, some of the noise peaks may have a greater power than the weaker
comb frequencies. Obviously, this is highly undesirable in situations where a high

signal to noise ratio is required, such as optical metrology and telecommunications.
The second type of active medium involves the use of parametric gain, through the
second order nonlinear interaction. The unique nature of parametric gain gives several

advantages over conventional optical gain. Since the parametric process does not

depend on atomic or molecular transitions, it is inherently broadband and tuneable. As
will be shown in chapter 5, the parametric gain bandwidth can extend to tens of THz.
A second advantage is that, in most cases of parametric generation, the dominant
noise source will be the pump laser, which can usually be stabilised to kHz precision.
One further advantage of the parametric process is that the generated waves have a

coherent phase link to the pump wave and between each other. Therefore, with

parametric gain as the active medium in a frequency comb generator, a definite phase
link can be created between all the modes in the comb.

Rather than introduce a source of parametric gain into a passive comb generator

cavity, a more compact and elegant solution can be realised by incorporating the
EOM into the cavity of an optical parametric oscillator. As discussed in chapter 1, an
OPO generates coherent signal and idler waves whose frequencies sum to give the

original pump frequency. By choosing the correct nonlinear crystal parameters such
as temperature and grating period it is possible to set the signal and idler wavelengths

equal to each other (i.e. As = A. = 2Xp), a condition known as degeneracy. If the
signal/idler (for there is now no distinction between them) are then modulated at a

frequency equal to their mutual FSR, a comb of frequencies will be produced about
the degenerate wavelength. Such a device was demonstrated by Diddams et al [12],
who introduced an EOM into the cavity of a degenerate OPO based on MgO-doped

LiNb03 and pumped at 532nm. When operated at a pump power of 500mW (2.5
times threshold) and with the EOM driven by 400mW of RF power at around
350MHz, a flat comb spanning 5.6 THz (21nm) was generated about 1064nm.
The reader may have noted that whilst the frequency combs produced with an active
medium are flat, they still have an abrupt cut-off. This is due to dispersion in the intra-

cavity materials (e.g. modulator and nonlinear crystals). The concept of dispersion
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and its implications for frequency comb generation will be fully discussed in chapters
5 and 6. In summary, dispersion causes the mode spacing defined in equation (2.24) to
be a roughly linear function of frequency. Therefore, the separation between resonant

cavity modes will vary across the width of the comb. However, the separation
between adjacent modes in the comb is defined by the modulation frequency and
hence is a constant value. For a mode sufficiently far away from the central

frequency, this results in a significant difference between the frequency of the

generated sidebands and the nearest resonant cavity mode. This difference will
increase with mode number (where the zero'th mode represents the central frequency
in the comb) until the power transferred into the resonant mode is insufficient to
overcome the round-trip loss in the cavity. Since no further modes can oscillate, the
comb is cut-off at this point.

2.5) FM Lasers

In terms of experimental set-up, frequency comb generation with an active medium
bears a number of similarities with a particular laser operational state known as

frequency modulated (FM) oscillation. FM laser oscillation has been demonstrated in
a number of different systems including standing wave [13] and ring [14] dye lasers,
the solid-state Nd:YAG laser [15] and a broadband Ti:Sapphire oscillator [16]. In all
cases, the basic laser cavity consisted of a gain medium and a mechanism for phase
modulation surrounded by a standing or travelling wave resonator. As with frequency
comb generation, the phase modulation occurred at a frequency equal or close to the

longitudinal mode spacing of the resonator.

The parallels between FCG and FM lasers suggest that an examination of the latter

process may well provide several insights into the former. A detailed analysis of FM
laser oscillation was presented by Harris and McDuff in 1965 [17] and reinterpreted in
a number of the references mentioned previously. One of the important parameters
resulting from this analysis is the modulation index of the FM oscillation,

r = -^L (2.26)
n Av
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Here, vfsr is the longitudinal mode spacing and Av is the detuning of the modulation

frequency from the longitudinal mode spacing i.e.

Av = /m-vras (2.27)

The quantity 8 refers to the round-trip phase retardation of the Fabry-Perot cavity with
an intra-cavity phase modulator. It is related to the peak single-pass phase retardation
of the modulator, 8pm, by:

5 = -
( ■ 71

r vO
sin— cos

I 2L) V L J (2.28)

In equation (2.28), L is the cavity length and x the length of the modulator crystal.
The distance from this crystal to the end mirror of the cavity is given by z0. This

shows that for x « L, 8 = 8,PM cos . Therefore, to access a large fraction of the
L

,

peak phase retardation of the modulator, it is necessary to place the modulator as close
to the end mirror as possible. Since this analysis applies to any Fabry-Perot cavity

containing a phase modulator, the position of the modulator relative to the end mirror
of the cavity must also be an important consideration for FCG.
From equation (2.26), it is clear that the modulation index will increase as the

modulation frequency approaches the cavity mode spacing i.e. Av approaches 0.
When fm = Vfsr, the modulation index will be infinite. For a large modulation index,
the full spectral width of the FM laser oscillation is given by:

A"„„=2rf. (2.29)

Given that, for high modulation indexes, fm - vFSR, equation (2.29) suggests that T is
a good approximation to the total number of modes swept by the FM oscillation.
As Av is decreased and hence T increased, the operation of the FM laser is
characterised by a number of stages. When Av is large, the laser will behave like a

free-running laser. For an inhomogeneously broadened gain medium, this will mean
oscillation on a number of independent cavity modes, with each accessing gain from

effectively separate atomic populations (e.g. gas atoms with different associated
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Doppler frequencies). As Av is reduced, the phase modulator will cause the

independent modes to each form frequency modulated spectra and become carriers of
an FM signal. Gain competition occurs between the independent FM oscillations as

before, but due to coupling effects caused by the overlap of sidebands with adjacent

cavity modes, the broadening appears more like that in a homogeneous system.

Therefore, the FM oscillations all interact with the same atomic populations to a good

approximation. As a result, with decreasing Av there comes a point at which the

strongest FM oscillation, usually closest to the centre of the gain profile, completely

quenches the weaker oscillations and FM oscillation on a single longitudinal mode
occurs.

With further reduction in Av, the sidebands created by the phase modulation move

away from line centre and laser energy is transferred to the edges of the gain profile.
The resulting variations in gain experienced by separate sidebands allow multiple FM
oscillations to occur once again and this region of operation is therefore known as

unquenched.
The unquenched region marks the transition between the regions of FM oscillation
and phase-locking (also known as mode-locking). Phase-locking occurs for very small
values of Av and is a result of rephasing of the oscillating modes due to the large
distortions experienced by the sidebands. In the phase-locked region, the output of the
laser in the time domain consists of a series of periodic pulses whose repetition rate is

equal to, or an integer multiple of, the modulation frequency. The duration of each

pulse, xp, is related to the modulation frequency and index and is given by:

t =—— (2.30)p

2/mr

It should be noted that 8 also plays an important role in the operation of the FM laser.
In particular, if 8 is too small then the regions of FM oscillation and phase-locking

may never be reached, leaving just the initial unquenched operation. Also, a certain
level of phase retardation is required for the unquenched region between FM
oscillation and phase-locking to occur. This transition region is often characterised by
a drop in laser power and, if 8 is insufficient, the laser may switch off completely.
The question now arises as to the insight, with respect to frequency comb generation,
that can be gained from studying the operation of the FM laser. In terms of cavity
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design the previously mentioned issue regarding modulator placement applies to

frequency comb generation as well as the FM laser. On a more fundamental note, the
different operating regimes of the FM laser may also apply when a frequency comb is

generated. Therefore, the appearance of the output spectrum and beat frequencies
between oscillating modes, as observed in the FM laser, could well provide important

pointers as to the operation of the FCG. Of particular interest would be whether the

spectral output of the FCG is an FM oscillation or phase-locked. Experimental
observations of FM laser operation may well provide the answer to this question.
Of further interest are quantities associated with the FM laser, in particular the
modulation index. As shown by equation (2.29), this can be used to calculate the full

spectral width of the FM oscillation. If the same property is true of comb generation,
then the modulation index would provide a quick and simple method of estimating the

possible comb bandwidth.
It now seems prudent to look at some specific cases of FM laser operation,

particularly those that compare favourably to OPO-FCG. In terms of the gain

medium, an OPO is similar to a homogeneously broadened laser. Examples of such
lasers are those based on liquid dye compounds and the solid-state Ti:Sapphire

crystal. FM oscillation in a dye laser was achieved by Kane et al in both a standing
wave [13] and ring [14] resonator configuration. For both cases, a phase modulator
based on ADP was used to create frequency modulation. With the dye laser operating
on a single frequency, an FM spectrum spanning up to 2.6 GHz was produced. By

increasing the dye laser bandwidth to 40 GHz, through the use of intra-cavity

elements, the width of the FM spectrum was increased to 175 GHz. For a detuning
between modulation frequency and cavity FSR of <100 kHz, pulsed operation was

observed with pulse widths around 2ns.
In the case of the Ti:S laser, FM oscillation was achieved by Curley and Ferguson

[16] in a bow-tie resonator configuration and via MgOiLiNbCb phase modulator. A
maximum FM bandwidth of 820 GHz was achieved in the basic system. The insertion
of an intra-cavity birefringent tuning element reduced the maximum bandwidth to 150

GHz, but allowed larger detunings (20 kHz, compared to 3 kHz in the basic

resonator). With the birefringent element, pulsed operation was observed for

detunings <8 kHz, giving a shortest pulse length of 65ps.

Despite the similarity between OPO-FCG and the FM lasers described above in terms

of gain broadening, there are some obvious differences. Initially, the OPO will only
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operate on one signal and idler mode pair at any one time and this pair will be coupled
via the parametric interaction. This is in marked contrast to the initial free-running
state of the FM laser, which can involve several independent longitudinal modes or

one individual mode in the single frequency case. As discussed in chapter 1, section

1.5, the spectral behaviour of an OPO is governed by a number of constraints relating
to phasematching, energy conservation and cavity resonance. The latter is the only
constraint on spectral output of the FM laser. Despite these differences, the
similarities between FM laser oscillation and frequency comb generation are still

intriguing. It is hoped that further insight and answers to some of the questions above

may be gained through the course of this thesis.

2.6) FCG & Optical Communications

The value of the frequency comb generation technique is well known in the fields of

spectroscopy and metrology [18, 19]. However, frequency comb generation may also

prove to be a very important tool for optical communications. Current
telecommunications systems rely on a technique known as wavelength division

multiplexing (WDM) to simultaneously send several optical channels down an optical
fibre. A set of equally spaced optical frequencies is defined in a certain range. Each
channel is then assigned a different carrier frequency from within this set. Data is
encoded onto the carrier frequencies by the usual means and the channels are then
combined into an optical fibre. At the receiver end, frequency selective optics are used
to separate the channels and the data can then be extracted. Figure 2.8 shows a

schematic of the WDM process.

DataM Encoded

Channels

A.)

X.2

A.3

De-multiplexer

Figure 2.8 - Wavelength division multiplexing
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To be suitable for the channels in a WDM system, the set of optical frequencies must

have a number of properties. Firstly, the number of frequencies must ideally be

greater than the number of channels, to allow for the switching of channel frequencies
and the expansion of the system. Current WDM systems typically operate on a few
hundred channels, with this number expected to rise to around one thousand for next

generation WDM (Dense Wavelength Division Multiplexing - DWDM) [20, 21].

Therefore, a set of several thousand optical frequencies would be desirable.
The frequencies themselves must be equally separated by a difference large enough to

prevent crosstalk between channels (the leakage of signal from one channel into

another). For example, the ITU-T (International Telecommunications Union -

Telecommunication) specifies a frequency grid with 25 GHz spacing from 186200
THz to 196575 THz [22], A narrow linewidth is also required of each frequency,

again to prevent crosstalk. Typically, an acceptable linewidth would be around

1000 ^ fre9uency sPacing- So, a set of optical frequencies with a separation of
several GHz and a linewidth of a few MHz would be required.

Obviously, the value of each channel frequency must remain constant to a very

precise level to allow the channels to be separated during de-multiplexing. This leads
to the final property of the set of optical frequencies - phase-locking. There must exist
a definite phase relationship between all the frequencies in the set. As a result, the
stabilisation of a single 'control' frequency will ensure the stabilisation of all

frequencies in the set and prevent any undesirable drift in value or power.

Looking back to section 2.4, it is apparent that the properties of a set of optical

frequencies required for WDM can be fulfilled by a comb generator based upon an

optical parametric oscillator (OPO-FCG). However, such a device would have to be
extremely compact, to allow for easy integration with the rest of the optical network.
This places severe limits on the pump source for the OPO. Realistically, only a single-
mode laser diode would be suitable. In a previous demonstration of an OPO-FCG, the

pump threshold was 200mW with an operating power of 500mW [12]. This is far too
high for the laser diode pump source mentioned above, whose typical maximum

output power is around 150mW. Therefore, the task is to reduce the threshold and
operating power to values such that pumping by a laser diode is feasible, which will
be covered in the rest of this thesis.
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Before ending this chapter on frequency comb generation, it is pertinent to take a brief
look at other techniques for frequency comb generation and assess their applicability
to optical communications. In a proposal by Wong [23], a method of generating a 10
THz frequency comb at around 1.5|J.m was outlined. It involved the use of a stable

laser source to simultaneously pump a set of ten phase-locked OPOs. The OPOs
would be configured such that the signal and idler outputs were equally separated by
-500 GHz across the entire system. The OPO outputs would then be modulated at a

frequency of 20 GHz, producing sidebands that would fill in the frequency space

between each signal and idler wave. The overall result is a frequency comb spanning
10 THz, with a mode spacing of 20 GHz. Whilst the generated comb in this proposal
satisfies all the criteria required for WDM, the system is far too large and
cumbersome to be integrated with current telecommunications systems. Additionally,
the power requirements and general complexity of the set-up are likely to be

prohibitive when compared to the simplicity of other methods.

Throughout the discussions in this chapter, the method of modulation for generating a

frequency comb has been electro-optic. However, there also exists another technique
for in-situ modulation, namely acousto-optic. In this case, a sound wave is used to

create a region of alternating high and low pressure in a transparent medium. This

produces a change in the refractive index and the associated phase shift that leads to

optical modulation, as summarised in section 2.2. Frequency comb generation via

acousto-optic modulation has been demonstrated by Jessen & Kristensen [24]. Their

set-up consisted of a dye laser and two acousto-optic modulators in a ring

configuration, producing a frequency comb spanning a few hundred MHz with a

mode spacing of around 6 MHz. In terms of optical communications, these values are

significantly smaller than the minimum that would be acceptable. This highlights a

fundamental limitation with using acousto-optic modulation for any form of

frequency comb generation. The maximum modulation frequency of an acousto-optic
modulator is inversely proportional to the time taken for the sound wave to pass

through the medium. Given that in most materials the speed of sound is a few km/s,
this means that the maximum modulation frequency is of the order of tens of MHz,
even for the thinnest of media. Hence, it would never be possible to reach the
modulation frequencies required for WDM with a comb generator based on an

acousto-optic modulator.

53



2. Frequency Comb Generation

The final alternative method of frequency comb generation relies on a technique that
is well known is the area of ultrafast optics i.e. mode-locking. Like the frequency
comb generator, the spectrum of a mode-locked laser source consists of a series of

equidistant frequencies whose separation is equal to the pulse repetition rate. This is
due to the fact that the circulating pulse can be described as a superposition of the
discrete longitudinal modes within the laser cavity. The use of the spectrum associated
with a mode-locked source for bridging large frequency gaps has long been

recognised in the area of metrology. Due to the inverse relationship between pulse

length and spectrum width, it is only with the recent development of femtosecond
sources based on Kerr-Lens mode-locking that frequency combs spanning tens of THz
have become accessible [25-27]. A standard set-up would consist of a mode-locked
femtosecond laser source whose repetition rate is locked to a stable microwave/RF
source. This ensures a stable comb, since the mode separation has been shown to be

equal to the repetition rate to a very high degree across the extent of the spectrum

[28],

Further broadening of the frequency comb to several hundred THz can be achieved by

passing the femtosecond output through a microstructured optical fibre. This has led
to the demonstration of a direct link between microwave and optical frequencies [29]
with a frequency comb spanning 300 THz. In the context of a telecommunications

system, the very large bandwidth provided by such wide spanning combs would prove

extremely attractive. However, there are several issues with mode-locked
femtosecond systems that would need to be addressed. For metrological applications,
the femtosecond lasers tend to be large and have significant power requirements,
neither of which is favourable for telecoms. However, recent research into the

development of compact, low power femtosecond lasers for telecoms applications
may well solve this problem in the near future. A second issue with femtosecond
frequency combs lies with the repetition rate of the mode-locked laser. Typical rates
are of the order of hundreds of MHz, which is too small a separation between the
modes in the comb (recall that channel spacings of several GHz are required for
WDM). Again though, recent research into TiiSapphire based femtosecond oscillators
with GHz repetition rates [30, 31 ] suggests that this may not be a problem for much
longer. The final issue with comb generation based on mode-locked sources is one of
inflexibility. As with any laser source, the centre frequency of the comb is limited to a

narrow range of values determined by the lasing transition. Here, frequency comb
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generation based on a parametric source, with its inherent tunability, seems to offer a

great advantage. However, as a final caveat, it is worth noting the research of Jones et

al [32] who demonstrated that a femtosecond comb could be centred on arbitrary

frequency. This was achieved via cross-phase modulation between a femtosecond

pulse train and a continuous-wave laser beam whilst both were propagating through
an optical fibre. In this case, the comb was fairly narrow with a mode spacing of only
90MHz. Nevertheless, if this technique could be combined with a GHz femtosecond

system, it could prove a powerful tool in the area of telecommunications.
With each of the femtosecond comb techniques listed above there is one fundamental

problem. By its very nature, a femtosecond comb will comprise a series of short

optical pulses in the time domain. Associated with such pulses is a high peak power,
which can potentially cause serious damage to the components within a

telecommunications system. Wider femtosecond combs require shorter pulses and

larger peak powers, exacerbating the problem.

2.7) Chapter Summary

At the beginning of this chapter, the fundamental process behind frequency comb

generation was introduced. The electro-optic effect occurs when an electric field is

applied to anisotropic crystals and results in a change to the refractive index along the

principle crystal axes that is proportional to the applied electric field.
A particular application of the electro-optic effect, and one crucial to comb

generation, is known as phase modulation. This is achieved by passing polarised light

through the anisotropic crystal such that the plane of polarisation is parallel to either
the x or y principle crystal axis. If a modulated electric field is then applied along the
z-axis of the crystal, the modulation will be passed on to the refractive index

experienced by the light. The overall result is a modulation of the phase of the light at
the frequency of the electric field. In spectral terms, this creates equidistant sidebands
about the original frequency of the light, whose separation is equal to the modulation

frequency and whose amplitude is determined by the value of a Bessel function at the
modulation index. The modulation index is determined by the electric field,

wavelength of the light and properties of the anisotropic crystal.
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Phase modulation is the key to the generation of a frequency comb. The electro-optic
modulator (or phase modulator) is placed inside an optical cavity and the modulation

frequency set equal to the cavity mode spacing. As a result, sidebands generated on

laser light that is coupled into the cavity coincide with longitudinal modes and are

resonant. The resonant sidebands pass through the modulator and generate their own

sidebands, which are also resonant cavity modes. This process continues, resulting in
a comb of several thousand equally spaced frequencies over a wide bandwidth.
In this passive configuration, energy conservation dictates that the power within the

frequency comb must be equal to the laser power coupled into the cavity. To satisfy

this, the power in individual modes is found to fall off exponentially as they move

away from the centre of the comb, eventually leading to the comb being cut off.
Whilst various methods have succeeded in increasing the comb width, comb

generation in a passive cavity will always suffer from the exponential drop in power.

The solution is to include an active medium alongside the modulator within the

optical cavity. This can provide gain for the modes in the comb, counteracting the
decrease in power. Perhaps the most elegant way of doing this is to place an EOM
within the cavity of a degenerate OPO. As a source of gain, the parametric interaction
offers several advantages in terms of gain bandwidth, low noise and inherent phase

coupling. When modulating at the cavity mode spacing, the comb of frequencies is

generated around the degenerate signal and idler frequency.
Whilst the use of an active medium can solve the problem of power loss across the
comb, the comb will still be eventually cut off due to dispersion within the intra-

cavity media. Dispersion gradually causes the generated sidebands and cavity modes
to move out of alignment. At some point, the power transferred into the cavity mode
becomes too low to sustain it and the comb is cut off.

There are many interesting similarities between comb generation in an active medium
and FM laser oscillation. Both involve modulation at the cavity mode spacing

alongside a source of gain. The FM laser is characterised by a modulation index that
can be used to determine the spectral width of the oscillation, and can operate in either
the FM oscillation or phase-locked (pulsed) regimes. The transition between these

regimes occurs as the difference between modulation frequency and cavity mode
spacing is decreased. It is hoped that the observations of the behaviour of the FM laser
can provide some insight into the operating characteristics of the frequency comb
generator.
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The final section of this chapter discussed the possibility of applying frequency comb

generation to optical communications. Wavelength division multiplexing requires a

series of equally spaced, phase-locked frequencies to act as optical channels. Such

properties are satisfied by a frequency comb, with the added advantage of containing
several thousand frequencies. However, the apparatus for comb generation will need
to be significantly reduced in size and the spacing between modes in the comb
increased to the order of a few GHz. Other methods of producing a frequency comb
such were also examined. Of these, femtosecond lasers and the wide comb of

frequencies associated with their short pulses were found to be the most realistic rivals
to frequency comb generation in terms of application in telecommunications.
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Chapter 3

Pump-Enhanced OPOs

In the summary of optical parametric oscillators in the first chapter, the
different ways of reflecting and resonating the down-converted waves were discussed.
For these singly or doubly resonant oscillators, the pump light is generally assumed to

pass through the nonlinear crystal once (or twice if it is double-passed) before exiting
the cavity. Such cavity configurations all suffer from the same problem; a high pump

threshold. This is particularly true in the case of the newer nonlinear crystals such as

RTA and KTP, where thresholds can be in excess of a Watt [1, 2], This necessitates a

high power laser or diode array as a pump source, leading to problems if a compact

and efficient device is required. As a result, much OPO research has concentrated on

developing new cavity geometries and configurations in an effort to produce low
threshold systems. One such technique, which has shown considerable success, is
known as pump-enhancement (PE).

3.1) The Pump-Enhanced Cavity

The implementation of a pump-enhancement cavity in an OPO was demonstrated by
Robertson et al in 1994 [3] and has been used with a variety of nonlinear crystals,

notably LiNbOs [4] and RTA [5]. It has also been subject to several theoretical
discussions e.g. [6] and found use in applications such as gas sensing [7] and smooth
frequency tuning [8]. The technique involves coating the OPO mirrors to be reflective
at the pump wavelength, in addition to one or both of the down-converted waves. This
creates a resonant cavity for the pump wave about the nonlinear crystal, rather than
simply providing a single or double pass. Typically, one of the mirrors will be
specified as an input coupler, with a transmission designed to couple the optimum
level of pump light into the cavity (see section 3.4). The other mirror will be a high
reflector at all resonant wavelengths. Figure 3.1 shows a schematic of a standard
pump-enhanced SRO, with the pump (blue) and signal (green) resonant in the cavity
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created by the input coupler, nonlinear crystal and high reflector. The non-resonant

idler (red) exits after a single pass.

Figure 3.1 - Pump-enhanced SRO

By creating a resonant cavity for the pump wave, a high circulating pump field is
created around the nonlinear crystal; much greater than the field incident on the input

coupler. In this respect, the concept of pump-enhancement has many similarities with
the intra-cavity OPO configuration, where the OPO crystal is situated directly inside
the cavity of the pump laser [9-12], Whilst the circulating pump field associated with
an intra-cavity OPO is generally much higher than can be obtained with pump-

enhancement, the latter does have a significant advantage over the former. The intra-

cavity geometry can only be implemented for a narrow range of pump lasers

(typically diode-pumped solid-state lasers or Ti:S ring oscillators). This precludes the
use of many commercial laser sources and most significantly, stand-alone laser
diodes. The pump-enhancement technique suffers from no such restrictions and is
ideally suited for use with laser diode pump sources, which is very important in the
context of the work described in this thesis.

The quality of the pump-enhancement cavity can be described by a single figure of
merit, known as the enhancement factor (EF). This was defined in chapter 1 in terms

of the enhancement cavity finesse. However, it is also gives the ratio of the circulating

pump power to the external pump power incident on the input mirror. As shown by
the threshold expressions in chapter 1, the EF is the reduction in threshold that can be
achieved by applying pump-enhancement to an OPO with a double-pass pump. This
can be further understood by noting that an input coupler with 100% transmission in
figure 3.1 will provide a double-passing of the pump and is also equivalent to an EF
of 1.

The EF is dependent on only two factors, the parasitic losses in the cavity (including
any transmission leakage at the high reflector) and the transmission of the input
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coupler. To achieve a maximum EF and hence minimum pump threshold, it is first

necessary to reduce the parasitic losses as much as possible. In practice, this means

obtaining high quality optical coatings for the intra-cavity components and high
reflector. In the case of the input coupler, the situation becomes significantly more

complicated due to the conflicting requirements it represents. Decreasing the
transmission of said component will reduce the overall loss in the cavity. However, to
increase the power coupled into the cavity it is necessary to increase the transmission.
As a result, there exists an optimum input transmission and an optimum input power,
which will provide the maximum EF (see section 3.4 for further discussion). With the

use of high quality optical components and optimum input coupling, enhancement
factors of 10 or more can be achieved with relative ease, leading to an order of

magnitude decrease in pump power requirements.
Whilst the advantage of the pump-enhancement technique in terms of pump threshold
reduction is clear, some drawbacks do exist. Firstly, the optical coatings for mirrors
and the OPO crystal become significantly more complex. A pump-enhanced SRO will

require dual-band coatings at both the pump and signal (or idler) wavelengths. In the
case of a DRO, the coatings must be triple-band. To produce such coatings, it is

usually necessary to compromise on some of the reflectivity requirements, leading to

a lower quality optical cavity.

Initially, it might seem that there is a further issue with keeping the cavity on

resonance for both the pump and resonant signal/idler in a PE-SRO. However, it is
only necessary to ensure that the pump is on resonance. The signal/idler will then
operate on a resonant cavity mode that is closest to the centre of the phasematching
bandwidth. The issue of resonating multiple waves is, of course, still a problem in a

PE-DRO.

A major drawback lies with the fact that the pump and resonant down-converted
wave(s) share the same cavity. It is therefore impossible to use intra-cavity
components to modify or control the signal or idler without also disturbing the
circulating pump field in a detrimental manner.
With these restrictions in mind, it is now time to introduce a cavity configuration that
is regularly used in conjunction with the pump-enhancement technique - the split
cavity.
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3.2) Split Cavity Configuration

As the name suggest, the split cavity configuration involves the use of two separate

optical cavities for each of the resonant waves. A typical split cavity is shown in

figure 3.2.

Signal/IdlerMirror

Common Cavity
Mirror

Resonant Down-
converted Wave(s)

1 Pump

Input Coupler

OPO Crystal
Beamsplitter

Figure 3.2 - Split Cavity OPO

In the split cavity OPO shown above the pump wave is resonant in one cavity, the
enhancement cavity, and the down-converted wave(s) are resonant in a different

cavity. The key component is the beamsplitter, which is coated to be highly reflecting
at the down-converted wavelengths and highly transmitting at the pump wavelength.
This separates the resonant waves into their respective cavities. Both cavities have a

common section to the left of the beamsplitter, which contains the OPO crystal.
The split cavity configuration is particularly important when applied to a pump-

enhanced OPO because it overcomes many of the inherent disadvantages of the
pump-enhancement technique. In particular, it allows independent control of each
cavity. This has implications for the tuning of the PE-SRO (as described in chapter 1,
section 1.6). With a split cavity, any action to keep the pump cavity on resonance will
not cause a change to the frequency of the signal or idler, allowing them to be tuned
as in a standard SRO. Furthermore, the split cavity allows the utilisation of intra-
cavity components in the signal/idler cavity with no adverse affect to the resonant

pump. Although the section common to both cavities still requires complex optical
coatings, the specifications for critical components such as the input coupler and
signal/idler mirror are significantly relaxed.
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The advantage relating to intra-cavity components is particularly important in the
context of comb generation, since modulation of the resonant pump is neither required
nor desirable. As well as the potential application in frequency comb generation, the

split cavity configuration has been utilised in a variety of pump-enhanced OPO

applications. It was first employed by Scheidt et al [13] in a signal and pump resonant

OPO based on KTP and utilising type II non-critical phasematching. With pump

enhancement, the resulting low threshold allowed a single mode laser diode to be used
as the pump source. Separation of the resonant cavities was achieved by dispersion,

physically realised by two Brewster prisms situated in the OPO resonator. This

allowed large signal and idler tuning ranges of 1.1 - 1.6pm and 2.5 - 3.3pm

respectively. Turnbull et al [14] also utilised the split cavity configuration to

demonstrate a broadly tuneable, pump-enhanced OPO. Here, the nonlinear crystal was

periodically-poled LiNb03 and a dichroic beamsplitter was used to separate the pump

and signal cavities. A minimum threshold of 35mW was observed and the idler was

coarsely tuned across two ranges: 2.71 - 3.26pm and 4.07 - 5.26pm. By placing an

etalon into the separate arm of the signal cavity, smooth, mode-hop-free tuning of the
idler over a range of 10.8 GHz was achieved. This is -30 times larger than the tuning

range possible in a similar common-cavity device.
Both of the above examples illustrate the advantages of the split cavity configuration
with regard to tuning of the downconverted waves. The latter example also shows
how separating the resonant cavities gives the additional benefit of allowing intra-

cavity elements to be placed in the signal cavity.

3.3) Measuring the Enhancement Factor

As noted in section 3.1, the enhancement factor gives a measure of the quality of the

pump-enhancement cavity as well as the reduction in OPO threshold. Therefore, when
trying to optimise a pump-enhanced OPO, knowing the value of this factor is very

important. A simple method of obtaining the EF involves measuring the pump power

leakage through the common cavity mirror (high reflector) and dividing by the
transmission of this mirror to obtain the circulating pump power. The EF is then given

by the ratio of the circulating pump power to the input pump power. At this point it
should be noted that there are two regimes where the EF can be measured - below and
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above threshold. The difference is due to the presence of downconversion in the latter,

which adds a further source of loss to the circulating pump field. It is therefore

important to distinguish between the two regimes when discussing the EF in an

experimental context.
There are many situations where the method mentioned previously is either

impractical or impossible. Since the common cavity mirror is usually specified to be
as close to 100% reflecting as possible at the pump wavelength, the actual
transmission value may not be known. Also, the leakage from this mirror may be used
for some other form of analysis, preventing the transmitted power from being
measured.

Therefore, an in-situ method of measuring the EF is highly desirable. In the following
the pump-enhancement cavity is analysed quantitatively to derive such a method.

Ml M2

n,ti Nonlinear Crystal r2, t2
Figure 3.3 - Schematic of Pump-Enhancement Cavity

Figure 3.3 shows a schematic representation of a pump-enhancement cavity,
consisting of a nonlinear crystal surrounded by two mirrors, Ml and M2. Mirror Ml,
which acts as an input coupler, has an amplitude reflectivity and transmission of r/
and ti respectively. For the high reflector, M2, the amplitude reflectivity and
transmission are given by 7*2 and t2 (generally unknown). The coefficient,
a, represents all parasitic loss in the cavity. This includes absorption in the nonlinear
crystal and mirror surfaces and scattering.
There are several amplitudes associated with the above cavity. Firstly, Eq represents
the light incident on Ml, a fraction of which is coupled into the cavity. Ec is the large
field circulating within the cavity. Light reflected from the cavity, Er, consists of the
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fraction of Eo directly reflected by M1 and the fraction of Ec transmitted by M1.

Finally, the light transmitted through M2 is given by Ej.
To find Et it is necessary to sum all the transmissions due to single and multiple

passes through the cavity. The table below gives the individual amplitude
transmissions for a selection of passes.

No. Of

Passes

Individual Amplitude Transmission

1 ii
sh

nT-

3 ET3 = E0txeae*[r2eaei>rxeae\\
5 Ers = E0txeae"p[rte2ae2i*r?e2ae2\~\

Table 3.1 - Amplitude Transmission for Various Cavity Passes

In all of the above transmissions, (f) is the single pass phase shift associated with the

cavity. The total amplitude transmission is given by

Et — Ej j + Et3 + Ejj +...
= £0r,e-V<V2 [l + r2<?-2V'V, + r2W'V +...]

(3.1)

Since the number of possible cavity passes is effectively infinite, the above equation
represents an infinite geometric series. It is well known that the sum of such a series is

1
given by

\-X

X = rlr2e'2ae2">l and hence,

, where X is the factor whose powers make up the series. In this case,

E tt eae"
£■ _ 0 12 e'"T -2a 2id1 -rxr2e e *

(3.2)

A similar procedure is utilised to obtain Er. Noting that there is a 7t phase shift only
for the case of direct reflection from Ml (Ero), the individual amplitude reflections are

given in table 3.2.
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No. Of

Passes

Individual Amplitude Reflection

0
o
II 1

2 ER2 = E0txeae^r2eae\
4 Er4 = E0txeae^r2eae^ [r.eW2e "A ]

Table 3.2 - Amplitude Reflection for Various Cavity Passes

The total reflection transmission is

ER Ero ER2 + Era + ...
= -r{E0 + EQt2r2e2ae2i* [l + rxr2e2ae2i* +...]

(3.3)

As with the amplitude transmission, equation (3.3) is an infinite geometric series
whose sum is given by

~r\E0 + E0r2e~2ae2'* (r2 +12)
ER=- -2a2i</>\— rxr2e e

(3.4)

This can be further simplified if it is assumed that absorption and scattering losses at

Ml are negligible and, as a result, r2 +tf = 1. Therefore, the total amplitude reflection
becomes

-rxE0+E0r2e2ae2i*
1 -rxr2e2ae2i*

(3.5)

Since all experimentally measured quantities will be in terms of intensity rather than
amplitude, it is necessary to convert equations (3.2) and (3.5) into an intensity
transmission and reflection.

IT _ ErEr (tlt2e-ae")(t,t2e-ae-^
70 EX (1 - rxr2e2ae2i*) (l - r^e'2*)

(3.6)
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For mirrors Ml and M2, the associated intensity transmission and reflection can be

written respectively as 7] = tf, T2 = t2, Rl = r2, R2 = r2 . This gives the total intensity

transmission for the cavity as

/., _ T\Tie
-2a

/„ l +R^e^"-2^yfR^e'201 cos 2(/>

Similarly, the total intensity reflection is

IR
_ Rt + R2e^a -2^R{ jR2e~2a cos 2(f)

/„ 1 + /?,R2e^a - 2^R, ^R2ela cos 2<p

(3.7)

(3.8)

In the context of measuring the pump-enhancement factor, the key factor is the

intensity reflection. However, there is a problem with this quantity in the form

expressed by equation (3.8). Both R2 and orare generally unknown (indeed, this was

part of the motivation to derive an in-situ method of measuring the enhancement

factor) and a measurement of the reflected intensity from the cavity cannot be used to
determine both. Fortunately, it is not necessary to know the values of R2 and a

separately. Instead, a new quantity is defined

Re=R2e^a (3.9)

The above equation represents a reflection inside the cavity, which takes into account
both the (unknown) reflection from M2 and the double pass through the nonlinear

crystal. In effect, Re can replace the nonlinear crystal and M2 in figure 3.3. Equation
(3.8) can now be rewritten as

lR
r Rj +Re-ljRiylKcOS2^ (310)

I0 1 +RlRe-2jRiy[jfecos20

As the single pass phase shift, <j), is varied, the total intensity reflection takes the form
shown in figure 3.4 (Ri = 0.8 & Re = 0.95).
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8
1 07

"1—x-—i

-i o 1

Single Pass Phase Shift

Figure 3.4 - Total Intensity Reflection vs. Single Pass Phase Shift

There are two points of interest in the above plot. Firstly, the peak reflection of close
to 1, which means that IR ~ I0 i.e. the entire power incident on Ml is reflected back.
The second point of interest is the minimum, which occurs whenever ()) is a multiple
of 7t. This is equivalent to a 2k phase shift between each reflected component (Ero,
Er2 etc) and is the requirement for resonance between Ml and M2. Therefore, each
minimum in the total intensity reflection corresponds to the condition of resonance in
the cavity. An expression for the minimum reflection can be found by setting <f> = 7T in
equation (3.10)

/A, (min)
_ /?, + Re-2y[R]y[R~e

h \ +RlRe-2^Rl^Re
(3.11)

The above quantity can be easily obtained by scanning the cavity to vary
</>. A common method of achieving this is to mount Ml on a piezo-electric transducer
(PZT), to which a ramp voltage is then applied. If the intensity reflected from Ml is

Ir (min)
focussed onto a photodetector, is simply the ratio of minimum and

maximum voltages from the photodetector.

A simple rearrangement of equation (3.11) gives a quadratic equation in ,
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Mmin)
R.+ 2^-2^1^'A +

Ir (min)
-R, = 0 (3.12)

This can be easily solved using the standard quadratic method to give Re.
The final step in obtaining the pump-enhancement factor involves deriving an

expression for the circulating intensity inside the cavity, Ic■ From figure 3.3, it can be
seen that the transmitted intensity, It, is equal to the intra-cavity intensity after a

single pass through the nonlinear crystal and transmission through M2. Therefore,

U

Ic=^T (3-13)

and the pump-enhancement factor is given by the ratio of circulating to input intensity
i.e.

I T
EF =— - — (3-14)

/„ l + R{Re - 2 jRiy[Jre cos 2</>

As would be expected, equation (3.14) confirms that the maximum enhancement
factor occurs on resonance.

This is not quite the end of the story however. When determining Re from the
minimum intensity reflection, the quadratic method will yield two solutions.
Physically, these solutions represent two possible situations. The solution with the
positive quadratic discriminant will give Re for the case of under-coupling. Here, Ri >
Re and the losses internal to the cavity are greater than the input coupling. For the
solution with the negative discriminant, Re is obtained for the case of over-coupling.
This time, R/ < Re and the input coupling is greater than the internal losses. For many
pump-enhancement cavities, the two values of Re will be quite different and the
correct coupling situation obvious. However, if this is not the case then a method must
be found to distinguish between the two values. The key to solving this problem lies
with the finesse of the pump-enhancement cavity. The finesse is defined as follows

^ _ Free Spectral Range ^ |~

FWHM

70



3. Pump-Enhanced OPOs

Here, FWHM refers to the full width at half maximum of the intra-cavity intensity.

This is twice the phase shift, 0m, at which the circulating intensity has fallen to half

its maximum value i.e.

5 = i
! + /?,/?„ -2jRxjRecos20xn 2 1+^,-2^Jr.

(3.16)

A straightforward rearrangement of the above equation produces an expression for

01/2,
r

ri/2
= COS

-1 2_ULRA_ (3.17)

Remembering that in terms of phase, a FSR is equivalent to 271, the finesse can now

be written as

3 =— (3.18)
0112

By using equations (3.17) and (3.18) to calculate the finesse for each value of Re and
then comparing with the finesse measured from the reflected intensity, the correct

coupling situation can be determined. Hence, an accurate value can be obtained for
the enhancement factor.

This finalises the in-situ method for determining the pump-enhancement factor, which
is summarised in the following steps.

1) Use the back-reflected intensity from the input mirror (Ml) to
/„ (min)

measure .

'o

2) Obtain the values of Re for both types of coupling from equation
(3.12).

3) Calculate the corresponding enhancement factors with equation
(3.14)

4) Calculate the corresponding finesses with equations (3.17) and
(3.18)
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5) Measure the actual finesse from the back-reflected intensity and

compare with the calculated values to determine the correct values

of Re and EF.

It should be noted that this method only requires a few simple measurements of the
back-reflection from the input mirror. It is also common to monitor the back-
reflection anyway, since it is often utilised to stabilise the pump cavity and keep it on
resonance (see section 3.5 for more details). The technique described in this section
was used to determine pump enhancement factors during the optimisation

experiments, which are described in chapter 4, section 4.6.

3.4) Optimum Pumping Level

The in-situ method described in the previous section gives a quick and easy

measurement of the pump-enhancement factor. A natural progression is to now look
for an optimum pump power that will maximise various parameters of the PE-OPO
such as the EF, down-conversion efficiency and output power.
First, consider the pump power incident on the input coupler (Ml in fig. 3.3). It is
desirable to couple as much of this power as possible into the enhancement cavity to

produce the largest achievable circulating field. In section 3.3 the intensity reflected
from the cavity on resonance was given by equation (3.11). Effectively, this
represents waste pump power that is rejected by the cavity. By reducing the reflected
intensity, the power coupled into the enhancement cavity will be increased. Coupling
of all the pump power will occur when the reflected intensity is zero. This situation is
known as impedance matching. From equation (3.11), the condition for zero reflection
with no downconversion present (below threshold) is simply

Rt=Re (3.19)

Therefore, the maximum coupling of pump power into the enhancement cavity can be
achieved by making the reflectivity of the input coupler as close as possible to the
effective reflectivity of the cavity (which can be determined via the method described
in section 3.3). Whilst this initial step does not directly lead to an optimum pumping
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level, it does ensure that the maximum pump-enhancement factor will be obtained for
a given pump power.

The next step is to consider the parameters that define the operating point of the PE-

OPO, namely the EF, down-converted power and efficiency. Expressions for these

quantities are derived by Dunn and Ebrahimzadeh [15] for the singly resonant case.

This method employs the crucial assumption that, at all points above threshold, the

intra-cavity pump field is clamped to its value at the OPO threshold and therefore
remains constant whilst the OPO is operating. The root of this assumption lies with
the fact that, above threshold, the saturated parametric gain must equal cavity loss for
the resonant signal or idler wave. For a singly resonant oscillator (SRO), the fractional

round-trip gain of the resonant down-converted wave is proportional to the pump field
in the nonlinear medium. Hence, in this case a constant parametric gain does imply a

constant intra-cavity pump field. The question now arises as to whether an approach
to derive the operating point of a PE-OPO that relies on the assumption of a constant

circulating pump field above threshold can be applied to a doubly resonant oscillator

(DRO). This is, of course, directly relevant to the device discussed in this thesis.
To answer this question, it is first necessary to return to the PE-SRO. In the previously
mentioned analysis, it is also assumed that the single pass loss due to down-
conversion is sufficiently small for the pump field to be effectively constant

throughout the nonlinear medium. This is a reasonable assumption because a typical

input mirror will usually be around 10% transmitting. Since the input mirror is
normally chosen to achieve impedance matching, equation (3.19) shows that the intra-
cavity losses must also be around 10% per round trip. It is important to remember that
in the situation being considered, the OPO is operating above threshold. Therefore,
the effective reflectivity of the pump-enhancement cavity, as defined in the previous
section, must now incorporate the loss due to down-conversion in the nonlinear
medium. This can be achieved by defining a new effective reflectivity, Rm, which
replaces Re in all the relevant equations,

R -T R (3.20)m opo e v

Here, Topo is effective (power) transmission of the nonlinear crystal after down-
conversion loss (nonlinear loss). Note that if the OPO is below threshold, Topo = 1 and
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Rm is indistinguishable from Re. Given that the linear intra-cavity loss (T2 and ot) is

normally quite small, most of the intra-cavity loss will be due to down-conversion.
This means that the circulating pump field does not change by more than 10% for a

single transit of the cavity. Such low pump-depletion suggests that the OPO is

operating close to threshold. As far as the internal pump field is concerned, this is true
and one might expect corresponding low conversion efficiency. However, this is not

the case. Since the pump is resonant, it undergoes numerous passes through the
nonlinear medium, with significant depletion occurring overall. Indeed, if impedance

matching is achieved and no pump light is rejected via back-reflection, then close to

100% down-conversion can be a realised.

Bearing this in mind, it is now time to consider the intra-cavity pump field in the case

of a PE-DRO. A simplistic argument can be used to show that the pump field is

clamped to the threshold value. This utilises the fact that the ratio of signal and idler
fields is fixed, since one pump photon is converted into one signal and one idler

photon (see Manley-Rowe relations, equation (1.20)). The round-trip gain

experienced by the signal field, for example, must be equal to the cavity losses at the

signal wavelength, a*, and is given by

8Es~j^~EpE]l = asEs (3.21)
cns

Here, 1 is the length of the nonlinear crystal and Ks is a constant related to the signal

frequency and various crystal parameters (see chapter 1). As a consequence of the
oc E

Manley-Rowe relations, the ratio J s is fixed. Therefore, the gain experienced by
a,E,

the idler field is directly proportional to the signal field and the complex conjugate of
the idler field, E*, can be replaced by the signal field

8ES ~ jE [const.Es] I = asEs (3.22)
cns

Hence, Ep must be held constant at the threshold value.

74



3. Pump-Enhanced OPOs

A more comprehensive argument can be employed by considering the relations for

pump-depletion and down-conversion efficiency in the case of an SRO and DRO

where no pump-enhancement is incorporated. The two relevant equations [15] are

given below.

i»c=(L-'ou,) =4jL(Ji~-yf^) (DRO)

(SRO)hu, = hn COS'
'
1. -/ ^
in out

V Ath y

(3.23)

(3.24)

In both equations, /,„ and Iou, represent the input and output pump intensities at the
nonlinear crystal respectively, I,h represents the pump intensity required to reach
threshold and IDC represents the amount of pump intensity that is down-converted.
The next step is to find the number of times above threshold that the SRO and DRO
must be pumped to achieve down-conversion efficiencies comparable to those
obtained in a pump-enhanced OPO (as discussed previously, these efficiencies are of

the order of 10%). Writing the number of times above threshold as /=—, the

fraction of the pump that is down-converted
IDC _ IDC

fl,h
is given by

77 = (jJ{V7-I} (DRO)
77 = {l-cos2(^/)j (SRO)

(3.25)

(3.26)

Note that equation (3.26) can only solved analytically by calculating / for a given
value of 7. Table 3.3 below shows the number of times above threshold required to

give various values of 7 for both the SRO and DRO.
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No. of times above

threshold (f)

Fractional down-conversion of pump (77)
SRO DRO

1.0033 0.01 0.006

1.017 0.05 0.033

1.033 0.10 0.063

1.054 0.15 0.101

1.075 0.20 0.137

1.097 0.25 0.17

1.12 0.30 0.21

Table 3.3 - Fractional down-conversion of pump for SRO & DRO

From table 3.3 it is apparent that the fractional down-conversion of the pump

increases rapidly whilst the OPO is close to threshold and, perhaps surprisingly, this
increase is faster for the SRO. It can be seen that for the DRO to achieve a down-

conversion efficiency of around 10% (comparable to pump-enhanced OPO), the input

pump intensity must be 5% above the threshold intensity.
Whilst this suggests that the intra-cavity pump field is very close to the threshold
value for the typical operating level of a PE-DRO, it does not provide a definitive
conclusion on the issue of a clamped pump field. However, such a conclusion can be
gained by considering Iout and hence the average pump field in the nonlinear crystal.

By rearranging the initial definition of 77, the following expression for /„„, can be
obtained

(1-7) (3.27)

For an input pump level of 1.05/,/, and 10% down-conversion, equation (3.27) gives
an output pump level of 0.95/,/,. It is straightforward to show that the pump changes
linearly with position through the nonlinear crystal [15] and on the basis of the
previous values for /,„ and /„„,, this leads to the following diagram.
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Iin = 1.051,h I(pump) = I,h lout = 0.951,h

Centre ofCrystal

Figure 3.5 - Pump depletion in nonlinear crystal

As shown by figure 3.5, at the centre of the nonlinear crystal the intra-cavity pump

intensity is equal to the value at threshold. To show that this is also the case at other

down-conversion efficiencies in a DRO, table 3.4 gives the input and output pump

intensities for a range of values of 7j.

Fractional down-

conversion of pump in
DRO (7J)

Input pump

intensity to
nonlinear crystal

din)

Output pump

intensity from
nonlinear crystal

dout)

Average pump

intensity across

crystal

0.033 1.017/,* 0.9837,A 7,A

0.063 1.033Ilh 0.9687,A 7,A

0.101 1.0547,A 0.9477,A 7,A

0.137 1.0757,h 0.9277,A 1.0017,A

0.17 1.0977,A 0.9117,a 1.0047,A

0.21 1.127,A 0.887,A 7,A

Table 3.4 - Input & output pump intensities

Ignoring slight discrepancies due to rounding errors, table 3.4 shows that the average

pump intensity in the nonlinear crystal is equal to the threshold value for each down-
conversion efficiency. Therefore, the assumption of an intra-cavity pump field
clamped to its value at threshold seems to hold for a PE-DRO.
As a result of the previous analysis, the optimisation equations derived for a PE-SRO
can now be applied to a PE-DRO as well. A comprehensive study of these equations
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can be found in Handbook OfOptics IV [15] and their derivation is given in appendix
II. The following text summarises the essential points.

(i) The pump field circulating in the cavity is given by

Pc =
TPfifo

W(*A.)
(3.28)

Here, Pq is the pump power incident on the input mirror and the other

quantities are as previously defined. In equation (3.28) the pump cavity is
assumed to be on resonance (note the similarity to equation (3.14)). Also, from

equation (3.20) it is worth remembering that Rm includes Topo, the pump

transmission through the OPO crystal after nonlinear loss. This allows the
down-converted power to be written as

Pdc={\-Topo)Pc (3.29)

(ii) The intra-cavity pump field is clamped at the threshold value, i.e. Pc = Plh

(iii) Hence, P,h can be substituted for Pc- Combining this with equations (3.20),
(3.28) and (3.29) allows the following equation for down-converted power to
be derived

' DC
= 1 —

1

PA
l

TPMi'o (3.30)

An examination of equation (3.9) shows that if the reflectivity of the second
mirror in the pump enhancement cavity is close to 100% and linear (parasitic)
losses within the cavity are negligible then Re ~1. This suggests that 100%

down-conversion efficiency (i.e. PDC = PB) might be attainable in such a

situation (see appendix II). However, the pump enhancement cavity must also
be taken into account. To obtain 100% efficiency, no pump light must be
wasted. Hence, there can be no back-reflection and the pump cavity must be
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impedance matched. In practice it is usually impossible to achieve exact

impedance matching and therefore 100% down-conversion efficiency cannot

be reached. However, the preceding discussion does suggest that to obtain

optimum efficiency, the pump cavity must be as close to impedance matched
as possible.

(iv) The pump power reflected back from the OPO is given by a modified version
of equation (3.11), which includes Topo

In the above equation, impedance matching occurs when 91 = 0, which implies that

R, = ReTopo. Of course, this is the same conclusion as is reached with equations (3.19)

It should be noted that in the four points stated above and all the previous analysis, Pth
is the intra-cavity circulating pump power required to bring the OPO to threshold i.e.
the threshold power in the absence of any pump enhancement. The value of Pth will
depend on the various parameters of the OPO and whether it is singly or doubly
resonant.

To find the optimum operating point for an OPO with specific values for Rj and Re,
equations (3.29), (3.30) and (3.31) can be evaluated as a function of input power (or
number of times above threshold). If the OPO is output-coupled, then a knowledge of
PDc will give the output power and hence the overall efficiency of the device.
The four equations given above, having been shown to apply to a PE-DRO, are

utilised in chapter 4, section 4.6 to provide a theoretical comparison to the results
described therein.

2

(3.31)

and (3.20).
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3.5) Stabilisation ofPump Cavity

When modelling the operation of a pump-enhanced OPO, as detailed in the previous

section, it is generally assumed that the pump cavity is on resonance, thereby ensuring
that the intra-cavity pump field is at a maximum. Unfortunately, the pump cavity will
not remain on resonance passively. Thermal fluctuations, air currents and vibrations
can all contribute to moving either mirror by the few tens of nanometres required to

drift off resonance. Hence, some form of active stabilisation must be incorporated into
the pump cavity to 'lock' it on resonance. This final section to the pump enhancement

chapter will give a brief overview of two of the most common stabilisation schemes,

side-of-fringe locking and Pound-Drever-Hall locking.
The side-of-fringe technique is commonly used to stabilise an external cavity diode
laser to an absorption feature in an atomic vapour [16, 17]. Recent improvements to

this method have utilised Zeeman splitting and the hyperfine transition in Cs and Rb

[18, 19]. By its very nature, the application of side-of-fringe locking to pump-

enhancement means that the pump laser is 'slaved' to the optical cavity. In other
words, the laser frequency is adjusted in response to changes to the cavity such that
the resonance condition remains. As the name suggests, a key component is the cavity
transmission fringe, an example of which is shown in figure 3.6 below.

-» 1 ' 1 1 1 1 ' 1 ' 1
-0.0005 0.0000 0.0005 0.0010 0.0015 0.0020 0.0025

Frequency (arb. units)

Figure 3.6 - Optical cavity transmission fringe

By focussing the transmitted laser light onto a photodetector and the use of
appropriate biasing, a point on one side of the fringe, just off-resonance, can be
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monitored. From figure 3.6, it can be seen that at this side point a change in laser

frequency will cause a change in the transmitted intensity. Depending on the side

used, the change in intensity will either be in phase or anti-phase with the change in

frequency. To generate an error signal, the signal from the photodetector is processed
via P.I.D feedback electronics. The error signal is then used to control the pump laser

frequency.
Whilst the side-of-fringe technique is fairly easy to implement, it does suffer from
several drawbacks. Firstly, it cannot distinguish between frequency and intensity
variations of the pump laser. This can be overcome by using a second photodetector to
monitor some fraction of the laser beam before it enters the optical cavity. Any

intensity variations will then appear on both detectors and can be eliminated.

However, this in itself leads to the difficulty of ensuring that both photodetectors are

exactly matched and, as a result, limits the long-term stability of the system.

A second drawback of the side-of-fringe technique, particularly relevant to the pump

enhancement case, is the fact that the pump laser cannot be locked to the peak of the

cavity transmission, where intra-cavity power is at a maximum. This is because all

frequency variations will cause a decrease in intensity at the peak and hence there is
no way of knowing in which direction the frequency has shifted.

Although more complex, the Pound-Drever-Hall technique [20, 21] has none of the
flaws associated with side-of-fringe locking. With Pound-Drever-Hall locking, the

length of the optical cavity is adjusted to ensure resonance rather than the pump laser.
This means that it can be used with a wide variety of laser systems.
The implementation of Pound-Drever-Hall locking begins with frequency or phase
modulation of the pump laser beam. As already discussed in chapter 2, this generates
sidebands on either side of the carrier (laser) frequency at a distance equal to the
modulation frequency. In this case, the modulation frequency is specifically chosen so

that the sidebands are out-with the passband of the cavity. In a further difference to
the side-of-fringe technique, Pound-Drever-Hall locking utilises the laser light
reflected from the optical cavity. This reflection consists of light directly reflected
from the input mirror of the cavity, which includes the rejected sidebands, and light
leaking through the input mirror from the intra-cavity field. By observing the reflected
laser light with a fast photodiode, the beat signal between the sidebands and carrier
frequency can be detected. This beat signal is the key to generating an error signal.
There exists a well-defined phase relationship between the sidebands and the carrier
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frequency. However, the phase of the carrier frequency is determined by the
interference between the directly reflected component and the intra-cavity leakage.
Therefore, the phases of the carrier frequency and the beat frequency depend on the

frequency of the laser beam relative to the cavity resonance peak. Since the beat

frequency is an RF signal, its phase can be measured and used to generate the error

signal. This usually occurs via demodulation with the original modulation frequency
before the signal is passed to P.I.D feedback electronics.
As well as allowing the laser frequency to be locked to the peak of the cavity
resonance and being immune to intensity fluctuations in the laser beam, the Pound-
Drever-Hall technique has the added advantage that it can correct for very fast

frequency fluctuations. Typically, such fluctuations will occur on timescales much
shorter than the cavity decay time. Hence, the intra-cavity field will not be able to

follow the fluctuations. This means that the leakage beam will instead consist of an

'average' of the phase and frequency of the pump laser over the cavity decay time. On
the other hand, the directly reflected beam will provide an instantaneous measure of
the pump laser, including any fluctuations. Since a sudden fluctuation will cause a

frequency/phase difference between the averaged leakage beam and the instantaneous
direct reflection, an error signal will be generated by the feedback electronics and the

cavity length adjusted accordingly. The side-of-fringe technique, working with the

cavity transmission, cannot compensate for such fluctuations.
From the above discussion, the Pound-Drever-Hall technique is the obvious choice for
locking a pump-enhancement cavity on resonance. Difficulties may arise due to the

greater complexity of the required electronics and the need to include frequency/phase
modulation. However, these can usually be overcome with the right expertise and as

such, are not fundamental problems.

3.6) Chapter Summary

This chapter has introduced the concept of a pump-enhanced OPO. In such an OPO,
the pump light is resonated, along with one or both of the down-converted waves.

This allows a high pump field to build up around the nonlinear crystal, which is
typically 10-20 times greater than the field produced by the pump source. Hence,
the input pump power required for the OPO to reach threshold is significantly
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reduced. The enhancement cavity itself is normally given a figure of merit, known as

the enhancement factor. The EF is the ratio of the circulating pump field to the pump

field coupled into the enhancement cavity and also gives the reduction in threshold
when compared to a similar OPO without pump enhancement.
Whilst offering the advantage of an order-of-magnitude threshold reduction, pump-
enhancement does suffer from drawbacks due to the increased complexity of mirror

coatings and cavity length control. However, these drawbacks can be largely
overcome by implementing a split cavity configuration. Here, a beamsplitter is used to

create separate optical cavities for the pump and down-converted waves. Both cavities
have a common section, in which the nonlinear crystal is situated. The rest is divided,

allowing the cavity length for each resonant wave to be controlled independently.

Also, intra-cavity components for the down-converted waves can be inserted without

affecting the resonant pump.

In the next section of this chapter, a method for the in-situ measurement of the EF was

described. This involves measuring the pump power reflected from the input mirror of
the enhancement cavity and performing a few simple calculations. Crucially, the

reflectivity of the common cavity mirror is not required and also, the leakage through
this mirror is freed up for use by other analytical equipment.
With a method to measure the EF, the next step was to look at the optimisation of it
and other important quantities such as the down-converted power and efficiency.

Firstly, it was found that the pump power coupled into the enhancement cavity can be
maximised by setting the input mirror transmission equal to the internal parasitic
losses. This is known as impedance matching. Expressions for the EF, down-
converted power and efficiency have been previously derived for the case of a pump-
enhanced singly resonant oscillator. In these derivations, it was assumed that pump
field throughout the nonlinear crystal is clamped at its threshold value. Since the
resulting expressions would be employed for a doubly resonant oscillator in the case

described by this thesis, it was necessary to show that the assumption of a clamped
pump field still holds for a pump-enhanced DRO. This can be done in a simplistic
way by invoking the Manley-Rowe relations. For a more compelling argument, the
equations for pump-depletion and down-conversion efficiency in an SRO and DRO
with no pump-enhancement are utilised. By considering the fractional down-
conversion of the pump for various points above threshold, it can be shown that the
average pump power across the nonlinear crystal is indeed equal to the threshold
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value. Hence the initial assumption holds and the equations for a pump-enhanced
SRO also apply to a pump-enhanced DRO. These expressions can be modelled as a

function of pump power or number of times above threshold, to find the point at
which down-converted power and efficiency are maximised.
The final section of this chapter compared two techniques for holding the pump cavity
on resonance. In side-of-fringe locking, the transmitted power from the pump cavity
is monitored at a point on the side of the transmission fringe. A change of frequency
will correspond to a change in transmitted intensity, which generates an error signal.
The error signal is then used to control the frequency of the pump laser. The main

problem with the side-of-fringe method in the context of pump-enhancement is that it
cannot lock to the peak of a transmission fringe, where the EF is maximised.
The other technique, Pound-Drever-Hall locking, does not suffer from this problem.
In this case, the pump beam is frequency or phase modulated to generate sidebands on

either side of the main centre frequency. The power reflected from the pump cavity is
monitored and the phase of the beat signal between centre frequency and sidebands is
used to generate an error signal. Here, the error signal controls the length of the pump

cavity rather than the pump laser. As well as locking to the peak of
reflection/transmission, the Pound-Drever-Hall technique can also compensate for

very fast frequency fluctuations. Therefore, it is the method of choice for stabilisation
of the pump cavity in a pump-enhanced OPO.
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Chapter 4

System Design & Optimisation

The first and perhaps most crucial task within the comb generation project was
to design and model a suitable optical resonator. Given the potential
telecommunication applications, the system had to be compact but with the flexibility
to incorporate any additional components over the course of the project. Additionally,
the necessity of a low pump threshold and operating point placed stringent

requirements on the various cavity parameters.
Since the OPO was to be pump-enhanced, the split-cavity configuration described in

chapter 3 was the obvious choice for the overall design of the comb generator. As
well as the advantages offered with tuning and stabilisation of the OPO, a split-cavity
would allow the EOM to be completely separated from the pump cavity.

Consequently, the EOM could be operated with no adverse effect on the pump

enhancement.

In the chapter that follows, the various stages of the design, construction and

optimisation of the comb generator are described in chronological order.

4.1) Nonlinear Crystal

Before any cavity design could begin, it was first necessary to choose a nonlinear

crystal to provide parametric generation. Emerging crystals based on phosphate and
arsenate compounds (e.g. KTP, RTA) were immediately ruled out. Even with pump-

enhancement or in the intra-cavity configuration, OPOs based on such crystals have
shown thresholds of several hundred mW [1-4], well above the limits placed on

threshold for this project. This left two candidates for the nonlinear crystal, lithium
niobate (LiNb03) and the same compound doped with magnesium oxide

(MgO:LiNb03).

LiNb03 is a well-known crystal that has been utilised in a variety of nonlinear optical
applications. It can be poled for quasi-phasematching, although this is limited to

crystals of 0.5mm thickness. This allows propagation along the crystal axis with the
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largest nonlinear coefficient (approximately 18 pm/V with QPM). Hence, OPOs based
on LiNbC>3 are usually characterised by very low pump thresholds. LiNbC>3 can also

be acquired in a variety of lengths and with a variety of poling periods, without being

prohibitively expensive. Whilst offering many significant advantages, LiNbC>3 does
suffer from one main drawback. To prevent photo-refractive damage (the excitation of
electrons to meta-stable states by visible and near-IR wavelengths, creating localised
areas of refractive index change), the crystal must be kept at an elevated temperature

of at least 150°C. This necessitates an oven to contain the crystal and some form of

temperature control.

Mg0:LiNb03 is commonly used in electro-optic applications, but is less well known
as an OPO crystal. It does not suffer from photo-refractive damage and hence can be
used at room temperature. Until recently, OPO systems based on Mg0:LiNb03 were

phasematched through birefringence and hence experienced a much lower nonlinear
coefficient than standard LiNb03 [5-7]. However, in the past few years there have
been several successful attempts at poling Mg0:LiNb03 and using it in quasi-

phasematched OPOs [8, 9], This has allowed nonlinear coefficients similar to those in

periodically-poled LiNbOs to be accessed. The main reason for considering

MgO:LiNb03 was the fact that it was used as the nonlinear crystal in the previous
OPO-FCG system developed by Diddams [10]. In this case, a 7.5mm long piece of

Mg0:LiNb03 with type I birefringent phasematching gave a threshold of around
200mW.

One of the aims of this project was to generate as wide a frequency comb as possible.
The ultimate limiting factor for the comb width is the frequency range over which the
OPO can provide gain. Outside this range, modes in the comb will rapidly diminish
due to losses in the cavity. This range of gain is determined by the phasematching

properties of the OPO. For a nonlinear crystal of length L and with poling period A,
the equation for perfect phasematching is

Ak = In
\ K K A

= 0 (4.1)

Here, the subscripts p, s and i denote parameters for the pump, signal and idler waves
respectively. If the centre wavelength is set as the signal (or idler) wavelength that
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gives perfect phasematching then moving away from the centre wavelength will cause
Mto become non-zero and increase. As shown in chapter 1, the parametric gain is

2 ML,
proportional to sine (—^—), which is a maximum when M = 0and decreases as Ak
increases. By convention, the phasematch bandwidth is defined as the wavelength (or

7t
frequency) range over which Ak < — i.e. the gain is reduced to around half its peak

L

value.

Given the desire for a wide comb of frequencies, the phasematch bandwidth for each

crystal was modelled for a range of signal wavelengths to see which would give the

largest bandwidth at the operating wavelength of 1600nm. A common method for

calculating the phasematch bandwidth is to expand the wavevector mismatch, Ak, as
a Taylor series in terms of AA, the half-width of the phasematching curve [11].

However, this cannot give an exact analytical expression because the Taylor

expansion is an infinite series. Therefore, a numerical approach was taken instead.

Using MathCAD, an iterative program was developed that could calculate the

phasematch bandwidth to a specified accuracy (see appendix HI). Modelling was

undertaken for 20mm long crystals of LiNbC>3 and Mg0:LiNb03. A quasi-

phasematched scheme was assumed, with all three waves propagating along the x-axis
of the crystal and polarised parallel to the z-axis. For a fixed pump wavelength of
800nm and a crystal temperature of 190°C, the program first calculated the grating

period required for perfect phasematching at the chosen signal wavelength. The signal

wavelength was then varied from this central value and the wavevector mismatch
calculated. Once the mismatch was within a specified tolerance of n/L, the

phasematch bandwidth was obtained from the range over which the signal wavelength
had been varied. The program then moved on to the next signal wavelength. Published
Sellmeier data [12, 13] was used to obtain the refractive indices at each wavelength.

Figures 4.1 and 4.2 show the results of this modelling - the variation of the
phasematch bandwidth with signal wavelength for each crystal.
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Figure 4.1 - Phasematch bandwidth for LiNbOs

Figure 4.2 - Phasematch bandwidth forMg0:LiNb03

As might be expected from the similarity in chemical composition, both crystals show
a variation in phasematch bandwidth that is almost identical with peaks of roughly the
same height and position. The origin of these peaks can be found by looking at how
the poling period required for perfect phasematching varies with signal/idler
wavelength (figures 4.3 and 4.4).
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Grating Period for Perfect Phasematching

Grating Period (microns)

Figure 4.3 - Poling period for perfect phasematching in LiNbOs

Poling Period for Perfect Phasematching

20.5

Grating Period (microns)

Figure 4.4 - Poling period for perfect phasematching in MgO:LiNbC>3

Each of the above curves has two particular grating periods at which there is a turning
point, which correspond to the peaks in the phasematching bandwidths. Since the
curve is effectively vertical at these turning points, a single grating period will provide
phasematching for a much wider range of wavelengths. Hence, the phasematch
bandwidth will significantly increase.
From figures 4.1 and 4.2 the phasematch bandwidth was found to be 13.5 THz and
13.3 THz at 1600nm for LiNbC>3 and MgO:LiNbC>3 respectively. Given that this
difference is fairly insignificant and that the nonlinear coefficients for both crystals
are approximately the same, there was little to choose between them. In the end,
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LiNbOj was chosen as the nonlinear crystal for this project because it was could be

acquired quickly and cheaply.
The final step in obtaining the nonlinear crystal was to identify the poling period(s)

required to give phasematching for a pump wavelength of 800nm and degenerate

signal/idler wavelengths of 1600nm. Again, equation (4.1) was employed in
MathCAD and a range of different crystal temperatures was also used. Since the

crystal was to be kept at an elevated temperature, it was necessary to take into account

the thermal expansion of the crystal and subsequent change in the poling period.

Thermo-optic changes in LiNbC>3 (i.e. n(T)) were incorporated via the Sellmeier
relation [12]. Figure 4.5 shows the poling periods at room temperature, which expand
to phasematch the given signal/idler wavelengths at each specified crystal

temperature.
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Figure 4.5 - Room temperature poling periods

Generally, it is only possible to obtain poling periods in steps of 0.2pm. So, in the plot
above only curves that are close to 19.6, 19.8 etc. at 1600nm provide a realistic
choice. Given this restriction, there were two possibilities for the poling period:

19.8pm at 150°C and 19.6pm at 190°C. Since the temperature of the former is close to
the limit for preventing photorefractive damage, the latter was the preferred choice.
As it turned out, a LiNb03 crystal with 10 separate poling periods ranging from

Room Temperature Poling Periods
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18.6pm to 20.4pm became available, allowing either of the possible gratings to be
used. The dimensions of the crystal were 20mm by 11mm by 0.5mm; a standard set

compatible with readily available ovens and temperature controllers.

4.2) Requirements for Optical Resonator

With a suitable nonlinear crystal acquired, the design and modelling of an optical
resonator for the frequency comb generator could begin. This task was complicated by
the inclusion of the intra-cavity EOM and the need to match its modulation frequency
to the cavity FSR, which placed a number of extra constraints on the physical

parameters of the system.

The requirements of the comb generator cavity, in terms of the resulting spatial and

temporal profiles of the resonated waves, can be split into two types. Those of the first

type are general requirements, which can be applied to any OPO. The second type

consists of the extra conditions that are necessary for the successful generation of a

frequency comb.
The first set of requirements deal with the physical size and shape of the beam within
the cavity. Firstly and most importantly the resonator must be stable, such that the
intra-cavity field has a self-replicating Gaussian intensity distribution. As a result, the
field at any point within the cavity can be described by two parameters [14, 15]: the
radius of curvature of the wavefront (R) and the beam radius perpendicular to the
resonator axis (w). The minimum radius is known as the beam waist (wo) and at this

point, R is infinite (plane wavefront) and the beam is collimated. The beam waist is
important because it is the point where the beam irradiance (power per unit area) is
highest and, due to the collimation, does not change significantly over a considerable
distance. Consequently, to obtain a sufficiently low threshold it is a general
requirement of all continuous-wave OPOs that the beam waists of all resonant waves
be situated at the centre of the nonlinear crystal.
With the optimum position of the beam waist known, the same was also necessary of
the size of the beam waist to ensure that the cavity would give as low a threshold as

possible. In chapter 1, it was stated that the minimum OPO threshold occurs for
confocal focussing of the pump beam. This is illustrated in figure 4.6 below.
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Figure 4.6 - Confocal focussing

At the waist, the beam cross-sectional area (A) is 7tw\. After a certain distance from

the waist, known as the Rayleigh range (zR), this area will have doubled to The

confocal parameter (b) is defined as twice the Rayleigh range and is given by the

following equation:

27rnwl
b = ^ (4.2)

Here, X is the wavelength of the beam and n is the refractive index of the medium

through which the beam propagates. The confocal parameter can be thought of as the
distance over which the size of the beam remains roughly constant. With confocal

focussing (also known as the near field approximation), the confocal parameter is set

equal to the length of the nonlinear crystal. If the waist is situated at the centre of the

crystal, then this ensures the minimum pump volume throughout the nonlinear
interaction. To calculate the beam waist in this case, equation (4.2) is rearranged and b
set equal to L, giving

W0,min (COnf.) =
XL

2nn
(4.3)

Equation (4.3) gives the beam waist that will result in confocal focussing and is a

useful estimate of the conditions required for a minimum pump threshold.
In the previous analysis, the assumption that the beam dimensions remain constant
over the length of the nonlinear crystal is a rule-of-thumb approximation that leads to
a general optimisation condition. A more detailed treatment on the minimisation of
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the pump threshold when dealing with focussed Gaussian beams was published in a

classic paper by Boyd and Kleinman [16]. This dealt with the DRO and assumed that
the confocal parameters of the pump, signal and idler were all equal. Subsequently,
Guha et al [17, 18] expanded the analysis of Boyd and Kleinmann to include the SRO
and made no a priori assumptions regarding beam size. Given the resonant nature of
all three waves in the OPO required for this project, Gaussian beams and similar
confocal parameters are expected. Therefore, the Boyd and Kleinmann analysis is

adequate for the purposes of this thesis. The result is a modification to the expression
for minimum pump threshold by the addition of an extra multiplying factor,

hm(B,£) '. The function hm(B,£) is defined by two beam parameters relating to

walkoff (B) and focussing ((;). As mentioned in chapter 1, the use of quasi-

phasematched materials can prevent beam walkoff and hence, B = 0. In this case,

hm(B,g) is found to have a maximum of 1.2 (giving a minimum pump threshold)

when £ = 2.84. The focussing parameter is defined as the ratio of crystal length to

confocal parameter,

Note that in the case of confocal focussing, t, = 1. The minimum beam waist can be
found by setting £, = 2.84 and combining equations (4.2) and (4.4),

Equation (4.5) gives the beam waist that will result in a minimum pump threshold
when working with focussed Gaussian beams. Table 4.1 shows the pump and
signal/idler beam waists for a 20mm piece of LiNb03, calculated for the cases of
confocal focussing and focussed Gaussian beams.

(4.4)

(4.5)
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Beam Beam Waist (jam)
Confocal (£ = 1) Focussed (£ = 2.84)

Pump (A, = 0.8 jxm) 33 21

Signal/Idler (A, = 1.6 fim) 47 29

Table 4.1 - Beam waists required to give minimum threshold

The above values can be thought of as ideal beam waists that the cavity modelling
described in section 4.4 was working towards. As a result, the beam waists actually

employed in the final cavity design will be given at the end of section 4.4.
Whilst the beam waists given in table 4.1 are specific to the nonlinear crystal used in
this project, the general requirements for cavity stability and beam waist position and
size can be applied to any OPO. Hence, they belong to the first type of requirements
mentioned previously. The second set of requirements relate to the successful

generation of a frequency comb within the OPO. The most important of these, which
was introduced in chapter 2, is the matching of the signal cavity FSR to the
modulation frequency of the EOM (fm) i.e.

= /. (4-6)
2L

cav

Here, Lcav is the total optical length of the cavity, incorporating both the physical
distance between optical elements and the refractive index of intra-cavity materials.
When purchasing an EOM, it is usually necessary to specify the required modulation
frequency, with upper and lower limits of ~10GHz and DC respectively. This gives a

wide range of possible signal cavity lengths. However, at frequencies above 4.6GHz,
only modulators with specific resonant frequencies at 6.8GHz and 9.2GHz can be
obtained. This is due to the method of modulation that must be utilised at high

frequencies. To create the electric field required for the linear electro-optic effect (see
chapter 2), the modulator crystal must be placed in a resonant microwave cavity. The
cavity size decreases with increasing modulation frequency and this, coupled with
design constraints, limits the possible modulation frequencies at the high end of the
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range. Fortunately this proved to be no problem, since modulation frequencies above
4.6GHz correspond to signal cavities too small to contain the EOM casing.
Further requirements of the signal cavity are created by the inclusion of the EOM as

an intra-cavity element. As with the first set of requirements, these relate to the

physical properties of the beam passing through the EOM crystal. To obtain optimum

modulation, the beam should keep roughly the same size and shape throughout the

crystal. This necessitates collimation of the beam over a distance at least equal to the

crystal length, a situation analogous to the confocal focussing arrangement previously
described for the nonlinear crystal. Hence, there must be a secondary beam waist at
the centre of the EOM crystal with a confocal parameter equal to the crystal length or

greater. Since the modulator and nonlinear crystals are of the same material and the
same length, the minimum signal waist for confocal focussing from table 4.1 also

applies here (~50p.m). In practice, as large a secondary beam waist as possible is
desirable to reduce the risk of optical damage to the modulator crystal.

4.3) Resonator Configurations

As explained at the start of this chapter, the split-cavity was the logical choice for the
overall design of the comb generator cavity. As shown in chapter 3, figure 3.2 the
standard split-cavity consists of a pump cavity containing the nonlinear crystal and a

beamsplitter. A third mirror, in line with the beamsplitter and perpendicular to the
pump cavity, completes the signal cavity. Unfortunately, such a set-up cannot create
the secondary beam waist in the signal cavity that is required for the EOM. Therefore,
before the dimensions of the comb generator cavity could be worked out, it was

necessary to modify the standard split-cavity configuration. To create the secondary
beam waist, a focussing element must be situated in the signal section of the split-
cavity. Focussing elements can be split into two basic types - lenses and convex

mirrors. This led to two feasible configurations for the comb generator resonator,

which are described below:

1) Folded Design - The signal cavity mirror is rotated to give a non-normal angle of
incidence. A further mirror is then used to create an extra arm of the cavity, in

which the secondary beam waist lies.
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2) Right-Angled Design - An intra-cavity lens is placed after the beamsplitter to
focus the circulating field into a waist inside the EOM.

Schematics of each configuration are shown in figures 4.7 and 4.8.

Mirror

Mirror Mirroruveri / ^
i

Pump Cavity

Signal
Cavity EOlVl

Figure 4.7 - Folded cavity design

.0^

Figure 4.8 - Right-angled cavity design
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The diagram of the folded cavity shows that there are two possible orientations for the
extra arm, with the dotted arrangement giving greater freedom in the position of the
EOM at the expense of increasing the angle of incidence at the tilted mirror. It is the
tilted mirror that leads to the main drawback of the folded cavity design. This gives
rise to a reflection from a curved surface that does not take place at normal incidence.

Consequently, astigmatism will be introduced into the beam. This means that the
beam waist in the vertical plane will, in general, differ in size and position to that of
the beam waist in the horizontal plane. As might be expected, the effect on the OPO
threshold is detrimental since the signal/idler irradiance through the nonlinear crystal
can no longer be maximised. Decreasing the angle of incidence relative to the normal
can reduce astigmatism. However, from figure 4.7 it is clear that a minimum tilt angle
must exist, below which the intra-cavity field will clip the beamsplitter. As a result,

astigmatism will always be present with the folded cavity design.
In the right-angled cavity shown by figure 4.8, all reflections occur at normal
incidence and hence, there is no problem with astigmatism. Here, a lens takes the

place of the tilted mirror and, whilst being the key to the creation of a secondary beam
waist, also provides the main downside of this configuration. The lens will introduce
extra loss to the cavity, via absorption and reflection of the intra-cavity field. This
reduces the cavity finesse and leads to an increase in the OPO threshold. Although the
loss attributed to the lens can be reduced by the application of an anti-reflection

coating, it cannot be removed completely.

Having established the inherent problems with each cavity configuration, the choice
of final design depended on whether the astigmatism induced in the folded cavity
could be reduced to a negligible level. If this were the case then the folded cavity,
with its lower round trip loss, would be the best design. On the other hand, should the
astigmatism prove to be a significant problem, it would be necessary to utilise the
right-angled cavity design and reduce the loss due to the intra-cavity lens as much as

possible. To make the decision, the size and position of the beam waists in each cavity
were needed, requiring a mathematical analysis of each configuration.
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4.4) Cavity Modelling & The Final Resonator Design

The mathematical modelling of the FCG resonator was to serve two purposes. Firstly,
as discussed in the previous section, it would show the effect of astigmatism in the
folded configuration and whether it could be ignored. This would determine the

configuration to be used. Secondly, by analysing the beam in the chosen configuration
the optimum position of each component, to give the desired beam waists calculated
in section 4.2, could be found.

The utilisation of the split-cavity meant that the pump and signal/idler cavities could
be modelled separately. In each case, the procedure for modelling was as follows:

1) Find curvatures/focal length of mirrors/lens and their approximate positions using
a simple geometric method.

2) Create a scale model of the required cavity with a CAD package (Turbocad 8).

3) Perform an ABCD matrix analysis of the cavity to obtain the size and position of
each beam waist.

4) Adjust cavity dimensions/positions of components as allowed by the scale model.

5) Repeat steps 3 and 4 until desired beam waists are produced.

In the first step, the geometric method refers to a technique developed by Spurr and
Dunn [19]. This is part of a series, all of which allow the calculation of parameters of
a Gaussian beam in various situations through a geometric approach. In the context of
a stable optical resonator, the size and position of the beam waist can be obtained by

drawing a circle at each mirror. Each circle should be positioned so that it just touches
the associated mirror at the intersection between the mirror surface and the optic axis.
The diameter of a circle is set equal to the radius of curvature of its mirror. As shown
in figure 4.9, the point at which the two circles intersect is the position of the beam
waist. The perpendicular distance from the optic axis to the intersection point is equal

to —, where b is the confocal parameter and is related to the waist by equation (4.2).
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Figure 4.9 - Geometric method for obtaining beam waist

Conversely, if the size and position of the required beam waist are known, as was the
case for the FCG resonator, then this method allows the position and radius of
curvature of the mirrors to be estimated.

The main reason for creating the scale model in step 2 was to ensure that the cavity
dimensions were physically possible. This was necessitated by the fact that the
nonlinear crystal (in an oven) and the EOM crystal (in a resonant microwave cavity
and casing) were both contained within dimensions significantly greater than the

crystals. Also, for the purposes of reducing astigmatism in the folded configuration,
the scale model allowed the minimum angle of incidence at the tilted mirror to be
found precisely.

Steps 3 and 4 were perhaps the most crucial, producing a detailed description of the
behaviour of the beam waist as various cavity dimensions were altered. The ABCD
matrix method is a well-established technique for determining the size and position of
beam waists in an optical resonator. Its theory and application has been described in
detail by several authors, e.g. [20, 21], and will only be summarised here. The
resonator is split into components e.g. mirror, free space, crystal and each component
is represented by a 2x2 matrix. The elements of a particular matrix are determined by
the properties of the component it describes. Table 4.2 below shows the ABCD
matrices for some common cavity components.
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Resonator Component ABCD Matrix Parameters

Free Space '1 4"

,0 K

d = distance through free

space

Crystal (> -1
n

1° u

L = crystal length
n = refractive index

Spherical Mirror
'

i oN R = mirror radius of

(Normal Incidence) ± i
v R

curvature

Lens r 1 0'

A ,

f = lens focal length

Table 4.2 - Common ABCD matrices

A system matrix for the entire resonator is obtained by multiplying the ABCD
matrices for all cavity components over a single round trip. The beam radius (w) and
wavefront radius of curvature (R) at a chosen reference point in the cavity (the

starting point of the round trip when calculating the system matrix) are determined by
first imposing the stability condition. This states that the complex beam parameter, q,
defined by equation (4.7) must be self-reproducing over a single round trip.

x-'
I -

R Kw j

(4.7)

For a system matrix,
'A

C D
, the stability condition results in the ABCD law,

Aq + B (4.8)
Cq +D

Once the system matrix for a resonator is known, q, R and w can be calculated using
equations (4.7) and (4.8). Equations (4.9) and (4.10) below will then give the size of
the beam waist and its distance from the reference point (z).
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(4.9)

R
(4.10)Z = 7

1+ 7

^w2 J

Since the main aim of the ABCD analysis was to investigate the beam waists within
the nonlinear and modulator crystals, it was convenient to choose a reference plane at

the centre of each crystal. To determine the extent of astigmatism within the folded

cavity configuration, it was necessary to perform the ABCD analysis for the

signal/idler beam in both the horizontal and vertical planes. This quickly showed that

astigmatism would prove to be a major problem. Even for the minimum incidence

angle of 3° at the tilted mirror, the difference in the beam waist size between
horizontal and vertical planes was found to be around 10pm. Clearly, such a

difference would cause a significant increase to the minimum attainable pump

threshold. As a result, the emphasis on cavity design was changed to the right-angled

configuration, with the folded option as a back-up.

Initially, the ABCD matrix analysis of the right-angled design established a stable
cavity for an intra-cavity lens of focal length 20mm or 25mm. However, a cavity
based on the 20mm lens would prove to be very compact with little flexibility in the

position of resonator components. Therefore, it was decided to work with the 25mm
lens. The next step was to vary the distance between cavity components (performing
the ABCD analysis after each change in distance) in turn and plot the effect on the
size and position of both beam waists in the signal/idler section and the single waist
for the pump section. If necessary, mirror curvatures were also altered. Figures 4.10
and 4.11 show an example of the results obtained for the signal beam waist in the
nonlinear crystal when varying the position of the intra-cavity lens with respect to the
fixed modulator crystal. All other cavity components were also in a fixed position.
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Figures 4.10 & 4.11 - Effect on beam waist parameters when changing cavity
dimension

The left-hand plot shows the variation in the size of the beam waist. The green and
blue dotted lines represent the ideal size for confocal and focussed Gaussian beams

respectively, taken from table 4.1. The right-hand plot shows the effect on the position
of the beam waist with respect to the reference plane (at the centre of the nonlinear

crystal). The reference plane is the ideal position for the beam waist and is represented
on the plot by the blue dotted line at zero. A comparison of the graphs shows two

regions where the distance between lens and EOM crystal is such that the resulting
beam waist has a size somewhere between the ideal values discussed earlier and lies

close to the centre of the nonlinear crystal. Each region occurs just before the cavity
becomes unstable (signified by the sudden sharp drop in beam waist size). Care must
therefore be taken to choose a distance significantly far from the beginning of

instability (so that any drift in this distance will not cause the resonator to become
unstable), whilst still meeting the beam waist requirements. The first region lies
between 2.25cm and 2.4cm and, on consulting the scale model, was found to be too

small to fit the EOM into the cavity. Hence, the chosen distance for this section cavity
of the cavity was taken from the second region (6.9cm to 7.3cm).
A similar procedure was repeated for all parts of the signal and pump cavities, first
performing the ABCD matrix analysis and then checking the physical limitations with
the scale model. In the case of the signal/idler cavity, this was also done for the beam
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waist in the EOM crystal. After several iterations, during which the ABCD analysis
was performed numerous times the final design for the right-angled cavity, shown in

figure 4.12, was realised.
M2, R = 50mm

Figure 4.12 - Final design for right-angled FCG cavity

The above cavity (all distances in mm) is specifically designed to produce a tightly
focussed beam waist (wo(p) ~ 30|im and w0(s,i) ~ 40gm) at the centre of the nonlinear

crystal (in the middle of the oven) and a second, larger beam waist (wo(s,i) > 50|im) at
the centre of the EOM crystal. Of course, the distances given in figure 4.12 are not set
in stone. In particular, the mirrors are mounted on translation stages to allow fine
adjustment to their position along the cavity axis. Once the OPO had been built,
further refinement to the final design was achieved by using this adjustment to

produce as low a pump threshold as possible.
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4.5) EOM Set-up

This final section on the design of the FCG system will give a brief overview of the
EOM and the equipment used to drive it. The EOM is a New Focus model 4423,

consisting of a 20mm long piece of lithium niobate contained in a resonant microwave

cavity. It is driven by a precision Hewlett-Packard microwave oscillator and RF

amplifier, with in-line isolators to prevent damage to the driving components by

power reflected from the EOM. For precision alignment, the modulator sits in a multi¬

stage cradle, allowing both vertical and horizontal translation and rotation in all three
dimensions.

Choosing a resonant frequency for the modulator was made easier by the fact that it is

equipped with a tuning slug. This allows the resonant frequency to be increased or

decreased by around 10% of the centre frequency. Therefore, only an approximate
value was required for the cavity FSR (= modulation frequency). From the initial

cavity designs, this was found to be ~550MHz.
Before placing the EOM into the signal/idler cavity, some calibration experiments
were performed to determine the resonance bandwidth of the device and establish the
variation of modulation depth with input power. This was achieved by passing a

He:Ne beam through the modulator and viewing the output with a Fabry-Perot
interferometer. A typical trace is shown in figure 4.13.
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Figure 4.13 -Modulation of He:Ne beam
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Figure 4.14a shows the change in sideband height (as viewed on an oscilloscope) as

the modulation frequency was increased through the resonant frequency of
597.5MHz.
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Figure 4.14a - Resonance bandwidth of EOM

A lorentzian function is fitted to the data in figure 4.14a, which gives a resonance

bandwidth of 2.9 MHz about the centre frequency. This is the range over which the
modulation frequency can be changed without a significant decrease in the power

coupled into the EOM. Out-with this range, the tuning slug must be used to change
the resonant frequency.
For a particular input power and on RF resonance, the modulation depth was obtained

by observing the power transferred into the generated sidebands and converting this
into a phase shift via the Bessel function identities (see chapter 2, section 2). Figure
4.14b shows the results of this calculation for a range of input powers. Here, the x-

axis denotes the output power of the signal generator before amplification.

107



4. System Design & Optimisation

1.5 -i

1.4

_ 1.3
v>

1 12
ie 11
W 1.0
a>

jo 0.9
^ 0.8
ca

£ 07
a> 0 6
u

■| 0 .5
0 4

0.3

H** iii
ii

-64 -2 02468 10

Power From RF Sig. Gen. (dBm)

Figure 4.14b - Modulation depth of EOM

(-]A function of the form y = A + fixlOV2^ is fitted to the above data, where A,B and C

are constants. This comes from the equation [22] relating the peak phase shift (A0) to

the input RF power at the EOM (P),

i

/ „3„ A

v 2 y

2PQL
ecobd

(4.11)

In equation (4.11) P is the RF power coupled into the modulator in Watts, L, b and d
are the dimensions of the crystal (20mm x 2mm x 2mm) and Q is the quality of the

resonant microwave cavity (186). Since the measured power was in dBm, 10* must be
used in the fitting function to convert between the two. The factor of V2 in the power

of 10 is due to the square root and the constants a, b and c account for the various
constants and conversion factors in equation (4.11). It is important to remember that
the data in figure 4.14 was measured at the He:Ne wavelength of 633nm. Since the
induced phase shift is inversely proportional to wavelength, as shown by equation

633
(4.11), it is necessary to multiply the data points by

1600
= 0.4 when utilising the

EOM at the degenerate signal and idler wavelength.

By measuring the RF power at the modulator input, the overall gain of the isolator-
amplifier-isolator chain was found to be 23.5dB. Therefore, lOdBm from the signal
generator, corresponding to around 0.5 rads of modulation depth at 1600nm, will give
an input power of roughly 2W to the EOM. This agrees fairly well with equation
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(4.11) above (it gives a value of -0.7 for A<)> at an input power of 2W), although there

is a significant uncertainty in the value of £ in LiNbC>3 at RF frequencies.

4.6) Optimisation - Pumping Level & Input/Output Coupling

The optimisation of pumping level and input/output coupling in the frequency comb

generator is now considered. This had two aims. Firstly, for a given pumping level, to

identify the input/output conditions that optimised the downconversion efficiency and
relate them to the associated pump enhancement factor. Secondly, to find the

optimum pumping level at the ideal input and output coupling conditions previously
identified. In the context of a practical device for telecommunications, the second aim
is particularly important. To create a compact, low power device, the optimum

pumping level must be achievable by a single mode laser diode whilst still providing
an output power of several mW. It was desirable to achieve the two aims in the order
given above. However, experimental practicalities necessitated that this order be
reversed, leading to the procedure described next.

Throughout this project, a Ti:Sapphire oscillator was used as a pump source. This was

pumped by a 10W Argon Ion laser and produced around 1W of single-frequency
power at 800nm. It could also be stabilised to a high degree, providing a pump beam
with excellent spatial and spectral quality.
Three input couplers (5%, 10%, 20%) and two output couplers (1%, 2%) were

available, giving six possible input/output combinations. For each combination, the
output signal/idler power and fraction of pump light back-reflected were measured as

the pump power was increased from zero to the maximum available (~500mW).
Figures 4.15 to 4.20 shows the results for the six input/output coupler combinations.
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Figure 4.19 - 20% input & 1% output Figure 4.20 - 20% input & 2% output

In some of the above figures, data for the signal/idler power is missing at higher pump
powers due to saturation of the detector above 22mW. An initial look at the output

power plots shows a threshold of 30 to 50mW in each case. As expected, the higher
thresholds occur for 2% output coupling. The input coupling seems to have little
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effect on the threshold and this can be explained by observing the back-reflected

pump. In each case the fraction of back-reflected pump is approximately the same,

suggesting a similar enhancement factor. This makes sense, since losses in the pump

cavity are wholly parasitic at threshold, with no component due to downconversion.
For each input/output combination, the output power rises steeply at first, before

beginning to tail off at higher pump powers. The highest output power is gained for
the 20% input coupler and 2% output coupler.
Whilst showing some scatter due to power fluctuations during the operation of the
OPO and uncertainties at very low pump powers, there is a general trend to each of
the back-reflection plots. For both of the 5% input combinations, the fraction of pump
back-reflected increases as the pump power is increased above threshold, with no

obvious minimum. On the other hand, the data taken with 10% and 20% input

couplers shows a definite minimum in every case. This can be explained by recalling
section 3.4 on the optimum pumping level in chapter 3. Equations (3.19) and (3.20)
show that a minimum back-reflection will be achieved when the input coupling is

equal to the round-trip pump loss of the enhancement cavity. This is made up of the

parasitic loss and, above threshold, the loss due to down-conversion, which depends
on the pumping level. So, as the pump power is increased the round-trip loss will

change. In the case of the 5% input coupler, no minimum in the back-reflection occurs

because the initial parasitic loss is greater than or equal to 5% and so the input

coupling is always less than the round trip loss i.e. the pump is always under-coupled.
For the 10% and 20% input couplers this is not the case (pump is initially over-

coupled) and as the pump power is increased, the round-trip loss approaches the input
coupling, resulting in a back-reflection minimum.
To determine the best input/output coupler combination it is necessary to look at the
variation in overall efficiency (output power compared to input power) with pump

power, shown in figure 4.21.
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Figure 4.21 - Efficiencies for all input/output combinations

Note that the efficiency is only given up to an input power of 150mW, since the

output power could not be measured for all input/output combinations above this

pumping level. As expected from the output power plots, the efficiency for each

input/output combination initially rises quickly with pump power before reaching a

plateau. Beyond this point, the efficiency begins to slowly decrease. The greatest

efficiency of around 12% is obtained with the 20% input coupler and 2% output

coupler at a pump power of lOOmW. Second best is the 10% input coupler and 2%

output coupler, with an efficiency of around 10.5% at the same pump power.

Having obtained the optimum pumping level for efficiency, the same must be done
for the pump-enhancement factor. Figures 4.15 - 4.20 show that the 20% input

coupler gives the smallest fraction of back-reflected pump at 100-120mW. Taking the
20%/2% combination, which gave the highest efficiency, the back-reflection and

efficiency data can be used to calculate a number of parameters relating to the

operation of the PE-OPO. At threshold (30 - 50mW) the fraction of pump back-
reflected is 0.515, decreasing to 0.172 at 120mW. The output power at the latter

pumping level is 13.7mW. Utilising the method described in chapter 3, section 3.3 by
way of a MathCAD program (see appendix HI), the round-trip pump loss at threshold
is found to be 3.6%, and the corresponding EF equal to 13.2. With negligible
downconversion at the threshold level, this loss is entirely parasitic. At a pumping
level of 120mW, the round-trip loss and EF are 9.2% and 9.0 respectively. From these
values and figure 4.20, it is apparent that the total pump loss has increased due to the
onset of downconversion and this has driven the pump-enhancement cavity towards
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impedance matching. Assuming that the parasitic loss has not significantly changed, a

simple subtraction gives the downconversion loss at 120mW as 5.6%. This

corresponds to a downconverted power of 60.5mW (product of downconversion loss
and circulating pump power), which is coupled out of the signal/idler cavity through
M2 in a ratio determined by:

F~" "~a+pF°c (4'l2)

Here, a and P represent the output coupling (2%) and round-trip parasitic loss of the

signal/idler cavity respectively. The parasitic loss is primarily due to absorption in the
EOM crystal and scattering/transmission at the various surfaces in the cavity. Taking
the observed and calculated figures for output power and downconverted power,

equation (4.12) gives 6.8% as the round-trip parasitic loss in the signal/idler cavity
and the total signal/idler loss (y= a + P) is therefore 8.8%.
To ensure energy conservation, the various losses at the pump should add up to the
initial pumping level. The three loss mechanisms to consider are due to parasitic loss,
downconversion and back-reflection. Respectively, these are 39mW, 60mW and

21mW, using the percentage losses calculated previously. The sum of these losses is

exactly 120mW, showing that energy is indeed conserved.
The calculation of the total signal/idler loss above allows the threshold of the OPO-
FCG in the absence of pump-enhancement to be obtained. A quick and simple method
of achieving this involves taking the threshold of the Diddams device [10], which was

a DRO with double-pass pump, and applying the appropriate scaling factor. From

equation (1.30) in chapter 1, this scaling factor has four parts and is given below:

f 10PO-FCG y
-,OPO~FCG

l Diddams
^Diddams

V LQPO-FCG J

Yqpo-fcg

y'Diddams

j Diddams
eff

\2

di>fr
v eff

OPO-FCG
■>Diddams

(4.13)
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11
20

8.8 _5_
18

\2

x 200mVP

Putting the appropriate values into equation (4.13), as shown above, results in a

scaling factor of 1.9 and hence a non-pump-enhanced threshold of ~400mW for the
OPO-FCG. Given the scatter in the experimental data and the rough nature of the
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calculations performed previously, this is consistent with the observed threshold of
30-50mW and EFof 13.

The experimental data shows that the 20% input coupler and 2% output coupler give
the greatest device efficiency and largest pump enhancement factor. Most

importantly, both occur at approximately the same pumping level. In fact, a closer

inspection of figures 4.20 and 4.21 shows that neither the efficiency nor back-
reflection change significantly between pump powers of lOOmW and 140mW. This

suggests that pumping anywhere within this range when utilising the 20% input

coupler and 2% output coupler should give close to the optimum efficiency and
enhancement factor.

The question now arises as to whether the conclusions gained from the experimental
results correspond to a theoretical evaluation of the optimum pumping level as

discussed in chapter 3, section 3.4. By using the equations given at the conclusion to

section 3.4 (equations 3.29 - 3.31) and results gained from the experimental data

(pump & signal/idler cavity losses and non-PE threshold), both the efficiency and
back-reflection for any input/output combination can be modelled as a function of
external pump power. It should be noted that the efficiency given by the modelling is
the down-conversion efficiency (the ratio of signal and idler power at the crystal to the
external pump power) rather than the overall efficiency. Therefore, it is necessary to

calculate the experimental down-conversion efficiency to give a proper comparison.
The experimental down-converted power can be calculated from the output power

using equation (4.12) above.

Figure 4.22 shows a comparison of theoretical and experimental values for the down-
conversion efficiency and fraction of pump back-reflected with the 20% input coupler
and 2% output coupler. Figure 4.23 shows the same for the 20%/l% combination.
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Figure 4.22 - Comparison of theory & Figure 4.23 - Comparison of theory &

experiment for 20%/2% combination experiment for 20%/l% combination
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It is immediately apparent that the general shape of the experimental curves closely
matches that of the theoretical curves in all cases. In particular, there is good

agreement for the down-conversion efficiency at higher pump powers and the

modelling predicts peak efficiency at the same pump powers as observed

experimentally. The discrepancy between experimental and theoretical efficiency at

lower pump powers for the 2% output coupler can be explained by the fact that the

signal/idler parasitic loss must be estimated. This does not take into account changes
in the loss as the results were taken, which could be caused by a variety of factors
such as thermal effects and drift in the alignment of cavity components.

Unfortunately, there is a significantly greater mismatch between theory and

experiment for the fraction of pump back-reflected, particularly at lower pump

powers. Again, a possible explanation for this is the use of a constant value for Re in

equation (3.31), thereby ignoring any changes in loss that could occur with increasing

pump power (due to downconversion in particular). Whilst the comparison of back-
reflection results is disappointing, encouragement can be gained from the fact that the

modelling still predicts a small fraction in the optimum pumping region, not that
much greater than the minimum value.
The desired outcome of the optimisation of the frequency comb generator was an

optimum pumping level compatible with the requirement for a compact, low power

device. By using a 20% input coupler and 2% output coupler an optimum pumping
level of ~120mW was achieved, producing an output power of nearly 14mW. Such an

external pump power can easily be achieved by a single mode laser diode, giving
compactness and compatibility with current telecommunications systems.
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4.7) Chapter Summary

A crucial stage in the development of the frequency comb generator was the design
and optimisation of an optical resonator, a procedure described in detail in this

chapter. The first step was to select a suitable nonlinear crystal. Of the two candidates,

LiNb03 was found to have a slightly higher phasematching bandwidth than MgO:

LiNbOs at 1600nm. Although the crystals were evenly matched in terms of properties,

LiNb03 was chosen to be the nonlinear crystal in the comb generator because it was

readily available. A further analysis of the crystal showed that a poling period of

19.6pm was the best option for the phasematching of degenerate signal and idler

wavelengths at 1600nm.
When creating a design for the optical resonator, it was first necessary to identify the

requirements of the resonator in terms of the spatial and temporal properties of the

circulating optical fields. To ensure as low a pump threshold as possible, both pump

and signal/idler waves must have a minimum beam radius (known as the beam waist)
at the centre of the nonlinear crystal. The optimum size for each beam waist is
obtained by employing the focussed Gaussian beam analysis of Boyd and Kleinman,

giving 21pm for the pump and 29pm for the signal/idler. Additional requirements are

placed on the optical resonator by the inclusion of the EOM. The FSR of the

signal/idler cavity must equal the modulation frequency of the EOM to generate a

comb of frequencies. However, the wide range of modulators available meant that this
was not a serious concern. Of greater importance is the need to create a large

secondary beam waist in the signal/idler wave at the centre of the EOM crystal to give

optimum conditions for modulation and reduce the risk of optical damage.
To produce the secondary beam waist, the standard split-cavity design must be
modified by the inclusion of a focussing element. There are two ways of doing this,
leading to two possible configurations for the resonator. In the first, known as the
folded cavity, the signal mirror is tilted and a further mirror used to create an extra
arm in the cavity. The right-angled cavity utilises an intra-cavity lens placed between
the beamsplitter and EOM. The folded cavity suffers from the problem of
astigmatism, where the beam waist in the nonlinear crystal is a different size in the
horizontal and vertical planes. This could lead to an increase in pump threshold. The
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right-angled cavity, whilst not experiencing astigmatism, has an additional loss-

producing element in the shape of the lens.
To decide upon the configuration to use and also produce the final resonator design, a
mathematical model was created. This utilised the well-known ABCD matrix method

to obtain the size and position of each beam waist. The first results for the folded

cavity showed that even the minimum possible astigmatism would still give a

difference of 10pm in the size of the beam waist between the two planes. As a result,
the right-angled cavity was chosen with the aim to reduce the loss due to the lens as

much as possible. In the next stage of the modelling, the various sections of the right-

angled cavity were varied in size to find dimensions that would give the optimum

position and size for each beam waist. A scale model of the cavity was also created to

ensure that the results of the ABCD matrix method were physically possible.
With the final design of the optical resonator attained, the last part of the design

process was to obtain and characterise the EOM. The modulator was purchased from
New Focus with a modulation frequency of ~550MHz. However, this is tunable by
around ±60MHz. Further experimentation on the EOM outside of the signal/idler

cavity demonstrated a bandwidth of 2.9MHz about any particular resonant frequency
and established a relationship between the power from the driving oscillator and the
induced phase shift.

Optimisation of the frequency comb generator was required for two reasons. Firstly,
to find the input and output coupler combination that would give the largest efficiency
and enhancement factor and secondly to find the optimum pumping level for the
chosen input/output pair. Of the six combinations, the 20% input coupler and 2%

output coupler gave the greatest overall efficiency and largest enhancement factor at a

pump power of around 120mW, resulting in an output power of nearly 14mW. These
results were then compared to the theory by utilising the equations given in chapter 3
at the end of section 3.4. The experimental efficiencies agree well with the theory,

particularly at higher pump powers, and both give the greatest efficiency at the same

pumping level. Unfortunately, there is not a similar level of agreement for the fraction
of pump back-reflected, although both experiment and theory show a small fraction at
the optimum pumping level.

Overall, the optimisation results show that a compact device pumped by a single
mode laser diode is feasible, whilst still producing an output power of several mW.
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This is important in the context of telecommunications, where systems must be small
and have low power requirements.
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Chapter 5
Comb Generation in a Dispersive Cavity

The first attempts at generating a comb of frequencies actually took place
between the design and optimisation stages detailed in the previous chapter. After the
FCG had been constructed and aligned such that the OPO was oscillating well, the
decision was taken to perform proof-of principle experiments and check that a

frequency comb could be generated. Assuming these experiments were successful, the
next step would be the optimisation of the system in terms of input/output coupling
and the pumping level (see chapter 4, section 4.6). In this chapter, section 5.2
discusses the proof-of-principle experiments and presents the subsequent results.
Section 5.3 reports on similar experiments that were performed with the optimum

input and output coupling and at the optimum pumping level; after the optimisation

stage.

In the title of this chapter and chapter 7, an important distinction is made. All the
comb generation experiments discussed in this chapter took place under the condition
of full dispersion in the intra-cavity media. Here, the nonlinear and EOM crystals
make up the majority of the intra-cavity media, with the lens also having a

contribution. During the course of the comb generation experiments, it was discovered
that dispersion is an important factor. Section 5.4 and the following chapter examine
this in detail. Chapter 7 then deals with the implementation of a dispersion
compensation scheme in the FCG resonator and the resulting effects on comb
generation. During the course of the dispersion compensation experiments, comb
generation was further explored in the case of no compensation. These results
provided several interesting insights into the comb generation process and are

summarised in the final section of this chapter.

5.1) Modelling ofComb Bandwidths

As mentioned in chapter 2 and subsequently clarified in chapter 6, the main limiting
factor on the comb width is dispersion in the intra-cavity media of the FCG resonator.
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Prior to beginning the comb generation experiments, modelling of the dispersion-
limited comb bandwidths was undertaken, to gain some indication as to the widths
attainable experimentally. Previous study of dispersion-limited frequency combs has
been carried out by Kourogi et al [1], who derived a simple expression to calculate the
comb bandwidth. This is given below in a slightly altered form.

In equation (5.1), (3 is the depth (or index) of modulation applied by the EOM, L the

d2k
length of the intra-cavity media (i.e. nonlinear and modulator crystals) and ———

should be evaluated at the centre frequency of the comb. The latter is the key factor in
the comb bandwidth equation because it is determined by the refractive index, which
relates directly to the dispersion relations and Sellmeier data [2, 3]. Utilising equation

(5.1), figure 5.1 shows the variation of comb bandwidth with signal wavelength with
40mm of intra-cavity media (20mm for both nonlinear and EOM crystals).

2

(5.1)

12 PPLN/MgO:LN Comb Bandwidth (800nm Pump)
910

410

3 10,12
0.9 1.1 1.2 1.3 1.4 1.5
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Figure 5.1 -Comb bandwidths for a range of signal wavelengths
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In the above plot, comb bandwidths are shown for both LiNbCb (periodically poled)
and MgOiLiNbCb, which were the two options for the nonlinear crystal, discussed in

chapter 4. As might be expected from previous work on the modelling of

phasematching bandwidths (see chapter 4, section 4.1), there is a rapid rise in the
comb bandwidth as the signal wavelength increases to degeneracy. The model also
shows that LiNbCb gives a slightly higher bandwidth of 7.36 THz at the degenerate

wavelength of 1600nm, giving further credence to the decision to use it as the
nonlinear crystal. However, as mentioned in chapter 4, section 4.1, the main reason

for choosing LiNbCb was its availability as a periodically poled crystal. The plots in

figure 5.1 were calculated for a crystal temperature of 180°C. However, equation (5.1)
can also be employed for a fixed signal wavelength over a range of crystal

temperatures. This is shown in figure 5.2, again for LiNbCb and MgO:LiNbC>3.

PPLN

MgO:LN

Figure 5.2 - Comb bandwidths for a range of crystal temperatures

The difference between LiNbCb and MgCkLiNbCb is more apparent in the above

figure. In particular, MgO:LiNb03 shows a much sharper drop in comb bandwidth
with increasing crystal temperature. As far as the frequency comb generator is
concerned, figure 5.2 suggests that the crystal temperature should be set low as
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possible (within the limits set by photorefractive damage and the desired signal/idler

wavelength) to maximise the comb bandwidth.

Modelling of the dispersion-limited frequency comb has shown that it should be

possible to generate comb widths in excess of 7 THz (60nm) with the system

described in this thesis. This is significantly greater than the maximum width of 5.6
THz (21nm) produced by Diddams et al [4],

5.2) Experimental Comb Generation 1 (ProofofPrinciple)

As mentioned in the introduction to this chapter, the experiments described in this
section took place before the optimisation of the FCG resonator. The main purpose

was to check that the system would actually generate a comb of frequencies and if so,
that comb widths comparable to those suggested by the theoretical modelling could be

produced.
The output from the FCG was analysed in the optical and radio frequency (RF)

regimes. For the former, a fraction of the FCG output was fibre-coupled into an HP
86MOB optical spectrum analyser (OSA). Analysis in the RF regime was undertaken

by focussing the FCG output onto a fast InGaAs PIN photodiode, which was

connected to an RF spectrum analyser (RFSA). The purpose of the OSA was to show
the full extent of the generated comb, allowing its width and power fluctuations to be
measured. On the other hand, the fast photodiode and RFSA were used to look at beat

frequencies between individual modes in the comb. The observation of beat
frequencies at multiple harmonics of the modulation frequency provides evidence that
a phase-locked frequency comb has been generated. To understand this, consider the
case where the modes in the comb are not phase-locked and instead are oscillating
independently. In this situation, there is nothing to link the phase of a beat frequency
between a pair of modes to the beat frequency between any other mode pair. When
added together, the random nature of the phase means that the total fundamental beat
frequency (between adjacent modes in the comb) averages to zero. The same

argument holds for the higher harmonics. In this case, any observed harmonics would
be entirely due to beating between the initial carrier frequency and sidebands imposed
upon it by the modulation. Hence, the power in the observed beat frequencies would
be very low. In the case of a phase-locked frequency comb, the relative power in the
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harmonics would be expected to increase, due to the accumulation of multiple beats
between modes in the comb.

To begin the comb generation experiments, it was first necessary to obtain the correct

modulation frequency to match the cavity FSR. Measurement of the signal/idler

cavity length and allowing for the refractive and dispersive properties of the intra-

cavity elements gave a mode spacing between 593 MHz and 603 MHz. With the OPO

oscillating well above threshold (pump power - 550 mW) and EOM switched off, no
beat frequencies could be seen on the RFSA. This was expected, since an OPO will

only operate on a single signal and idler mode pair at any instant. On driving the EOM
at 600 MHz with a modulation depth of ~ 0.6 rad, a strong beat frequency at the
modulation frequency and several of its harmonics immediately appeared.
A thorough analysis of the beat frequencies over the tuning range of the modulator

(450 - 700 MHz) showed the following results:
- The fundamental beat frequency was always present at a significant

strength. This is not surprising, since the modulator will always

generate first order sidebands.
- The 2nd harmonic began to appear at 450 MHz and, although low in

strength, was still present at 700 MHz.
- The 3rd harmonic appeared at -505 MHz and disappeared at -670

MHz

- The 4th harmonic appeared at -550 MHz and disappeared at -640
MHz

- The 5th harmonic appeared at -560 MHz, but the frequency at which it
disappeared could not be determined because it was above the upper

range of the RFSA.
- All harmonics increased in size to a peak at -595 MHz and then

decreased in size as the modulation frequency was increased beyond
this.

- A further examination of the 4th and 5th harmonics at modulation

frequencies around 595 MHz showed a peak at 593 MHz.
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The peak in the higher harmonics at 593 MHz and the fairly symmetric emergence

and disappearance of said harmonics around this point suggested that this modulation

frequency was the closest match to the cavity FSR.
After investigating the beat frequencies, the output from the FCG was observed on the

OSA. At this point, the output coupler was mounted on a PZT to allow changes to be
made to the signal/idler cavity length on the nm scale. Increasing the voltage applied
to the PZT caused it to expand, thereby decreasing the length of the signal/idler cavity

by lOnm per Volt. With the EOM switched off, a single signal and idler mode pair
could be seen on the OSA, approximately 30 - 40nm either side of 1600nm (the

degenerate wavelength). At first, both modes were quite jittery, hopping several times
in a short space of time. However, by turning off as many sources of vibration in the

laboratory as possible and placing a box around the FCG to remove air currents, the

stability of the FCG output was drastically improved. It was then possible to move the
mode pair closer to degeneracy by lengthening the signal/idler cavity via the PZT.

Unfortunately, it was not possible to reach degeneracy before both signal and idler
would jump back to their starting wavelengths of ~1560nm and ~1640nm

respectively. To solve this problem, the temperature of the nonlinear crystal was

decreased to 170.5°C, tuning the signal and idler modes closer to 1600nm. Now,

degeneracy could be reached by adjusting the PZT. With the EOM on, a quick check
of the beat frequencies showed that the temperature and PZT adjustments had reduced
the optimum modulation frequency to 591 MHz.
When driving the EOM to generate a comb of frequencies, it was decided that
modulation depths of ~1 rad be used (around twice the depths used in previous work
[4]). Figure 5.3 shows a series of traces taken from the OSA at various stages in the
comb generation process. With the EOM initially switched off, a single near-

degenerate signal and idler mode pair were observed on the OSA (trace a). On driving
the EOM at the optimum modulation frequency, spectral broadening of the signal and
idler was immediately apparent (trace b) due to the transfer of fundamental power into
sidebands. The next step was to move the signal and idler modes towards 1600nm by
increasing the cavity length with the PZT. After a 50nm increase, the signal and idler
modes had each moved by ~15nm and broadened further (trace c). Another increase
of 50nm saw the signal and idler branches begin to merge (trace d) characterised by
intensity fluctuations at the degenerate wavelength of 1600nm. A final small increase
of the cavity length caused the two branches to lock together in a comb spanning
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5. Comb Generation in a Dispersive Cavity

approximately 25nm, equivalent to 3 THz (trace e). If the EOM was subsequently
switched off whilst a comb was formed, then the output of the FCG reverted back to a

near-degenerate signal and idler mode pair (trace f), similar to that observed in trace

a.
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Figure 5.3 - OSA traces of comb generation process

Whilst the spectral extent of the FCG output was being recorded on the OSA, the beat
frequencies between modes in the comb were simultaneously detected by the fast
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5. Comb Generation in a Dispersive Cavity

photodiode and observed on the RFSA. Figure 5.4 shows images of the RFSA screen

taken at the same time as the OSA traces in figure 5.3 were recorded.

Figure 5.4 - RFSA images of comb generation process

In the first image, taken when the EOM was initially off, no beat frequencies are

present, as was expected. Incidentally, the frequencies displayed in this image, which
also appear in every subsequent image, correspond to an unknown source of external

1773 MI!Z

182 MH*
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5. Comb Generation in a Dispersive Cavity

interference. In images b-e, where the EOM was being driven, beat frequencies up to

the 4th harmonic were observed and are indicated. Higher harmonics were

unfortunately above the upper range of the RFSA. Fluctuations in the strength of the
four harmonics can be seen across the images. However, the beat frequencies are

strongest in image e. This corresponds to the locking of the signal and idler modes
into a frequency comb, as shown by figure 5.3, trace e. Image f confirms that no beat

frequencies were present and the OPO was operating on a single mode pair when the
EOM was switched off during comb generation.
The frequency comb in figure 5.3 shows some undesirable intensity fluctuations.

Unfortunately, this was a symptom of a general lack of stability. As well as

fluctuating in intensity, the comb width was observed to change over repeated

attempts. Combs spanning up to 60nm (7 THz) were generated on at least one

occasion. The problem with stability also reduced the lifetime of the comb to minutes
at most. After this time, it would invariably split into signal and idler branches similar
to that shown in figure 5.3, traces b & c.

An examination of the trouble with stability and the overall issue of dispersion in the
FCG cavity will take place in section 5.4 and subsequent chapters. On a more positive

note, the maximum observed comb width of 60nm is in very good agreement with the
theoretical prediction at 1600nm (see section 5.1). This is significantly larger than

previous examples of comb generation with an active medium (chapter 2, section 2.4)
and comparable to many of combs generated in a passive cavity (also see chapter 2,
section 2.3). However, passive cavity combs suffer from an exponential decay in

power across their width. In contrast, the comb in figure 5.3e shows no exponential

decay and a maximum power difference of lOdBm, with a sudden cut-off attributed to

intra-cavity dispersion. The detection of strong beat frequencies at several harmonics
of the modulation frequency suggests that the comb contains 5000 to 10,000 phase-
locked modes, depending on the exact width.

5.3) Experimental Comb Generation 2 (Optimum Pumping

Level)

The proof-of-principle comb generation experiments described in the previous section
were performed before any optimisation of the OPO had taken place. Consequently,
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5. Comb Generation in a Dispersive Cavity

the results were obtained for the maximum available pump power of ~500mW. Such a

pumping level is far too high, given that the aim of this project was to develop an

efficient, low power device suitable for pumping by a laser diode. At the conclusion
of the optimisation experiments described in chapter 4, section 4.6, the optimum

pumping level was found to be 120mW - around three times above threshold. With
the aims of the project in mind, the next logical step was to attempt comb generation
at the optimum pump power.

Due to various minor adjustments to the FCG cavity, the required modulation

frequency had changed to 593 MHz. At this point the EOM had also been fully
calibrated, allowing a modulation depth of -0.5 rad to be used. With these settings, a
similar procedure to that used for the proof-of-principle experiments (section 5.2) was
undertaken. Unfortunately, the OSA traces observed in the previous experiments
could not be replicated. In particular, great difficulty was experienced in tuning the

signal and idler modes to 1600nm using the PZT. This was characterised by a sudden

drop in output power and fairly wild fluctuations visible on the OSA, after which the
OPO would hop to a position away from degeneracy.
As in the first set of experiments, the beat frequencies were simultaneously observed
using the fast photodiode and RFSA. Figure 5.5 shows two plots taken from the
RFSA. In plot a the EOM is switched off, and in plot b the OPO is tuned close to

degeneracy and the EOM driven at 593 MHz.
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Figure 5.5 - Plots from RFSA

With the EOM off, there were no beat frequencies and the frequencies appearing on

the plot are again due to external interference. With the EOM being driven, however,
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5. Comb Generation in a Dispersive Cavity

strong beat frequencies up to the 4th harmonic were observed, as indicated on the
second plot. This picture is very similar to the RFSA images of figure 5.4, taken from
the proof-of-principle experiments (where a frequency comb was generated).
In the hope of resolving the conflict between the OSA and RFSA results, the beat

frequencies were examined further. The modulation frequency was increased to 623
MHz and the EOM driven at the same modulation depth. The resulting RFSA plot is
shown in figure 5.6.
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A comparison of figures 5.5 and 5.6 shows that, at a modulation frequency of 623

MHz, only the first and second harmonic were observed, with significantly reduced

amplitudes. This was further reinforced by narrowing the RFSA frequency span to

only look at the first harmonic in each case, as in figure 5.7.
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Figures 5.6 and 5.7 clearly show that increasing the modulation frequency to 623
MHz reduced both the strength and number of the harmonics of the beat frequency. In
the context of frequency comb generation this makes sense. Moving the modulation

frequency away from the cavity FSR will lessen the overlap between generated
sidebands and cavity modes. This will cause a corresponding reduction in the power

transferred into adjacent cavity modes. The overall effect will be a decrease in the
number of phase-locked modes and hence, the strength of the beat frequencies.

Unfortunately, the examination of the beat frequencies has not proved very successful
in resolving the conflicting OSA and RFSA results. At the very least, the beat

frequencies seem to show that spectral broadening was occurring at the signal and
idler modes. However, the resulting branches could not be merged at 1600nm to form
a comb of frequencies. An explanation is therefore required, that can account for these
observations and the proof-of-principle results. The key to this explanation lies with

dispersion in the intra-cavity media.

5.4) Problems with a Dispersive Cavity

The issue of dispersion in relation to the limits placed on frequency comb widths has

already been touched on in chapter 2, section 2.4 and section 5.1 of this chapter.

Dispersion is also a major factor in determining the tuning behaviour of doubly-
resonant oscillators, the class of OPOs to which the device described in this thesis

belongs. A large body of theoretical and experimental work has been produced on the
subject, for cases where the OPO is both near and non-degenerate [2, 5-8],
To describe the tuning behaviour of any OPO, it is necessary to find the signal and
idler mode pair on which the OPO operates for a given set of parameters. The effect
on this operating point due to a change in one of these parameters e.g. pump

frequency, crystal temperature, cavity length will then show how the OPO tunes. The
allowed signal and idler frequencies are always governed by the conservation of
energy. In the absence of any other constraints, phasematching (conservation of
momentum) will determine the signal and idler mode pair with the lowest threshold.
However, in the case of a DRO two further restrictions are placed on the signal and
idler frequencies. To resonate in the cavity, both signal and idler modes must

correspond to longitudinal modes. These four constraints and the relevant equations
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5. Comb Generation in a Dispersive Cavity

for the signal/idler frequencies are summarised in table 5.1. Subscripts refer to

quantities relating specifically to the pump (p), signal (s) and idler (i) i.e. frequency

(v), refractive index (n), mode number (m) and optical length of cavity (L).

Constraint Related Equation

Energy Conservation

Phasematching Ak=~ [n^+n'v' ~HPVP ]=0
Signal Resonance mc

V =—i-
2Ls

Idler Resonance m.c
V. =—1-

2Lj

Table 5.1 - Constraints on signal & idler frequencies for DRO

Normally, it is impossible to satisfy all four of the DRO constraints simultaneously.
Since energy conservation cannot be violated, the oscillating signal and idler mode

pair will generally be detuned from the cavity mode frequencies and, in addition, may

experience non-perfect phasematching (M AO). This is best illustrated by a 'vernier
scale' diagram, first used by Giordmaine and Miller [9],

Any vertical line
corresponds to vs + Vi = vp

Best overlap of
signal and idler
modes

<■ -Increasing Vj

Ak = 0
Increasing vs

Figure 5.8 - 'Vernier scale' diagram of signal and idler cavity modes

In figure 5.8, the resonant signal (bottom) and idler (top) modes are shown. The
frequency scales increase in opposite directions, such that any vertical line gives the
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signal and idler frequencies that satisfy energy conservation. Due to dispersion in the

intra-cavity media, the intermode spacing is different for the signal and idler modes.
To satisfy the energy conservation and resonance constraints, a signal mode must

overlap with and idler mode in the vernier scale diagram. As shown by figure 5.8, this
is not the case for the majority of the modes. Of the cavity modes that do overlap, the

corresponding oscillation frequencies will be those that satisfy energy conservation

(denoted by vertical line through the centre of the overlap region on the diagram).

Hence, vs and Vj will be detuned from the cavity mode frequencies. The mode pair
with the closest alignment will experience the least detuning and hence the lowest
threshold. This will be the signal and idler frequencies at which the DRO operates.

Note that the mode pair with the best overlap does not necessarily lie at Ak = 0

(corresponding to degeneracy for the system under discussion), resulting in a detuning
from the perfect phasematching condition.
The vernier scale diagram shows the mode pair that the DRO will operate on in the

steady-state. A perturbation to the DRO will affect the diagram in one of two ways. A

change in either the temperature of the intra-cavity media or the cavity length will
alter the position and spacing of the modes relative to the frequency scale, which
remains fixed. If, on the other hand, the pump frequency is changed then one

frequency scale (signal or idler) will shift relative to the other, whilst the position and

spacing of the modes on the scale are unaffected. In either case, the perturbation will
result in a different pair of modes having the best overlap, shifting the oscillating

signal and idler frequencies. A closer inspection of figure 5.8 shows that the modes
around the pair with the best overlap have an overlap that is only slightly worse. Such
mode pairs are grouped into a cluster. If, after the perturbation, the new oscillating
modes are in the same cluster as the previous pair, then the DRO is said to have
undergone a mode hop. A cluster hop is characterised by a shift to a pair of modes in
a different cluster, usually accompanied by a large change in oscillation frequencies.
For more on mode hopping and cluster hopping in a DRO, see Lindsay et al [10] and
the PhD thesis by the same author [11].
It should be noted that mode and cluster hopping occur because of the difference in
intermode spacing between the signal and idler modes, which is a direct result of
dispersion in the intra-cavity media. The previous discussion on the tuning behaviour
of a DRO leads to a possible explanation of the difficulties with the optimum
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pumping experiments and the apparent success of the proof-of-principle experiments.
It seems likely that perturbations to the comb generator in the form of cavity length
fluctuations and, to a lesser extent, temperature variations caused the output to shift

away from degeneracy in the form of a cluster hop. It is also likely that another factor,
such as one of the optical coatings on the mirrors or intra-cavity elements, acted to

discriminate against oscillation at degeneracy. When combined, these factors made it

impossible for the signal and idler branches to be merged at 1600nm in the optimum

pumping experiments. Credence is led to this theory by the fact that the removal of air
currents and as many sources of vibration as possible greatly improved the stability of
the system in the proof-of-principle experiments. However, in these experiments the

signal and idler branches were successfully merged at 1600nm to form a comb, which
must also be explained by this theory.

Looking back to the proof-of-principle experiments, the main difference to the

optimum pumping experiments (apart from the pump power) was the modulation

depth used - over 1 rad compared to a maximum of 0.5 rad for the latter. This resulted
in a significantly larger transfer of power into the sidebands, large enough to override
the push for a cluster hop. Hence, it was possible to merge the signal and idler
branches. Even so, the instability of the subsequent comb and reversion to separate

signal and idler branches shows that this override was only temporary. Of course, the

larger modulation depth also caused a greater loss to the central signal and idler
modes. However, in the proof-of-principle experiments the OPO was being operated
at over ten times threshold, providing enough gain to overcome the loss.
There is also the matter of the beat frequencies observed during the optimum pumping
experiments. They suggest that the signal and idler branches similar to those in traces
b and c of figure 5.3 were being created and the problem lay in trying to merge these
branches at degeneracy. This fits with the dispersion-related explanation given above.
With the problems due to dispersion in the FCG cavity now apparent, both in terms of
the limit to the generated comb width and the spectral instability of the OPO, it was
decided that the dispersion issue should be explored further. The next chapter will
look at the origin and magnitude of dispersion in the current comb generation system
and potential methods to compensate for it.
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5. Comb Generation in a Dispersive Cavity

5.5) Experimental Comb Generation 3 (Uncompensated)

Originally, the previous section was to be the last in this chapter. However, results
that were obtained during the dispersion compensation experiments (see chapters 6
and 7) have necessitated the inclusion of this final section. These results were taken

with the cavity design for the implementation of dispersion compensation (chapter 7,
section 7.1) but without any actual compensation in place. As before, a modulation

depth of around 0.5 rad was used and, due to an increase in the cavity length with the
new design, the required modulation frequency was found to be around 522.05 MHz.
As in figure 5.3 previously, figure 5.8 overleaf shows the various stages of the comb

generation process.
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Figure 5.8 - OSA traces of comb generation process

The six traces above were all taken from the OSA with a resolution bandwidth of

0.5nm (significantly smaller than in figure 5.3) to show as much fine detail as

possible. The similarities with previous results are clear to see. When the EOM was

switched off before and after the comb was generated, the OPO operated on a single
near-degenerate signal and idler mode pair (traces a and f). As soon as the EOM was

driven at the required modulation frequency, significant spectral broadening was

observed at the signal and idler (trace b). Traces c and d show an increase in
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broadening and a merging of the signal and idler branches at degeneracy following
two consecutive increases in the cavity length by lOOnm. A final small increase in the

cavity length resulted in trace e, a frequency comb spanning approximately 50nm.
Across the comb, the overall decrease in power is less than 15dBm, although a

significant drop does occur close to degeneracy. The exact cause of this drop is not

known, but one possible explanation is a decrease in the reflectivity or transmission of
an optical coating (mirror or intra-cavity surface) at the points where the drop occurs.

An examination of the FCG output in the RF region was also undertaken. In this case

however, particular attention was paid to the fundamental beat frequency and,

specifically, its behaviour as the modulation frequency was altered. These results are

summarised in figure 5.9.
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The pictures above were taken with a resolution bandwidth of 300 kHz and a 10 MHz

span. As the modulation frequency was increased in steps of 20 kHz the line profile of
the beat frequency remained unchanged. However, as figure 5.9 shows, the noise at

the wings of the beat frequency became progressively quieter as the modulation

frequency approached the cavity FSR (522.05 MHz). With further increase of the
modulation frequency beyond this point, the noise is shown to increase again. The
results for a significantly larger change in modulation frequency (1 MHz) are shown
in figure 5.10.
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Figure 5.10 - Fundamental beat frequency at modulation frequency ±1MHz

In the above beat frequency traces, the noise level appears to have dropped
significantly, right down to the noise floor of the RFSA. Given the traces of figure
5.9, this seems paradoxical at first. However, an explanation can be found by
considering the transfer of power between sidebands and cavity modes during the
comb generation process. If there is a small mismatch between the modulation
frequency and cavity FSR, then most of the sideband power will still be transferred
into a cavity mode. In the RF region, this manifests as the fundamental beat
frequency. However, due to the mismatch a fraction of the sideband power will not be
transferred into a cavity mode. This power will beat with adjacent cavity modes,
creating the noise observed at the wings of the beat frequency. As the mismatch is
increased, less and less sideband power is transferred into a cavity mode, increasing
the noise level. However, if the mismatch is above a certain value there will not be

enough overlap between sideband and cavity mode to transfer any power. In this case

the fundamental beat frequency is purely due to the mixing between the central
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signal/idler frequency and the first sidebands. Hence, no noise is observed at the

wings of the beat frequency. In the results above, this explanation was confirmed by
the OSA trace, which showed no broadening of the signal and idler when the
modulation frequency was changed by 1 MHz.

By simultaneously observing the beat frequency noise and the signal and idler on the

OSA, it was possible to estimate the range of modulation frequencies over which
comb generation would occur. This was found to be approximately 200 kHz, centred
on the optimum modulation frequency of 522.05 MHz. Beyond this point, broadening
of the signal and idler was significantly reduced and consisted of individual modes
rather than the branches shown in figure 5.8, trace b.
A comparison of figures 5.3 and 5.8 shows that the comb generation in the latter looks

significantly better. This cannot be entirely due the decrease in the resolution
bandwidth of the OSA. When obtaining the results in this section, it was discovered
that the spatial profile of the signal and idler beam within the FCG cavity played a

crucial role. Quite simply, a good approximation to TEM00 was required to achieve
comb generation. With operation on a higher order spatial mode, the effects shown in

figures 5.8 - 5.10 could not be repeated. This is illustrated by figure 5.11 below.

a — High order spatial mode b - TEM00 with EOM off c - TEM00 with EOM on

Figure 5.11 - Signal/Idler beam profile of OPO-FCG

Picture a shows a typical high order spatial profile, where no comb generation could
be achieved. Also noticeable with this profile was a decrease in the output power of
the OPO-FCG, possibly due to clipping of the spatially extended transverse mode
within the EOM. Pictures b and c show the good approximation to TEM00 required to

generate a frequency comb. Also emphasised is the immunity of the spatial profile to
modulation of the signal/idler field. As shown by figure 5.11, switching on the EOM
caused a reduction the signal/idler power, but did not alter the spatial profile.
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To achieve the TEMOO modes shown above, careful alignment between the two intra-

cavity lenses was required. This necessitated adjustment of the second lens (just
before the EOM - see figure 7.4) on a micron scale in all 3 dimensions, followed by

adjustment to the EOM position and the plane output coupler (M2).
An explanation for the effect of the transverse beam profile lies with the fact that the

required modulation frequency could not be accurately predicted for a higher order

spatial mode, particularly since the structure of this mode was liable to change. There
is also the question of how well the EOM could work for a beam that was not TEMOO,

given the small input aperture and requirement for a well-collimated beam through the
modulator crystal.

Unfortunately, the spatial profile of the signal and idler was overlooked when

performing the original comb generation experiments. In light of the results in this

section, there is now a strong suspicion that the beam profile had a part to play in

causing the problems that were encountered in the original experiments. It should be
noted here that some of these problems were encountered in the latest comb

generation experiments too, such as the varying comb width and power fluctuations.
In particular, the frequency comb only tended to last for about a minute before

returning to the signal and idler branches away from degeneracy. In the last section,
this behaviour was explained by cluster hopping, which is a consequence of

dispersion within the cavity of a DRO. Therefore, it is clear that dispersion is still a

major issue, even if the problem with beam profile is negated.
All previous results in this section were taken with a pump power of around 600mW,

many times the recorded threshold of ~35mW. To complete this set of experiments,
comb generation was attempted at the optimum pumping level of ~150mW (see
chapter 4, section 4.6). The same modulation depth as in previous experiments was

used and care was taken to ensure a TEMOO spatial mode. Figure 5.12 shows the

spectral output that was observed on the OSA.
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Figure 5.12 - Comb generation at optimum pumping level

The comb generated at the optimum pumping level was observed to span around
40nm, which is comparable to previous experiments. Whilst the overall power in the
comb was reduced, fluctuations in power across the comb bandwidth covered less
than 15dBm. The problems with comb lifetime and varying width were also
encountered here. It should be noted that it was quite difficult to achieve a stable
comb at the optimum pumping level, with fine control of the signal/idler cavity length

required. To improve the comb shown in figure 5.12, with regard to increasing the
power level and fluctuations, the problems with stability and beam profile must be
addressed. The most obvious solution is to redesign the OPO-FCG resonator and this
is discussed in the section on future work in chapter 8.
The results in this final section have shown that frequency combs spanning 50nm or

more were consistently achieved in the uncompensated FCG. These comb widths are

in good agreement with the theoretical predictions discussed in section 5.1. Whilst the
issue of the spatial profile of the signal/idler was raised by these results, the problems
with stability and power fluctuation suggest that dispersion was still an important
factor.
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5.6) Chapter Summary

This chapter describes three sets of comb generation experiments. The first set took

place before the OPO was optimised and aimed to show that comb generation was

possible with the current system. The second set were performed at the optimum

pumping level determined by the optimisation experiments and aimed to show that
comb generation was feasible at a this level (and therefore feasible in a diode-pumped

system). The final set were obtained from the uncompensated FCG before dispersion

compensation was implemented.
Prior to the experimental work, modelling of the dispersion-limited comb width was

undertaken. Two types of intra-cavity media were considered, periodically poled

LiNbC>3 and MgO:LiNb03 (the two candidates for the nonlinear crystal, discussed in

chapter 4). The model suggested that for a fixed temperature of 180°C, LiNb03 would

give a comb width of around 7 THz (60nm) - slightly higher than MgO:LiNb03.
Further modelling showed that by reducing the crystal temperature, the maximum
comb width could be increased.

In the first set of comb generation experiments, the output from the FCG was

observed on an OSA and an RFSA. This allowed both the full spectrum of the comb
and beat frequencies between individual modes to be measured. A detailed analysis of
the beat frequencies over a range of modulation frequencies gave the modulation

frequency that was the closest match to the cavity FSR. With this known, comb

generation could begin.
After switching on the EOM, harmonics of the beat frequency were observed over the
full range of the RFSA and spectral broadening of the signal and idler was apparent
on the OSA. By increasing the cavity length with a PZT attached to the output

coupler, the signal and idler branches were brought together at 1600nm and merged to
form a comb of frequencies. Throughout this procedure, the harmonics of the beat
frequency were always present. Unfortunately, the comb was not very stable and only
lasted for a few minutes before reverting to separate signal and idler branches. The
comb width was also seen to vary, with bandwidths of up to 60nm observed on more

than one occasion.

For comb generation at the optimum pumping level, the aim was to repeat the results
of the first experiments. Unfortunately, this could not be achieved on the OSA.
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However, strong harmonics of the beat frequency were observed on the RFSA. A

further analysis of these harmonics showed a significant reduction in both strength
and number as the modulation frequency was tuned away from the cavity FSR. These
results suggested that branches were being formed around the signal and idler modes
as before, but the branches could not be merged at degeneracy.
To explain the results of both sets of experiments, it was necessary to look at the
effect of dispersion on the spectral output of the OPO. In the current system, which is

effectively a DRO, the requirement that both signal and idler be resonant places extra
constraints on the device. This can be represented by overlapping the signal and idler

cavity modes on a 'vernier scale' diagram, such that a vertical line corresponds to

energy conservation. Modes that overlap will then satisfy both the resonance and

energy conservation conditions. Dispersion causes the intermode spacing to vary

across the spectrum of signal and idler modes. As a result, only a few mode pairs will
show a significant overlap on the vernier scale diagram. The pair with the closest

alignment and hence lowest threshold will oscillate in the cavity. A perturbation to the

DRO, in the form of a change in the pump frequency or a change to the signal/idler

cavity, will cause the mode positions to change on the vernier scale. As a result, a

different mode pair will come into alignment and the DRO will oscillate on this pair
instead. Depending on the relative positions of the original and new mode pairs, this is
known as either a mode hop or a cluster hop. The latter is characterised by a large
shift in the signal and idler frequency.
It seems likely that cluster hopping was behind the difficulty in creating a comb of

frequencies at the optimum pumping level. On reaching 1600nm, a perturbation to the
signal/idler cavity (vibration or temperature change) caused the OPO to cluster hop

away from degeneracy. The fact that this did not happen in the first proof-of-principle
experiments was down to the use of a much larger modulation depth than in the
optimum pumping experiments. This transferred enough power into adjacent cavity
modes to prevent a cluster hop from occurring whilst the comb was forming.
After the comb generation experiments had taken place, it became clear that
dispersion was a key factor in limiting both the width of the generated comb and the
spectral stability of the OPO. Therefore, the next stage of the project was to closely
examine dispersion in the signal/idler cavity and determine a method to compensate
for it.
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The final section of this chapter is effectively an addendum, since it details results that
were taken a significant time after the first two sets. These experiments attempted to

generate a comb of frequencies in the modified cavity described in chapter 7, before

dispersion compensation was implemented. A comb spanning 50nm was generated at

1600nm, but only after ensuring that the spatial mode of the signal/idler was close to

TEMOO. Thus, the spatial profile of the downconverted waves was found to be an

important factor that had not been considered in previous experiments. An
examination of the comb in the RF regime showed that the noise in the wings of the
fundamental beat frequency decreased as the modulation frequency approached the

cavity FSR. However, beyond a certain frequency mismatch no noise was visible.
This could be explained by considering the overlap of sideband and cavity mode as

the modulation frequency was altered.
To finish these experiments, comb generation was attempted at the optimum pump

power of ~150mW. This produced a comb spanning 40nm with power fluctuations
under 15dBm across its width. However, as with earlier experiments, the lifetime of
the comb was short, with a tendency to drift into separate signal and idler branches.
This suggested that dispersion was still an issue to be contended with.
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Chapter 6

Dispersion Compensation

In the previous chapter, the effects of dispersion on both the width of the

generated frequency comb and the spectral stability of the OPO were introduced. In
this chapter, dispersion in the current comb generation set-up will be examined in a

greater detail, concluding with a discussion of possible compensation schemes.

Dispersion is a material property and is defined as the dependence of the refractive
index on the frequency of incident light i.e. n(v) / n{co). Its root cause lies in the

electric polarisation induced in a material when light is incident upon it. To see how
this arises, consider the classical picture of an atom in figure 6.1, consisting of a

heavy nucleus connected to a light electron by a spring.

ooooof
Figure 6.1 - Classical 'atom on a spring'

Assuming that, for a small displacement x, the restoring force is proportional to the

displacement (F = -kx) and that the incident light wave has a harmonic form with

frequency CO, the equation ofmotion for the atom under illumination is:

d2x
eE0 cos ox - meCt)2x = me—— (6.1)dt

Here, e is the electronic charge, me the mass of an electron and (Oo is the resonant

frequency of the electron-nucleus system. Equation (6.1) represents a driven harmonic
oscillator, with the second term on the left representing the restoring force. It is
assumed that the frequency of the incident field is far away from absorption bands
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within the material and hence damping terms can be neglected. From experience,
solutions to this type of equation are of the form

x(t) = x0coscx (6.2)

By substituting equation (6.2) into equation (6.1) and utilising the fact that the
induced polarisation is related to the displacement by P = exN (N is the number of
electrons per unit volume), an expression for the induced polarisation can be derived.

P = -

e1NE

me{o$-a>2)
(6.3)

E represents the electric field of the incident light, E0 cos OX. The polarisation is

related to refractive index via the permittivity of the material as shown in the two

equations below.

P(t)
e = en +° E{t)

2 £
n =—

(6.4)

(6.5)

Combining equations (6.3), (6.4) and (6.5) gives the dispersion relation i.e. n as a

function of co.

n2(a)) = 1 +
Ne

£0me

1

K^-O}2
(6.6)

Equation (6.6) is surprisingly similar to the result that arises from a quantum
mechanical treatment of the induced polarisation [1, 2], with the relevant equation

given below.

£0me j

fj
ajfij-G)2

(6.7)

In the quantum mechanical treatment, the system consists of j discrete oscillators
within the N molecules per unit volume. Each has a distinct (Oqj and fj. Rather than

representing a resonant frequency, the <Boj correspond to frequencies at which the
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atom will move between energy levels, absorbing or emitting energy in the process.

Hence, each fj (which sum to 1 in total) is the probability that the associated atomic
transition will occur.

From equation (6.7), n will increase as to increases towards a particular cOoj. This is
known as normal dispersion and occurs between regions of absorption (at which

co~co0j), where the material will appear transparent. Within the regions of

absorption, close to COoj, n is found to decrease as to increases. This is called
anomalous dispersion and is of particular importance when compensating for

dispersion in optical systems (see section 6.3).
For a particular material, the exact form of the dispersion relation is usually found

experimentally in the form of a Sellmeier equation. This involves adapting a previous

equation or proposing an entirely new one and then fitting measured data to the

equation over a designated frequency or wavelength range. The measured data is often
obtained by use of an optical parametric oscillator or some other nonlinear optical

process [3-5]. As might be expected, the resulting equation tends to be quite complex.
As an example, equation (6.8) gives the Sellmeier equation for the extraordinary
refractive index of congruent lithium niobate (the type used for periodic poling and
hence in the system described in this thesis) [6]:

2 , c a7 + b7f a.+b.f m o\

+b>f+,2 f (6'8)A ~(a3+b3f) A a5

Here, f is a temperature parameter given by f = [T-24.5°C)(T + 570.82) and the
constants represented by aj and bi are parameters determined by the fitting of
experimental data.

Dispersion and its effects have long been an important consideration in the design of
ultra-short pulse systems, where pulse durations are typically between ten and several
hundred fs [7-9]. Dispersion becomes an issue due to the large spectral bandwidths
associated with such pulses. On passing through the intra-cavity media, the variation
in refractive index causes different spectral regions of the pulse to travel with different

group velocities. This leads to a significant velocity difference between the highest
and lowest frequency components and, in the case of normal dispersion, results in a

temporal broadening of the pulse.
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With the desire to generate shorter and shorter pulses, much theoretical and

experimental work has gone into the development of various dispersion compensation
schemes. Given the similarities, in spectral terms, between ultra-short pulse

generation and frequency comb generation, it seems a good idea to look to the former
when discussing dispersion and its compensation in the present FCG system.

6.1) Dispersion in the FCG System

Before examining the various schemes for dispersion compensation, it is necessary to

determine the magnitude of dispersion in the FCG cavity. The source of dispersion is
the intra-cavity media, consisting of two 20mm crystals of lithium niobate and a small
contribution from the fused silica focussing lens. Utilising the Sellmeier equations for
these two materials [6, 10], the procedure for calculating dispersion can now be

developed.

Looking to the theory behind the effect of dispersion in ultra-short pulse generation
[11, 12], the starting point is the group velocity and the phase shift on passing through
a medium of length L. These quantities are defined respectively by equations (6.9)
and (6.10) below:

'dccP
(6.9)

P=Pcdp

(j)(cQ-coc) = P(co-coc)L (6.10)

Group velocity, vg, is defined for a pulse of centre frequency, Cflt, and width, The
propagation constant, (3, is calculated at 0^. Note also that the phase shift is referenced
to the centre frequency of the pulse. The delay between two spectral components of
the pulse, (Oi and CO2, after traversing the medium can be derived from equations (6.9)
and (6.10) as,

Ar=;0'(6)2)-i/>'((ot) = <t)"(col)Aa) (6.11)

Here, A0)= co2-a\ and the dashes represent first and second derivatives with respect

to 0). To gain some further insight, (|> can be expanded as a polynomial series about the
centre frequency of the pulse:

149



6. Dispersion Compensation

(/){CQ) = </>c +
dtp
d(0 '<»r

(,(0-0)c)+- KdC°2 Jo,
{(0-0)c)2+. (6.12)

The first term in the series, <J>C, is a measure of the absolute phase accumulated at the
centre frequency after passing through the medium. The coefficient of the linear term,

<t>'(coc) is known as the group delay. As suggested by equation (6.11), this is the time

taken for a spectral component at the centre frequency to propagate through the
medium at the associated local group velocity. Whilst neither of these quantities is
considered important when designing short pulse systems, the coefficient of the

quadratic term, (f>"{coc), proves to be very useful. It is known as the group delay

dispersion (GDD) and from the definition of (|) in equation (6.10),

r{ol)=L '££\da? J' o\
(6.13)

The magnitude of the GDD gives the broadening per unit bandwidth of the pulse at

CQi. A second quantity, the group velocity dispersion (GVD), can also be defined:

GVD =

f d2j3^
y da? j dco

V J
(6.14)

The magnitude of the GVD gives the broadening per unit length per unit bandwidth
and is only applicable in the case of a homogeneous medium. For an inhomogeneous
medium or multiple intra-cavity components, the GDD must be used and each
component or layer treated separately.
From the above analysis, it seems that the magnitude of dispersion in an optical
system is effectively given by the GDD and GVD. This ties in with much of the
literature on dispersion compensation schemes, where the magnitude of compensation
is given in terms of GDD or GVD (see section 6.3). Figures 6.2 and 6.3, respectively,
show the variation of propagation constant and GVD (measured in fs2/m) with
wavelength for lithium niobate.
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1.54-l(f' 1.56 10-6 1.58 I0-6 1.610~6 1.62-10~® 1.64 10~6 1.66 id"6
Wavelength (m)

Figure 6.2 - Variation of (3 with wavelength for LiNbC>3

1.54 -10 6 1.56 10 6 1.58 10 6 1.6-10 ® 1.62-10® 1.64-10® 1.66-10®
Wavelength (m)

Figure 6.3 - Variation of GVD with wavelength for LiNbOs

The two figures above show a decrease of both (3 and GVD with increasing

wavelength (the wavelength range covers the region over which frequency combs
have been generated - see chapter 5, section 5.2). Since this corresponds to a decrease
in frequency, the above results represent normal dispersion. At the degenerate
wavelength of 1600nm, figure 6.3 gives a GVD of 9.3x104 fs2/m for lithium niobate.
This is comparable to other nonlinear crystals. For instance, KTP has a GVD of
around 7.8x104 fs2/m at the slightly shorter wavelength of 1300nm [13]. On the other
hand, BBO has a negative GVD of approximately -5xl04 fs2/m at 1600nm [14].
As well as lithium niobate, the FCG cavity also contains a small amount of fused
silica in the form of the focussing lens. Figures 6.4 and 6.5 give the variation of (3 and
GVD over the same wavelength range for this material.
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1.54 10 6 1.56 10-6 1.58-10~6 1.6 10~6 1.62 10~6 1.64 10~6 1.66 10~6
Wavelength (m)

Figure 6.4 - Variation of P with wavelength for fused silica

Figure 6.5 - Variation of GVD with wavelength for fused silica

As with lithium niobate, fused silica shows a decrease in both P and GVD as

wavelength increases, a characteristic of normal dispersion. However, the GVD is

negative throughout the wavelength range, with a value of -3.4x104 fs2/m at 1600nm.
This is an important feature of fused silica in the context of dispersion and its

implications for dispersion compensation will be explored in section 6.3. It is

interesting to note that the GVD for fused silica is positive at a wavelength of 800nm.
Hence, fused silica is often the main contribution to intra-cavity dispersion in
femtosecond Ti:Sapphire systems. This shows that the effect of dispersion can vary

significantly between the visible and infrared regions of the EM spectrum.

Whilst the GVD gives the dispersion per unit length, the absolute magnitude of
dispersion in the FCG cavity is obtained from the GDD. This is calculated for each
intra-cavity component separately (nonlinear crystal, EOM crystal and lens) then
summed to give a total GDD at the specified wavelength. Figure 6.6 shows the single-

152



6. Dispersion Compensation

pass GDD for the FCG cavity across the same wavelength range as in figures 6.2 -
6.5.

1.54 10 ®1.56-10 61.58 -10 6 1.6 10 6 1.62 10 ®1.64 10 6|.66 10~6
Wavelength (m)

Figure 6.6 - Variation of total GDD with wavelength for FCG cavity

At 1600nm, figure 6.6 gives the total GDD as 3474.7 fs2. Remembering that this is for
a single pass of the signal/idler cavity in the comb generator, the total GDD for a

round trip is nearly 7000 fs2. This is over 20 times larger than the typical GDD in
current modelocked femtosecond systems [15] and is mainly due to the significantly

greater amount of intra-cavity material in the comb generator. The consequences of
this difference, in terms of the application of dispersion compensation schemes, will
be discussed in section 6.3.

As well as the specific value at 1600nm, the overall trend of the GDD plot is also of
interest. Figure 6.6 shows a linear variation over the wavelength range with a gradient
of -11 fs2/nm. This must be taken into account when designing a system for

dispersion compensation.

6.2) Consequences ofDispersion for FCG & OPO

Having calculated the magnitude of dispersion in the FCG system, it is now time to
examine in detail the resulting consequences to the operation of the comb generator.
There are two processes to be considered here; the operation of the OPO, particularly
in terms of its spectral output, and the generation of the frequency comb.
Taking the latter process first, the effect of dispersion on the generated frequency
comb has already been touched upon in chapters 2 and 5. In the comb generation
process, some form of frequency or phase modulation is used to transfer power from a
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central frequency into two sidebands. The sideband separation is determined by the
modulation frequency, which is set to the mode spacing at the central frequency.

Hence, power is transferred into longitudinal modes, which are resonant in the cavity
and can generate their own sidebands. The problem lies with the fact that the
modulation frequency must be set to a fixed value. As stated, this is usually the mode

spacing at the central frequency. For modes close to the central frequency the overlap
between generated sidebands and adjacent modes will be almost perfect, since the
modulation frequency and mode spacing will closely match. However, as power is
transferred to modes further and further out from the central frequency, the fixed
modulation frequency and varying mode spacing will differ by an increasing amount.

Eventually, the overlap between sideband and longitudinal mode will have reduced to

the extent that the power transferred is insufficient to overcome losses in the cavity.
At this point, no further modes can oscillate in the cavity and the comb is abruptly cut
off.

This is the origin of the dispersion limited comb width expressed mathematically in

equation (5.1) and modelled for the system described in this thesis. The effect can be
reduced (and hence the comb width increased) in a number of ways. More power can

be transferred from each mode to its neighbour by increasing the modulation depth.
However, this requires an increase in the power used to drive the modulator and
consequently, undesirable heating of the device due to dissipative effects. Decreasing
the amount of dispersive material in the cavity (nonlinear and modulator crystals) can
actively reduce the magnitude of dispersion. Hence, the variation in mode spacing
across the spectrum will be diminished. Unfortunately, this method is impractical in
most cases. Reducing the length of the nonlinear crystal will have a detrimental effect
on the pump threshold of the system and in commercial modulators the crystal length
is fixed. This leaves the second method for reducing the magnitude of dispersion - the
introduction of a system for dispersion compensation.
The effect of dispersion on the spectral operation of an OPO (more specifically, a

DRO) has also been discussed previously in chapter 5. In particular, it was shown that
the OPO will oscillate on a signal and idler pair with the closest overlap on a vernier
scale diagram (where a vertical line represents conservation of energy). Due to the
variations in mode spacing caused by dispersion, a perturbation to the OPO cavity
will cause a new signal/idler pair to overlap more closely and oscillate. This new pair
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could potentially be separated from the previous pair by a large frequency shift, thus

causing a significant 'jump' in the spectral output of the OPO.
The variation in mode spacing or FSR can be examined mathematically by

considering the simple cavity shown in figure 6.7 below.

Figure 6.7 - Simple optical cavity

In terms of phase, the condition for the mode designated by the number p is

</>n=(L-l)ko+konl
= p7C

(6.15)

In equation (6.15), the first term represents the phase change in the empty section of
the cavity and the second term represents the phase change in the medium. The
wavevector in free space is given by ko. Note that k is equivalent to p used earlier,
with both representing the propagation constant.

d</)
The change in phase between adjacent modes is given by —-, with dp = 1:

dp

d0p=dko(L-l) + dkonl + koldn = ft (6.16)

Utilising the fact that k0-— , where co is the free space angular frequency and
c

rewriting 8n as ^ allows equation (6.16) to be rearranged in terms of 5(0.
dk0 c

d(0-
C7l

L + (n — 1)/ + k0l
dn

dkn

(6.17)
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8n
The next step is to convert into a more manageable form. By definition, n is the

Sk0
k

ratio of the wavevector in the medium to the wavevector in free space i.e. n = .

Therefore,
8n 1 8k k

m tn

2Sk0 k0 Sk0 k0
(6.18)

Multiplying equation (6.18) by kol and substituting into equation (6.17) gives the final

equation for 8oo. Since this represents the change in frequency between adjacent

modes; 8co is the FSR.

(<H,« =
C7t

(.L-l) + cl
8k

tn

Sco

(6.19)

To obtain the change in FSR due to dispersion, it is necessary to obtain the derivative
of equation (6.19) with respect to angular frequency.

dco [0H»]=
-C7C

(L — l) + cl
8k

tn

8(0

-xcl S2km
Sax

(6.20)

Noting that the first multiplying factor is equal to

be rewritten as

CTZ

— allows equation (6.20) to

d(0 FSR
(6.21)

The dimensions of 82knrt\
8(o2

are [s m" ]. This is the same as <p"((o), the group velocity

dispersion defined in equation (6.14). Hence, the change in mode spacing can be
directly linked to the dispersion whose magnitude was calculated in the previous
section, and subsequent dispersion compensation schemes based on this calculation.

Finally, it is convenient to also give equation (6.21) in terms of standard frequency, v.
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^;[('a')«.]=-4*i^LW2B. <6-22>

Both equation (6.21) and equation (6.22) give the overall change in FSR per unit

bandwidth, assuming that the change in FSR is small compared to the mode spacing.
For the system described in this thesis, a rough calculation (ignoring changes in

S2k
and £-) utilises the following values: 1 ~ 0.04m, (<?v) „ ~600xl06Hz" " ri/i SCiJ ' rSR

S2k
and y- -9x\04 fs2m'i at X = 1600nm from figure 6.3, giving a change in mode

oeo

spacing of 9.6 Hz for a single FSR. The effect across the entire comb bandwidth
observed in the previous chapter is around 100 kHz, which agrees well with the range

of modulation frequencies over which comb generation was observed. The 9.6 Hz
shift will occur for every mode within the bandwidth and hence, the cumulative effect
on the mode spacing (i.e. frequency shift of Nth mode relative to the case of no

dispersion where the FSR is constant across the entire bandwidth) will be several
orders of magnitude larger. Therefore, to obtain the cumulative change in mode

spacing, it is necessary to sum the contributions to the change in mode spacing from

every FSR. Assuming that the change in mode spacing varies linearly with mode
number (this seems valid, since the total GDD of the cavity, which is responsible for
the change in mode spacing, is shown to vary linearly with wavelength in figure 6.6),
the cumulative change at any mode, N, is given by NAv, where Av is the change in
mode spacing for a FSR. The cumulative effect or total offset can then be found using

Nr
Total Offset = Av (6.23)

0

Here, Nf represents the final mode number within the specified bandwidth. For the
maximum comb bandwidth of 7 THz (also the extent over which cluster hopping

occurred), Nf is approximately 12000. As an approximation, the sum in equation
(6.23) can be converted to an integral with respect to dN i.e.

Nfe N2Av
Total Offset = J NAvdN=—L (6.24)

o ^

Putting the values for Nf and Av into the above equation gives the cumulative change
in mode spacing across the entire comb bandwidth as roughly 650 MHz. Note that this
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is very close to a FSR of the signal/idler cavity. Since a change in mode spacing of a
FSR will move a whole group of modes back into alignment, this explains the cluster

hopping that was observed between degeneracy and 1570/1630nm.

Having looked at the changes in FSR and mode frequency that occur due to a change
in cavity length and as a result of the effects of dispersion, further insight can be

gained by modelling the spectral behaviour of the OPO directly. This is achieved with
a MathCAD program (see appendix IH), which is based on the vernier scale diagram
discussed in the previous chapter. The program is structured into four parts, which are

described below:

1) Calculate the position of all cavity modes from a specified centre frequency
and within a specified bandwidth, taking into account the change in FSR due
to dispersion.

2) Overlap signal and idler modes to satisfy energy conservation.

3) Look for the modes with the closest overlap to determine the pair on which the
OPO oscillates.

4) Introduce a perturbation in the form of a cavity length change and calculate the

changes to the mode structure to find the new oscillating mode pair.

In the first part, the mode spacing is calculated at each consecutive mode to obtain the
best possible accuracy. The frequency and number of all the modes within the
specified bandwidth are then put into an array. For the second and third parts, the
frequencies of signal and idler modes are summed and compared to the pump

frequency. To find the closest match and hence the oscillating mode pair, a signal
mode is compared to the 20 idler modes with the nearest mode number. To introduce
a perturbation, a frequency shift, Av, due to a change in cavity length, AL, is added to
the mode frequencies before they are entered into the array. Once the calculation has
been completed, the program outputs the frequency and number of the oscillating
signal and idler modes.
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Applying this model to the current FCG set-up with a centre wavelength of 1600nm
and a bandwidth of 7 THz resulted in the following plot of oscillating signal and idler

wavelengths against cavity length detuning.

0 50 100 150 200

Cavity Length Detuning (nm)

Figure 6.8 - Oscillating signal and idler modes 1

Immediately apparent from figure 6.8 is a cluster hop that occurs at a detuning of
around 35nm. This causes the signal and idler wavelengths to jump from

degeneracy to 1572nm and 1629nm respectively. From the proof-of-principle
results in chapter 5, it can be seen that these wavelengths correspond almost

exactly to the operating point of the FCG with the EOM initially off. Prior to and

immediately after the cluster hop, the signal and idler frequencies remain constant.

After the cavity length has been changed by 70nm, the OPO begins to hop at a rate
of approximately 9 modes per nm towards degeneracy. The mode-hopping rate
seems to remain constant up to a cavity length change of 200nm. Figure 6.9 shows
the general trend for the signal and idler wavelengths beyond 200nm.
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Figure 6.9 - Oscillating signal and idler modes 2

In figure 6.9, there is marked increase in signal and idler wavelength shift as the

change in cavity length is increased. From approximately 350nm onwards, the mode-

hopping rate is around 23 modes per nm until degeneracy is reached at 400nm. A
cluster hop, very similar to that shown in figure 6.8, then occurs at 440nm and the

pattern first seen in figure 6.8 seems to repeat.

The behaviour shown in figure 6.9 closely matches the experimental observations that
were presented in chapter 5. In particular, from the point when the EOM was switched
on, a lOOnm increase in the cavity length was required to shift the signal and idler
branches to degeneracy. Looking at the results of the modelling and working
backwards, it can be seen that from degeneracy at 400nm, the signal and idler
wavelengths at 300nm are 1584nm and 1617nm respectively. These are the
approximate positions of the observed signal and idler branches in the proof-of
principle experiments before the cavity length was increased. Similarly, there is also a

close match between the model and experimental observations after a 50nm increase
in the cavity length (corresponding to a cavity length detuning of 350nm on figure
6.9). Finally, the cluster hop that occurs on the model after a short change in the
cavity length at degeneracy was regularly observed during the comb generation
experiments. It was this cluster hopping that seemed to be preventing the frequency
comb from forming during the optimum pumping level experiments. The model
suggests that a 40nm change in cavity length is required for the cluster hop to occur. It
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is quite conceivable that such a change could be caused by vibration and/or a change
in temperature.

There are some discrepancies between the model and experimental results. The close
match in tuning behaviour only occurs after an initial cavity length change of 300nm
on the model. This is due to the accuracy of the measured signal and idler cavity

length, which leads to an error in the setting of the 'zero' position in the model. Since
the accuracy of the cavity length is of the order of 10~4m, an error of a few hundred
nm in the 'zero' position does not seem unreasonable. The model also does not take
into account phasematching or any external factors that might influence the oscillation
of certain modes. Examples of such factors include damage to or dust on the intra-

cavity surfaces and variations in the reflectivity of coatings applied to these surfaces.
The overall effect of these features would be to increase the threshold of a particular
mode pair, such that it is more favourable for another pair to oscillate, even though the
former has the greater overlap on the vernier scale diagram. In such a case, the

oscillating mode pair given by the model would not agree with experimental
observations.

6.3) Dispersion Compensation Methodologies

In the previous section, the mode structure and spectral behaviour of the OPO within
the FCG was analysed both mathematically and with the aid of a computer model.
The results were in good agreement with observations and data taken during the

proof-of-principle and optimum pumping experiments. In particular, the cluster

hopping that seemed to be preventing the generation of a frequency comb in the latter

experiment was predicted by the computer model. Both the model and mathematical

analysis are based on the effect of dispersion on the position and separation of the
longitudinal modes in the signal/idler cavity. Furthermore, dispersion is well
documented as the main limiting factor to the maximum frequency comb width.
Taking all this into account, it was decide to investigate the possibility of introducing
dispersion compensation into the FCG. If successful, this would be expected to negate
the effects described in the previous section, increasing the maximum comb width and
improving the spectral stability of the FCG.
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The theory behind dispersion compensation begins with the group delay dispersion,

</>". In figure 6.6, the total GDD for a single pass of the FCG cavity is shown to be

positive and decreasing with wavelength. As already mentioned, this is known as

normal dispersion. Since the total GDD is given by summing the individual 0" for

every component in the cavity, dispersion compensation can be achieved by

introducing an element (or elements) with 0" < 0 over the wavelength range of

interest. To see how this can be realised physically, it is necessary to return to the

delay between two spectral components, Ax, given by equation (6.11). Rearranging
this equation in terms of 0" gives

From the definition of <j> in equation (6.10) and the group velocity in equation (6.9),

The term on the far right of equation (6.26) can be written as xg, the delay experienced

by a pulse of centre frequency, cot, on traversing a medium of length, L. This allows

equation (6.25) to be rewritten as

Therefore, 0" <0 requires z2 < r, for co2> o\. In other words, the delay for the

higher frequency spectral component must be less than the delay for the lower
frequency component.
Methods for achieving this can be grouped into two main categories. The first utilises
materials, whose properties are such that 0" < 0 over the wavelength range of interest.
This is commonly known as negative material dispersion. As an example, figure 6.5
shows that this is exhibited by fused silica at wavelengths close to 1600nm. To

(6.25)

(6.26)

(6.27)
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compensate for the total positive GDD within the optical system, it is simply a matter

of choosing the correct path length through the negative dispersion medium to give
the appropriate negative GDD. This can be achieved by direct transmission through
the material or, if space is at a premium, with a total internal reflection (TIR)

arrangement, where the optical beam bounces between the inner surfaces of the
material a set number of times (see figure 6.10).

Figure 6.10 - Dispersion compensation via negative material dispersion

Using negative dispersion materials has the advantage of being easy to implement,
with the anti-reflection coated or Brewster cut crystal simply placed at the chosen

point in the optical system. In the case of a standing-wave optical cavity, the crystal
need only compensate for single-pass GDD, since the circulating field will pass

through it twice on any round-trip.
One of the main drawbacks with negative dispersion materials is a lack of coverage
across the visible and near to mid IR part of the EM spectrum. As previously
mentioned, fused silica exhibits a positive GDD at wavelengths around 800nm and
therefore cannot be used to compensate for dispersion at such wavelengths.

Particularly in the case of OPO applications, where a wide number of wavelengths are

accessed, there may be situations where it is impossible to find a suitable negative
dispersion material to act as a compensator. Another problem with utilising negative
dispersion lies with the fact that a significantly long crystal may be required to

completely negate the positive GDD. Again, this applies particularly to OPOs where
the nonlinear crystal and other intra-cavity media can amount to several cm in length.
For example, to compensate for the total GDD of the FCG system given in figure 6.6,
a 10.2cm piece of fused silica is required. Even allowing for a shorter crystal in the
TIR arrangement, this is still a significant fraction of the total signal/idler cavity
length. The inclusion of such a crystal will have implications for the minimum size of

Direct Transmission TIR Arrangement
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the optical system in question and may well be impractical if a compact system is

required. Another related issue is the decrease in mode spacing caused by the
insertion of the negative dispersion material. For example, the 10.2cm piece of fused
silica required to compensate for dispersion in the signal/idler cavity will cause the
mode spacing to decrease by 105 MHz. In devices such as the frequency comb

generator, where the allowable mode spacing is limited by the tuning range of the

EOM, this may prevent the device from working. Despite these drawbacks, negative

dispersion materials have found use as compensators in many ultra-short pulse

systems. For example, in compact systems based on Cr:LISAF and operating at

1500nm, where the positive GDD is small, dispersion compensation has been

accomplished with slabs of fused silica in the Littrow configuration [16].
The second method of achieving z2 < r, for co2> o\ involves the use of elements that

separate the various spectral components into different paths. By ensuring that the

path for CO] is longer than the path for CO2, the condition z2 < zx will be satisfied. The

elements for spectral separation can be split into the three types: diffractive, refractive
and interferometric. The most common example of a diffractive element is a

diffraction grating, which creates an angular separation between spectral components.
The use of a pair of diffraction gratings for dispersion compensation is a well-known

technique that has been established for over 30 years [17]. However, it introduces

relatively large losses due to scattering into higher diffraction orders (an inherent part
of the diffraction process). Another disadvantage with diffractive elements is a lack of
flexibility. In particular, it is difficult to adjust the dispersion through zero and
therefore compensate for an overall negative GDD in the optical system.
The problems with the use of diffractive elements, led Martinez et al [18] to propose

the use of refractive elements as dispersion compensators. Refractive elements consist
of slabs and, most commonly, prisms of transparent material e.g. fused silica. The
important feature of such elements is that they can provide an overall negative GDD,
despite their parent material exhibiting positive dispersion at the operating
wavelength(s). Like a diffraction grating, a prism also creates angular separation
between different spectral components. However, it does so without causing any

significant loss. The use of prisms for negative dispersion was first demonstrated by
Fork et al [19], who introduced the now classic four-prism sequence shown in figure
6.11.
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Figure 6.11 - Four-prism dispersion compensator

The dispersion compensation scheme in figure 6.11 consists of four prisms orientated
at Brewster's angle for incidence, to negate reflection losses. The entrance face of

prism II is parallel to the exit face of prism I and vice versa. This is also true of the ID,
IV prism pair and hence MM', at the midpoint between prisms II and III, represents
the plane of symmetry in the system. As the diagram shows, the angular separation
induced by the first two prisms creates a path difference between C0i and CO2 such that
the path for CO] is longer. The second prism pair then reverses the angular separation,
such that the transmitted beam is collinear to the input beam, with no transverse

displacement between the spectral components. Notice that the overall dispersion of
the four-prism sequence is the sum of two components: the negative dispersion due to
the difference in path length and the positive material dispersion experienced on

transmission through each prism (assume here that the prism material exhibits positive
dispersion at the operating wavelength). The negative component can be altered by
changing the distance, L, between prisms I and II (and also prisms HI and IV if the
angular separation is to be reversed). The positive component is altered by translating
any one of the crystals along an axis perpendicular to its base (dotted lines on figure
6.11), thereby changing the length of material through which the spectral components
must travel. These two adjustments allow a wide range of total dispersion values to be
accessed by the four-prism scheme, including continuous tuning of the dispersion
through zero.

The four-prism sequence does suffer from the drawback of a fairly large footprint.
However, if compensation is required for a standing wave cavity, prisms III and IV
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can be replaced by a reflector situated at the symmetry plane, MM'. The angular

separation of the spectral components will then be reversed on the second pass

through prisms I and II. Care must be taken when adjusting the positive component of

dispersion in this case, since the effect will be doubled compared to the four-prism
case. It is also common to use an aperture to force the spectral components to overlap
after the second pass through the prisms. As shown by Gordon and Fork [20], it is
even possible to use a single prism in a ring cavity, with an adjustable dispersion of
either sign.
The final type of element for spectral separation, interferometric, consists of a special
class of multilayer optical coatings. In most cases, the coating is laid down on a

substrate, as shown in figure 6.12, to act as a reflector. It is common to refer to such
reflectors as chirpedmirrors [21].
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Figure 6.12 -Multilayer coating for dispersion compensation

Figure 6.12 shows a simplified schematic of a chirped mirror, which consists of a
series of alternating high and low refractive index layers. A commonly used pair of
materials for the layers is TiC>2 (high n) and SiC>2 (low n), since they have the highest
refractive index ratio in the near-IR spectral region. Typically, around 40 layers will
be deposited on the substrate, with the layer thickness increasing as the substrate is
approached. The thickness of each layer is specifically chosen to ensure high
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reflectivity (usually > 99%) over the spectral bandwidth of interest, like any normal

reflective coating. However, the layers are also designed so that C0i, the lower

frequency spectral component, penetrates further into the layer structure than cp2.

Hence, the path length for C0i is longer, satisfying the condition for negative

dispersion. In this case, the separation of spectral components is achieved by
interference between multiple reflections from the various layer interfaces.
As well as creating negative second order dispersion (GDD), careful design of the

layer structure can also negate or cause cancellation between higher order dispersion

((/)"'(coc)(coc) in equation (6.12)). This is particularly important for ultra-short

pulse systems, where the spectral bandwidths associated with pulses of a few fs are

large enough for higher order dispersion to have significant detrimental effects.

Today, chirped mirrors are designed for a prescribed reflectivity and negative

dispersion by use of Fourier-transform techniques [22] and various optimisation

algorithms [23], often with dedicated computer software packages. The mirrors are

then created using standard beam deposition techniques, allowing several to be

produced in a single coating run and reducing the associated costs.

The possibility of using chirped mirrors for broadband dispersion control in ultra¬
short pulse lasers was first suggested by Szipocs et al [24], who realised a mirror

design providing 99.9% reflectivity and a GDD of -45 fs2 at 800nm. Subsequently,
the application of chirped mirrors for dispersion compensation was experimentally
realised in a femtosecond Ti:Sapphire laser [25] and other ultra-short pulse systems

[26, 27]. Chirped mirrors have also been utilised for dispersion control in
femtosecond OPOs. Hebling et al [13] described a ring KTP oscillator, pumped by a

femtosecond Ti:Sapphire laser and incorporating multiple reflections between chirped
mirrors with a reflectivity of 99.5% and a GDD of -85 fs2. The device produced near-

transform limited pulses of around 100 fs, continuously tunable from 1.18|xm to 1.32

p.m. In further studies by the same author [28], the use of -140 fs2 chirped mirrors
resulted in pulse widths as short as 50 fs.
As providers of negative dispersion, multilayer optical coatings have several
advantages. They can be designed and produced to a wide range of specifications
using well-established techniques. As a result, the associated cost is not prohibitively
high, being comparable to standard optical coatings. In the form of highly reflective
chirped mirrors, multilayer coatings can replace cavity mirrors with little of no effect
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on the cavity length. This gives multilayer coatings a major advantage over negative

dispersion materials and refractive elements in compact systems. Furthermore, there is
no issue with transverse or angular separation of the spectral components. It should,

however, be noted that multilayer coatings and other methods of dispersion

compensation are not mutually exclusive. By their very nature, optical coatings offer
the possibility of being combined with prisms or negative dispersion materials to form
a hybrid compensation scheme. So, versatility is another advantage of the multilayer

coating.
The only real drawback suffered by multilayer coatings is a limit to the extent of the

negative dispersion they can provide. Typically, the achievable negative GDD will go

up to a few hundred fs2. Usually, this is more than adequate for compact systems
where the intra-cavity material is kept to a minimum. However, for systems where a

large GDD is to be compensated for, multiple reflections between pairs of chirped
mirrors may be required.

Having examined the magnitude and effects of dispersion in the current FCG system

and discussed the various possibilities for dispersion compensation, the incorporation
of a compensation scheme into the FCG cavity can now be addressed. The following

chapter describes the choice and implementation of such a scheme and the resulting
effects on the OPO and frequency comb generation.

6.4) Chapter Summary

In the preceding text, a detailed examination of dispersion, the dependence of the
refractive index on optical frequency, in the current FCG system has been given.

Starting with the material origin and using the theory of dispersion in ultra-short pulse
generation, two quantities were defined as a measure of the magnitude of dispersion.
The group delay dispersion (GDD) is a measure of the broadening per unit bandwidth
of an optical pulse. The group velocity dispersion (GVD) is closely related to the
GDD and is defined as the broadening per unit length of dispersive material per unit
bandwidth. GVD for both LiNb03 and fused silica was calculated as a function of

wavelength and found to be 9.3x104 fs2/m and -3.4x104 fs2/m respectively at 1600nm.
The absolute magnitude of dispersion for the entire FCG cavity was given by the
GDD and found to be 3474.7 fs2 at 1600nm, with a linear variation of -1 lfs2/nm.
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Next, the effects of this dispersion on the spectral operation of the OPO and the

generation of a frequency comb were discussed. Taking the latter first, dispersion
causes a gradual change in the longitudinal mode spacing, moving away from

degeneracy. Since the modulation frequency and hence the sideband spacing is fixed,
this means that the generated sidebands and longitudinal modes will gradually move

out of coincidence. Eventually, the overlap will be so small that the power transferred
into the longitudinal mode will be insufficient to overcome losses in the cavity. As a

result, the frequency comb will be abruptly cut-off at this point.
The effect of the spectral operation of the OPO had previously been touched upon

with the vernier scale diagram in section 5.4 of chapter 5. This was expanded here
with a mathematical analysis of the variation in mode spacing. The resulting equation
contained a term with the same dimensions as the GVD, showing the link between the
variation in mode spacing and the magnitude of dispersion previously calculated.

Using these results, a quick calculation gave a cumulative change in mode spacing of
650 MHz over a 7 THz bandwidth (the maximum comb width). This was in good

agreement with experimental observations of cluster hopping.
A computer program was also used to model the spectral behaviour of the OPO

directly, using the vernier scale scheme to determine the oscillating mode pair as the

cavity length was altered. The results of this modelling showed cluster hopping and
frequency tuning behaviour that closely matched experimental observations. In
particular, the cavity length change required for a cluster hop to occur was found to be
~40nm. This could easily be achieved by thermal or mechanical vibrations in the
system, lending credence to the theory this was the cause of previous trouble with
comb generation.

Having established that the dispersion calculated at the start of this chapter was

responsible for much of the spectral behaviour of the OPO and the associated
problems, the possibility of compensating for this dispersion was examined.
Generally, dispersion compensation requires an element or elements with negative
GDD. This means that the delay on traversing the element(s) must be less for a higher
frequency spectral component than a lower frequency component. Achieving the
difference in delay either requires a material with a natural negative GDD over the
wavelength range of interest or elements that can separate the spectral components
into different paths.
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Negative dispersion materials (such as fused silica at 1600nm) can be placed directly
into the optical cavity and hence are simple to use. However, they are limited in

availability over the visible and near to mid infrared wavelength ranges. They also
increase the length of the cavity and the size of the optical system.
Elements that separate the spectral components consist of diffractive, refractive and
interferometric types. Diffractive types, such as gratings, create an angular separation
between the spectral components, which leads to a longer path for those with the
lower frequencies. Unfortunately, gratings are associated with significant losses and
their dispersion cannot be easily tuned through zero. Refractive types such as prisms
are widely used today as dispersion compensators. They also create an angular

separation between spectral components, but do not exhibit significant losses and
offer continuous tuning of their dispersion through zero. A common set-up is the 4-

prism scheme, but compensators with two and even one prism have also been
demonstrated. Like negative dispersion materials, the main problem with refractive
elements is the associated increase in cavity length and system size. Interferometric

types consist of multilayer coatings, which are usually coated onto substrates to create

chirped mirrors. The coatings are made up of alternating high and low refractive index

layers of varying thickness. This ensures high reflectivity and the deeper penetration
of lower frequency components, with the path separation of spectral components

achieved by interference between multiple reflections from the interfaces of these
layers. Chirped mirrors have the advantage of versatility and can be produced using
well-established techniques. Since they can replace cavity mirrors, their effect on the
cavity length is negligible. The only drawback with multilayer coatings is a limit on
the negative dispersion that can be achieved, leading to the possibility of multiple
reflections being required.
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Chapter 7
Comb Generation in a Dispersion Compensated

Cavity

The implementation of dispersion compensation in the frequency comb

generator was undertaken with two main aims: to increase the comb width and

improve the spectral stability of the OPO. Compensating for the positive dispersion
exhibited by the intra-cavity material would negate the change of refractive index
with frequency, thereby equalizing the longitudinal mode spacing across the
bandwidth of interest. With equal mode spacings, the sidebands generated by the
EOM would always coincide with a longitudinal mode. As a result, the comb could

potentially cover the entire frequency range over which the OPO can provide gain i.e.
the phasematching bandwidth, calculated to be -13 THz in chapter 4, section 4.1. In
terms of the spectral properties of the OPO, with equal mode spacing, cluster and
mode hopping would no longer occur. Instead, there would be a series of regular

cavity lengths, determined by the mode spacing, at which all signal and idler mode

pairs would simultaneously overlap. The peak of the phasematching curve would then
determine the oscillating mode pair. At all other cavity lengths, no mode pairs would

overlap and hence the OPO would be 'switched off. Careful control of the signal and
idler cavity would be needed, to ensure that it remained at the length required for
oscillation.

Before determining how best to incorporate dispersion compensation into the FCG
cavity, it was first necessary to decide on which compensation scheme to use. As
shown by figure 6.5, fused silica has a negative GVD over the wavelength range 1550
- 1650nm. Therefore, the possibility exists that a suitable length of fused silica could
compensate for the positive dispersion of the LiNbOa crystals. The GVD and GDD
calculations in chapter 6, section 6.1 suggest that a 10.2cm length of fused silica will
give the appropriate negative dispersion at 1600nm. The consequential decrease in the
cavity FSR can be calculated using equation (7.1) below:
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AL (7.1)
c

Here, AL is the change in the optical length of the cavity and hence is given by the

length of the fused silica multiplied by its refractive index at 1600nm, to a first

approximation. For an initial FSR of 600 MHz, the resulting change in FSR is 353
MHz. This means that the FSR will be reduced to less than half its initial value, well

out with the tuning range of the EOM. Even if the large change in cavity FSR and the
increase in the footprint of the device could be tolerated, there is a more fundamental
issue with fused silica that makes it unsuitable as a dispersion compensator in this
case. Any dispersion compensation scheme must negate the positive GDD across the
entire comb bandwidth. From figure 6.6, it can be seen that the GDD varies linearly
with wavelength. Over the 1550 - 1650nm range, the variation is -11 fs2/nm. To give
full dispersion compensation, the chosen scheme must therefore have a gradient of
+11 fs /nm over the wavelength range. However, in the case of fused silica, figure 6.5
shows that it exhibits a negative gradient in GVD between 1550nm and 1650nm. This
means that it can only compensate for dispersion at a single chosen wavelength, rather
than the entire comb bandwidth. Furthermore, the negative GVD gradient also

prevents fused silica from being used in a prism-based compensation scheme and in
combination with a multilayer coating.
The problems with fused silica do not rule out prisms completely. There exists the

possibility of using another material for the prisms with the correct dispersive

properties. However, the main problem with a prism-based scheme is the resulting
increase in cavity length and change in FSR. Since the current FCG system is based
on a standing wave cavity, at least two prisms would be required. To achieve any

magnitude of negative dispersion, a path length of at least 140mm would be required
between the two prisms [1]. Full compensation for the large positive GDD in the FCG
cavity would need a considerably larger path length. This would cause a significant
increase in the optical length of the FCG cavity and the size of the overall system.

Having discounted the possibility of using fused silica or a prism-based scheme for
dispersion compensation, the only realistic option left was a multilayer coating in the
form of chirped mirrors. In the next section, the implementation of a dispersion
compensation scheme based on chirped mirrors is described.
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7.1) Incorporating Dispersion Compensation into the OPO-

FCG

After making some informal enquiries [2], it was discovered that highly reflecting

chirped mirrors with a negative GDD up to -550 fs2 were available at 1600nm. In the
current FCG system, the total positive GDD is 3475 fs at the central wavelength of
1600nm with a linear variation of-11 fs2 per nm over the range 1550 - 1650nm. This

corresponds to a gradient of -0.32%/nm (i.e. 0.32% of the centre value = 0.0032 x
2 93475 fs ). Therefore, alongside the specified GDD of approximately -550fs at

1600nm, the chirped mirrors also needed to have a linear variation in the GDD with a

gradient of +0.32%/nm. As a result, a custom coating had to be manufactured and this
was laid down on a standard 0.5-inch diameter substrate made from fused silica. To

allow for a range of negative GDDs, two further coatings were ordered, with centre

GDD of approximately -250 fs2 and -100 fs2 respectively and both with a gradient of
+0.32%/nm.

As expected, the maximum negative GDD of -550 fs2 available from a single chirped
mirror meant that multiple reflections from a pair of such mirrors would be needed to

fully compensate for the positive intra-cavity GDD. In this case, a minimum of six
reflections was required. This was achieved with the configuration shown in figure
7.1.

Offset
i i

Figure 7.1 - 6-Bounce parallel chirped mirror configuration
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The mirrors are placed parallel and facing each other, but with a horizontal offset. The

input beam is incident on the first mirror at a prescribed angle and then strikes each

mirror three times, giving six reflections, before exiting. Keeping the mirrors parallel
ensures that the input and output beams are collinear, making alignment of the

configuration in the FCG cavity significantly easier.
Before determining how exactly to mount the mirrors in the parallel configuration, it
was first necessary to obtain the maximum decrease in cavity FSR and hence increase
in cavity length that could be tolerated. This was set by the tuning range of the
modulator and in particular, the fall off of RF power coupled into the modulator as it
was tuned away from its central frequency. Starting with the non-compensated cavity
FSR of 591 MHz and an input power of 200mW to the EOM, figure 7.2 shows the
variation in fractional forward power (power coupled into EOM/input power) with
modulation frequency. At each frequency, the tuning slug on the EOM was adjusted
so that the reflected power was zero, ensuring that maximum input coupling was

achieved.
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Figure 7.2 - RF power coupled into EOM

Figure 7.2 shows that for frequencies down to 490 MHz, all of the input RF power

was coupled into the modulator. Below 490 MHz, the coupled power started to fall off
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rapidly, dropping to 75% at 470 MHz. Taking 75% as the tolerance limit for power

coupled into the modulator gives an allowable decrease in modulation frequency, and
hence cavity FSR, of -120 MHz. This equates to an increase in cavity length of
~52mm.

The next step was to decide upon how exactly to incorporate the EOM and dispersion

compensation mount within the signal/idler cavity without going beyond the allowed
increase in cavity length, given above. It was also necessary to keep the EOM as close
to the output coupler as possible to ensure the maximum modulation depth could be
accessed (as discussed in the section on EM lasers - chapter 2, section 2.5). To satisfy
both these constraints, the simplest method was to insert a second lens into the

signal/idler cavity and replace the curved output coupler with a plane mirror. This
would create a collimated section between the lens and mirror, into which the EOM

would be inserted. The dispersion-compensating mount could then be situated at the

secondary beam waist between the two lenses
The required positions and focal length of the lens were found by modelling the

signal/idler cavity using a piece of software known as PSST! [6].

Simple cavity Multi-component cavity ]

Mirror 1 (left) j Mirror 2 (right) I Misc. parameters | Configuration information Measurement point

Lens 1 J Lens 2 j Lens 3 | Lens 4 j Lens Duct 1 | Lens Duct 2 j Position (mm) j172.0
Include

C No

(• Yes

Beam-width (mm) jo.2171
Position (mm) 86.5 jjj |Y iMove with mouse!

Focal length (mm) |25.0 •*;[ Cavity state
Stable

Figure 7.3 - Schematic of original signal/idler cavity
[1 - NL crystal, 2 - EOM crystal]
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Simple caviy j'MuB-componert cavity ]

Figure 7.4 - Schematic of signal/idler cavity with collimated section

[1 - NL crystal, 2 - EOM crystal]

Figures 7.3 and 7.4 respectively show schematics of the signal/idler cavity before and
after the collimated section was created. The transverse extent of the intra-cavity field

(in red) is also overlaid on each schematic.
The first schematic, figure 7.3, shows the cavity whose design and development was
discussed in chapter 4. Blocks 1 and 2 represent the nonlinear and EOM crystals

respectively and lens 1 is the 25mm focal length lens situated before the EOM. The
figure also shows that the intra-cavity field has a beam waist at the centre of each
crystal, as was required when the cavity was designed. As shown by figure 7.4, the
collimated arm was created by placing a 30mm focal length lens after the first lens
and moving the (plane) output coupler back. The EOM was then situated in the
collimated section as close to the plane mirror as possible, with the dispersion

compensating mirrors at the second beam waist as indicated. The resulting increase in
the optical length of the cavity was around 46mm, well below the upper limit of
52mm.

The first design for the compensating mirror mount was based on a modular system,
consisting of separate mirror holders, a mounting block and interchangeable base
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plates that would offset the two mirrors such that 2, 4 or 6 bounces could be achieved.

Unfortunately, this system was unable to provide the required degree of parallelism
between the two mirrors. As a result, a second design for the compensating mirror
mount was developed. Shown in figure 7.5, the new design foregoes the modular

system. Instead, the mount was milled out of a single piece of aluminium.

TOP VIEW

END VIEW SIDE VIEW

Figure 7.5 - Second design for compensating mirror mount

Holes corresponding to the diameter of the mirrors were drilled into each side of the
piece, with a lip at the end of each hole for the mirrors to rest against. This ensured
that the mirrors were kept parallel at a set distance apart. An elliptical bore was then
created, perpendicular to the holes, to define a space for the beam to pass through.
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The angular edges on each side of the mount (see top view) were designed such that a
beam entering the mount on a perpendicular axis to the edge would be incident on the
first mirror at an angle of 30 degrees. This was the specified incidence angle when the
mirrors were ordered. A right-angled section was removed from the angular edges to

give as large an input aperture as possible.
Three different mounts were designed, each with different mirror positions, to give 2,
4 and 6 bounces between the two mirrors. Each mount can be fitted onto a single
block, designed to raise the whole assembly to the correct height. The block itself was
mounted on a translation stage to allow fine adjustment of the compensating mirror
mount within the intra-cavity field. Once the mounts had been constructed, tests

outside of the FCG with the compensating mirrors inserted showed that the input and

output beams were collinear. Hence, the mirrors were in the parallel configuration.
Before trying out the new mounts in the FCG, it was first necessary to calculate the
increase in path length for a beam passing through each mount. This increase had to

be taken into account to ensure that the cavity length did not increase above the
allowable limit of 52mm. Figure 7.6 shows the parallel mirror configuration in the 6-
bounce case, with the relevant distances and angles to calculate the path increase.

Figure 7.6 - Path increase on passing through dispersion compensation assembly

From figure 7.6, it is clear that the path increase is equal to the length of the path MO
minus the distance X. Using simple trigonometry, the following equation for the path
increase is obtained:

"A
d

V

Path Increase — ——— dVl + 25tan2 #-36sin2 G
cos#

(7.2)
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In this case, d = 2mm and 0 = 30°, giving a path increase of 10.4mm. Similar
calculations for the 4-bounce and 2-bounce cases give path increases of 6.9mm and

3.5mm respectively.

Beamsplitter

b c

Figure 7.7 - Pictures of dispersion compensated OPO-FCG

The images in figure 7.7 above show various pictures of the dispersion compensated
OPO-FCG. Image a gives an overall view of the experiment, with the main
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components identified. Images b and c show a close-up of the oven containing the
PPLN crystal and the EOM and dispersion compensating mount respectively.

7.2) Dispersion Compensated OPO

Given that the insertion of chirped mirrors into the cavity of a continuous wave OPO
was a technique that had not been tried before, it seemed a good idea to obtain as

much data as possible on the operation of such an OPO and the differences between
the compensated and uncompensated cases. To this end, it was decided to place the

dispersion compensation assembly into the original signal/idler cavity on its own,

without the EOM present; to create a dispersion compensated OPO. This was

achieved simply, by removing the EOM from its mount and replacing it with the

dispersion compensation mount. It was then necessary to re-position and re-align the

output coupler to give OPO oscillation. Since approximately half of the intra-cavity

material, in the shape of the EOM, had been removed, half of the maximum negative

dispersion was required for compensation. This corresponded roughly to the two -

250fs2 mirrors in the 6-bounce mount.

The first noticeable change was in the output power characteristics of the

compensated OPO. Figures 7.8 and 7.9 show the output power from the OPO in the

uncompensated and compensated cases respectively. In each case, the pump cavity
was locked on resonance and the signal/idler cavity scanned through a FSR.

FSR

0 0000 0 0002 0 0004 0 0006 0 0008 0.0010

Signal Cavity Length Change (art), units)

0 0000 0.0002 0.0004 0.0006 0.0008 0.0010

Signal Cavity Length Change (arb. units)

Figure 7.8 - Output power of

uncompensated OPO

Figure 7.9 - Output power of

compensated OPO
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In the case of the OPO without dispersion compensation, there were significant
fluctuations in the output power as the signal/idler cavity was scanned. However, the
OPO remained on for the duration of the scan. The maximum output power occurred

roughly at the centre of the scan, when the mirror was at the 'zero' position. This was

expected, since the length of the signal/idler cavity had been optimised prior to this

experiment.
With dispersion compensation, the OPO again showed significant fluctuations in

output power. This time though, as shown by figure 7.9, there were also several points

during the scan at which the OPO did not oscillate. This 'switching off behaviour is

exactly what would be expected with partial dispersion compensation. Recalling the
vernier scale diagram from chapter 5, section 5.4, a change in cavity length causes the

signal and idler modes to slide over each other. With full dispersion and a linear
variation in mode spacing, there is always an overlapping signal and idler mode pair
as the cavity length is altered. Therefore, the OPO always oscillates. With complete

dispersion compensation, the spacing between modes is set equal. This means that
there will be one particular cavity length, for each free spectral range, where all the

signal and idler mode pairs overlap simultaneously and the OPO will oscillate. At all
other cavity lengths, no modes will overlap and the OPO will remain off. If the

dispersion compensation is only partial, as was the case in these experiments, then the

operation of the OPO will be somewhere between the full dispersion and complete

compensation cases. In other words, over the duration of the signal/idler cavity scan,

the OPO will show periods of oscillation interspersed with points at which the OPO is
off. The better the dispersion compensation, the shorter the on period for the OPO.
Also noticeable, was an improvement in the stability of the OPO. This can be put
down to the lessening of mode/cluster hopping caused by the dispersion

compensation. However, there is also a second factor, which comes about as an

unexpected side effect of the insertion of the compensating mirrors. Previously, in the

dispersive OPO, some pump light was observed to be leaking into the signal/idler
cavity due to the small, but non-zero pump reflectivity of the beamsplitter. In turn, a
fraction of this pump light was reflected back into the pump cavity (this reflection was

used to align mirror M2 in the signal/idler cavity). Although the reflected pump light
was very small, the possibility still existed that it could interfere with the
downconversion process and reduce the overall stability of the OPO. Now, the
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chirped mirrors were not designed to be highly reflective at the pump wavelength,

although some inherent reflectivity may well exist. Therefore, the dispersion

compensating assembly, with 6 bounces between the two mirrors, will filter out any
residual pump light in the signal/idler cavity via transmission through the mirrors. As
a result, with no reflected pump light to cause interferometric effects, the stability of
the OPO would be expected to improve.
To observe the spectral properties of the dispersion compensated OPO, part of the

output was fibre-coupled into an OSA, as with previous experiments. This showed

that, with the current set-up, the OPO was operating away from degeneracy, between
1560nm and 1580nm for the signal and 1640nm and 1660nm for the idler. In an

attempt to tune the OPO towards degeneracy and also to observe the effect on the

dispersion compensation, it was decided to change the temperature of the nonlinear

crystal from 169°C to 168°C in steps of 0.2°C. Figure 7.10, shows the output power of
the OPO in each case as the signal cavity was scanned at 20 Hz.
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Figure 7.10 - Output power of OPO as crystal temperature decreased

It is immediately apparent from the output power traces that points at which the OPO
was off during the signal cavity scan increased dramatically as the temperature of the
nonlinear crystal was decreased. These results can be explained by the consideration
of two factors. Firstly, the positive dispersion in the cavity is due to the variation of
refractive index with frequency. Since the refractive index is also dependent on the
temperature of the crystal, a change in temperature would be expected to alter the
crystal dispersion. Here, the effect on the positive dispersion was to decrease it
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towards the negative dispersion provided by the chirped mirrors, thereby improving
the compensation. The variation of positive dispersion with crystal temperature can be

modelled, as shown in figure 7.11, by utilising the analysis in chapter 6, section 6.1
and the Sellmeier data for LiNbCb [3]. This confirms that the positive intra-cavity

dispersion does decrease as the temperature of the nonlinear crystal is decreased. As

previously discussed, better compensation leads to a shorter on period on the output

power trace.

Single Pass GDD vs Temperature

Figure 7.11 - Variation of positive dispersion with NL crystal temperature

The second factor is the location and extent of the phasematching bandwidth of the
OPO. All other things being equal, this is also dependent on the crystal refractive
index. Therefore, a temperature change will alter the extent of the phasematching
bandwidth and its centre frequency. In this case, the output power traces indicate that
the centre of the bandwidth was moved towards degeneracy. This is confirmed by the

temperature tuning curve for PPLN in figure 7.12, which utilises equation (1.22) and
the Sellmeier data for LiNbCb [3] to plot the signal and idler wavelengths that will

give perfect phasematching for a fixed grating period. Figure 7.12 shows that the
signal and idler wavelengths move towards degeneracy (at just below 170°C) with
decreasing crystal temperature. As a result, overlapping mode pairs far away from
degeneracy experienced a reduction in gain to the point that they could no longer
oscillate, accounting for the observed increase in the off period during the signal
cavity scan.
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Signal Temperature Tuning for PPLN

Temperature of PPLN Crystal (oC)

Signal
Idler

Degeneracy

Figure 7.12 - Temperature tuning curve for PPLN

The spectral output of the OPO at the final temperature of 168°C is shown in figure
7.13 below.
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Figure 7.13 - Spectral output of OPO at T = 168°C

It can be seen from the OSA trace in figure 7.13 that, with a crystal temperature of
168°C, the OPO operated around degeneracy with signal/idler wavelengths confined
to a narrow range between 1590nm and 1615nm. This strongly suggests that the
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centre of the phasematching bandwidth was moved close to degeneracy by the

temperature change.
In the final experiment performed with the dispersion compensated OPO, one of the
-250fs2 mirrors in the compensation assembly was replaced, firstly with a -lOOfs2
mirror and then with a -550fs mirror. The purpose of this experiment was to confirm
that the pair of -250fs mirrors were providing the best dispersion compensation.
Whilst the previous results indicated that this was the case, it was felt necessary to

obtain as much evidence as possible.
As a further advantage of the dispersion compensation assembly, the changing of the
mirror was accomplished in-situ, with the OPO oscillating as soon as the replacement
mirror was secured in place. At most, a slight adjustment of the output coupler was

required to obtain the maximum output power.

The output power and spectral results with the -lOOfs2 mirror at a crystal temperature
of 168°C are given in figures 7.14 and 7.15 respectively.

-5 i ■ i ■ i ■ 1 ' 1 ■ 1 • i i ■ i 1 1 i ■ I ■ i

0.000 0.005 0.010 0.015 0.020 0.025 1450 1500 1550 1600 1650 1700 1750

Signal Cavity Length Change (arb. units) Wavelength (nm)

Figure 7.14 - Output power with -lOOfs2 Figure 7.15 - Spectral output with -lOOfs2
mirror mirror

In comparison with the final trace of figure 7.10, it is obvious from figure 7.14 that
the time over which the OPO was on during the signal cavity scan had significantly
increased. The OSA trace in figure 7.15 shows the OPO operating away from
degeneracy at around 1550nm and 1660nm. It was also observed to operate at

degeneracy, suggesting that some cluster hopping was taking place between these
regions.

Figures 7.16 and 7.17 show similar results for the -550fs2 mirror.
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Figure 7.16 - Output power with -550fs2 Figure 7.17 - Spectral output with -550fs2
mirror mirror

As with the -lOOfs2 mirror, figure 7.16 shows that the insertion of the -550fs2 mirror
caused a significant increase in the on period of the OPO. The similarity in the

spectral outputs between the -lOOfs2 and -550fs2 mirrors is also clear to see from

figure 7.17. Again, the OPO operated away from degeneracy around 1540nm and
1675nm and was also observed to operate at degeneracy, pointing towards the
occurrence of a cluster hop.
In both cases, the increase in the time that the OPO was on and the shifting of spectral

output away from degeneracy imply that the dispersion compensation was

significantly worsened, compared to the pair of -250fs2 mirrors.

Concluding that two -250fs2 mirrors gave the optimum dispersion compensation in
the case of the OPO with no EOM, when the EOM was returned to the signal/idler

cavity alongside the dispersion compensation assembly (see figure 7.4) the two -

550fs2 mirrors were used to provide compensation. In the next two sections,
experiments and subsequent results for frequency comb generation with dispersion
compensation are discussed.
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7.3) Characterisation ofDispersion Compensated FCG

After inserting the compensating mirrors and re-aligning the plane mirror (M2), a

quick power measurement showed that the threshold had approximately doubled over

the non-compensated case. There are a couple of factors likely to be responsible for
the increase in threshold. Due to the 6 bounces between the chirped mirrors, even a

very small transmission or absorption at the mirror surface will be amplified on

passing through the entire assembly. Furthermore, the beam passes through the

assembly twice on a single round trip, doubling the overall loss. The second factor is
the change that was made to the design of the signal/idler cavity and its effect on the
size of the beam waist in the nonlinear crystal. The PSST! simulations show that the

position of the second intra-cavity lens is critical here, with a small translation of the
lens along the cavity axis causing a large change in the beam waist. Since the radius
of the beam waist is crucial in determining the threshold (see chapter 4, section 4.2),
the increase in threshold could well be due to the lens being slightly out of the

optimum position.
As stated in the introduction, to ensure that the OPO remained on it was necessary to

carefully control the length of the signal/idler cavity. Normally, this requires some

form of active stabilization with electronic feedback and in this case a simple side-of-

fringe scheme (see chapter 3, section 3.5) was employed. The output from mirror M2
was focused onto a photodetector. A variable bias voltage was then subtracted from
the proportional voltage produced by the photodetector to create an error signal,
which was fed back to the PZT on M2 via high voltage amplifier. By altering the bias

voltage, the output power level to which the OPO would lock could be varied.

Figure 7.18 shows the output power of the FCG with dispersion compensation as the
signal/idler cavity was scanned at 20 Hz, with the temperature of the nonlinear crystal
set to 168°C.
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Figure 7.18 - Output power of dispersion compensated FCG

It is immediately apparent from the above figure that the OPO was off for the majority
of the cavity scan, with the on period corresponding to roughly 1/10th of the entire
FSR. As explained in the previous section, this suggests that the dispersion

compensation is very good, with a close match between the positive intra-cavity GDD
and the negative GDD of the dispersion compensation assembly.

Spectral data for the dispersion compensated FCG, taken with the OSA, is shown in

figures 7.19 and 7.20 below.
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Figure 7.19 - Overall spectral
structure

Figure 7.20 - Spectral output when

signal/idler cavity stabilised
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The figure on the left was taken with the signal/idler cavity scanned at the usual 20 Hz

and with the OSA on a very slow scan - 0.05 Hz. This meant that the signal/idler

cavity was scanned 400 times for a single scan of the OSA. As a result, figure 7.19
shows the entire range of wavelengths over which the OPO operated during the
numerous cavity scans. The picture can also be interpreted as a representation of the

gain bandwidth of the OPO, which covers approximately 50nm (1575nm to 1625nm),

appears to peak at degeneracy and begins to fall off at the wings. This suggests that
the gain bandwidth is centred at or close to degeneracy.
The right hand figure shows the spectral output of the OPO when the signal cavity
was stabilised using the side-of-fringe scheme. In this case the bias voltage was set

high, to lock the OPO at a low output power level. This corresponded to the outer

edges of the gain bandwidth, as shown by figures 7.19 and 7.20. By changing the bias
level and hence the output power level at which the OPO was locked, the OPO could
be made to operate at various points within the gain bandwidth. It should be noted

that, whilst locked, the OPO operated continuously at the signal and idler wavelengths
shown in figure 7.20 with no sign of cluster hopping or significant drifting in

frequency. The position of the lock point, in terms of the OPO output power level, is
shown on figure 7.18. The fact that this point is on the left hand side of the power

curve and the overall shape of the curve itself can be explained by a consideration of
the location of the phasematching bandwidth, and will be discussed at the end of this
section.

With the spectral and output power data from figures 7.18 and 7.19, it is possible to
obtain an approximate value for the change in mode spacing per FSR with dispersion
compensation. The procedure is very similar to that used in chapter 6, section 6.2,
which gave a change in mode spacing of 9.6 Hz for a single FSR. Recalling equation
(6.26),

Nfr N2Av
TotalOffset = JNAvdN =— (7.3)

o 2
In this case, the OPO was on for 1/10th of the signal/idler cavity FSR, which

represents the total offset in mode spacing across the gain bandwidth. The FSR of the
signal/idler cavity with the dispersion compensation assembly was found to be around
520 MHz, giving a total offset of 52 MHz. Within the gain bandwidth of 50nm (5.85
THz), the total number of modes, Nf, is approximately 11200. After rearranging
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equation (7.3), the change in mode spacing for a FSR, Av, turns out to be around 1

Hz. Between adjacent mode pairs, the mode spacing increases progressively by 1 Hz
and the change in mode spacing at the final mode pair (opposite side of bandwidth) is
therefore equal to 11.2 kHz. This results in a cumulative change in mode spacing of
52 MHz, less than 1/10th of the value in the non-compensated case.

Previous results have suggested that the gain bandwidth of the OPO was centred on

degeneracy. Further indication can be gained by a close examination of the output

power curve when the signal/idler cavity is scanned. To see how this arises, consider
the following vernier scale diagram, which shows a series of signal and idler modes
with heavily exaggerated changes in mode spacing.

Modes move this way with

decreasing cavity length

>

Modes move this way with

decreasing cavity length

Figure 7.21 - Vernier scale diagram and gain bandwidth

In figure 7.21, the frequency of the idler modes increases from right to left and for the
signal modes, from left to right. In this way, for any vertical line, the sum of the idler
and signal frequencies can be arranged to sum to the pump frequency, thus fulfilling
the energy conservation constraint. The vertical lines shown on the diagram represent

cavity resonance frequencies and alignment of a signal resonance with an idler
resonance corresponds to signal and idler resonance conditions being satisfied
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simultaneously. This alignment must occur within the parametric gain bandwidth for
oscillation to occur. Tuning the cavity by altering the cavity length causes one set of
modes to slide to the right and the other set to the left as indicated.

Taking the blue gain bandwidth first, whose centre is shifted away from degeneracy,
what would be the shape of the output power curve? Starting from a cavity length
where no modes line up on the vernier scale and decreasing the cavity length, the
modes at position 1 would line up first, followed by 2 and 3. Taking the gain at each
of these positions, the output power curve would have a symmetric shape, with the

peak corresponding to the centre of the gain bandwidth at position 2 (shown

diagrammatically in figure 7.22).

® © © /5L
Figure 7.22 - Symmetric output power

curve corresponding to blue gain
bandwidth

© © © /SL
Figure 7.23 - Asymmetric output

power curve corresponding to red gain
bandwidth

If the gain bandwidth is more like the red case and centred at or near to degeneracy

then, with the same conditions as before, the mode pairs will come into alignment in
the same order. However, in this case, the peak of the bandwidth corresponds to

position 1. In terms of the output power curve, this manifests as a sharp increase to a

peak followed by a much shallower decrease as the modes at positions 2 and 3 come

into alignment. The resulting shape of the curve will therefore be asymmetric, as

shown in figure 7.23. It is apparent from figure 7.21 that, if the cavity length is
increased beyond the point where the mode pair at degeneracy align (and hence come

in to oscillation), no further alignments can occur. Therefore, the OPO will switch off
very abruptly, explaining the rapid decrease in output power to the left of point 1 in
figure 7.23.
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From the previous analysis, it is clear that an examination of the shape of the output

power curve can give a good indication as to the position of the gain bandwidth with

respect to degeneracy. In the dispersion compensated FCG, it seemed likely that the

gain bandwidth was centred on degeneracy. Therefore, an asymmetric output power

curve would be expected. To see if this was the case, a magnified trace of the output

power curve was taken from the oscilloscope with the timebase reduced by a factor of
10. Figure 7.24 shows this trace, alongside a trace taken at the previous timebase for

comparison.
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Figure 7.24 - Close-up of output power trace

Despite some fluctuations in power, the right hand trace clearly shows that the output

power curve was asymmetric. This confirms, as expected, that the phasematching
bandwidth for the dispersion compensated FCG was centred on, or very close to

degeneracy. The OPO was locked at the point shown on the right hand trace. From the

previous analysis, this corresponds to signal and idler frequencies away from

degeneracy, which is confirmed by the experimental results in figure 7.20.
So far, all of the results in this section have dealt with the characterisation of the OPO

and the dispersion compensation within the FCG. In conclusion, these results show a

frequency stable OPO with a phasematching bandwidth centred on degeneracy and
spanning at least 50nm. Compensation for the positive intra-cavity dispersion appears

to be close to perfect, with the FSR only changing by around 1 HZ per mode pair.
With characterisation of the OPO and dispersion compensation complete, it was time
to begin the comb generation experiments.
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7.4) Experimental Comb Generation 4 (Dispersion

Compensated)

The previous results from the characterisation of the dispersion compensated FCG
were all taken at the maximum available pumping level of ~600mW. Given the

difficulty in achieving comb generation at the optimum pumping level in the

uncompensated case, it was decided to continue working at the maximum level for the

following experiments.
The first task was to find the correct modulation frequency to match the cavity FSR,
also known as the resonance point. This was necessary because components in the

signal/idler cavity had been moved during the insertion of the compensating mirrors.
Whilst steps were taken to ensure that the cavity length changed as little as possible
over the uncompensated case, some variation in the mode spacing was expected.

Additionally, there was also the possibility that the compensating mirrors might
introduce a first order phase shift to the intra-cavity field, resulting in a change to the
mode spacing. To facilitate the search, mirrors with low negative dispersion (-100 fs )
were used initially. This ensured that the OPO remained on over a wide range of

cavity lengths whilst scanning for the correct modulation frequency.

Starting from the modulation frequency used for comb generation in the

uncompensated case, 522.05 MHz (see chapter 5, section 5.5), and searching
outwards, the new resonance point was found at 514.24 MHz. This corresponded to a

relatively large change in cavity length of 4.5mm. Therefore, it seems likely that the
shift in resonance was due to a combination of cavity length change and phase shift at
the compensating mirrors.
Since the dispersion compensating mirrors could be exchanged in-situ, negligible

change in cavity length was expected when inserting the mirrors for full compensation
(-550 fs2). However, with full compensation, a shift in the resonance point to 514.165
MHz was observed. This was put down to either a change in phase shift between the
two sets of mirrors or a small drift in cavity length (~40pm). When generating a

frequency comb at this modulation frequency, a modulation depth of -0.5 rad was

used (as in the uncompensated case). It was also necessary to have the OPO free
running, as modulating at the resonance point interfered with the stabilisation of the
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signal/idler cavity. Figure 7.25 and shows a number of OSA traces of the resulting

frequency combs and a comb generated with low compensation for comparison.
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Figure 7.25 - Frequency comb generation with dispersion compensation

It should be first noted that the differences in power amongst the images in figure 7.25
were due to repositioning or realignment of the analysis equipment rather than an

effect of the dispersion compensation. As might be expected, the frequency comb

generated with low dispersion compensation, image d, has a similar width to the

uncompensated case of around 50nm (see chapter 5, figure 5.8). In this case, the

negative dispersion of the mirrors was only l/6th of the positive intra-cavity dispersion
and therefore comparable to having no compensation at all.
With full compensation, figure 7.25a shows that a comb spanning ~70nm (8.2 THz)
and centred on 1600nm was generated. Given the modulation frequency of around
514 MHz, this suggests the simultaneous oscillation of nearly 16000 modes.
However, this image also shows large power fluctuations of around 23dBm. Through
careful control of the FCG cavity length, the combs shown in 7.25b and 7.25c were

generated, with power fluctuations of 18dBm and 13dBm respectively. The width of
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these combs was narrower than 7.25a at around 60nm. There is a large central feature
in 7.25c, which can also be seen, to a lesser extent in the other images. It is most

apparent in figure 7.25c because this trace was taken after the fibre input to the OSA
had been moved behind Ml, to collect the signal/idler leakage and allow the

heterodyne experiment (see next section) to be set up. The fact that the feature was

detected with the FCG cavity blocked indicated that it was due to parametric
fluorescence rather than a product of the comb generation process.

Also observed was an increase in the lifetime of the comb. Despite minor fluctuations
in width, it was observed to last for several minutes. The disappearance of the comb
often coincided with the OPO switching off altogether, suggesting that it might have
been due to a drifting of the cavity length.
The results in figure 7.25 show that the implementation of dispersion compensation
increased the comb width by up to 20nm over the uncompensated case. Significant
reduction in power fluctuations across the comb envelope was also achieved, but with
a reduction in the maximum comb width of around lOnm. The increase in comb width

in both cases does seem a little disappointing, given the effect of the dispersion

compensation on the operation of the OPO seen in the previous sections. However,
the observed spectral width in figure 7.19 indicates a phasematching bandwidth of
around 50nm, which is comparable to the dispersion compensated comb widths. This

implies that it is the phasematching bandwidth that limits the comb widths in figure
7.25a-c, which would be expected when there is no limitation due to dispersion. As a

result, there exists the potential to further increase the comb width by optimising the

phasematching bandwidth via the PPLN temperature, for example. Alternatively, the
PPLN could be replaced by a nonlinear crystal with a larger phasematching
bandwidth.

In terms of the resonance bandwidth i.e. the range of modulation frequencies over

which comb generation took place, there was a significant difference between the
compensated and uncompensated cases. With full compensation, a change in
modulation frequency of 10 kHz was enough to have a detrimental effect on the
frequency comb. This corresponds to 1/10th of the bandwidth of the uncompensated
FCG and is in good agreement with the predicted change in mode spacing across the
comb width (see section 7.3).

Another notable difference was observed in the fundamental beat frequency. This is

shown for a range of modulation frequencies about the resonance point in figure 7.26
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and should be compared to figure 5.9 in chapter 5. The resolution bandwidth and

sweep time were 300 kHz and 50 ms respectively.
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Figure 7.26 - Fundamental
beat frequency at different
modulation frequencies

The above traces show that the noise level in the wings of the fundamental beat

frequency remains at the noise floor of the RFSA as the modulation frequency is
varied through the resonance point. This is in marked contrast to the uncompensated
case, which shows a decreasing noise level as resonance is approached. The results in

figure 7.26 do however seem to fit with the large decrease in resonance bandwidth
and the equalisation of longitudinal mode spacing across the width of the comb. With
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equal mode spacings, even a small shift in modulation frequency away from the
resonance point will result in every sideband being out of alignment. Therefore, the
transfer of power into adjacent cavity modes will rapidly diminish and significant

beating will only occur between sidebands and the central signal/idler frequency.
Hence the observation of a noise-free beat frequency.

7.5) Heterodyne Experiments

To conclude the dispersion compensation experiments and the entire project described

by this thesis, it was decided to obtain definitive confirmation that a comb of phase-
locked frequencies existed beneath the envelopes shown in figure 7.25. This was

achieved by heterodyning the comb output with a narrow linewidth, single-frequency
source at an arbitrary wavelength within the comb, as previously undertaken by
Diddams et al [4]. A suitable, inexpensive source was found to be a fibre-coupled
DBR laser diode [5], with wavelengths available in the region of 1600nm and
linewidths under 10 MHz. The output from this diode was mixed with the OPO-FCG

output on the fast photodiode and the resulting RF signal viewed on the RFSA.

Figures 7.27 shows two traces taken from the RFSA, with a frequency span from 0 -
600 MHz, a resolution bandwidth of 300 kHz and a sweep time of Is.
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Figure 7.27 - Heterodyne signal between frequency comb and DBR laser

Trace a shows four peaks of interest. The large, narrow peak corresponds to the
fundamental beat frequency between modes in the comb, at a frequency of just over
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514 MHz. The high amplitude is due to the fact that it is made up of contributions
from every mode within the comb. The other three peaks are at frequencies of -55

MHz, -457 MHz and -570 MHz. These correspond to beat frequencies between the
DBR laser output, at a wavelength of around 1609.5nm, and the modes in the

frequency comb. The first two peaks, whose frequencies sum to the modulation

frequency, represent heterodyning with the two nearest neighbour modes to the DBR

frequency. The latter peak (-514 + 55 MHz) represents heterodyning with the second

nearest neighbour mode. In trace b, the RF signal is shown after changing the

temperature of the DBR laser. This corresponded to a shift in wavelength of 0.45nm
and a shift in frequency of 52 GHz (i.e. across 100 modes within the frequency

comb). As a result the peaks from trace a shifted to new positions at -137 MHz and -
378 MHz, whilst the beat between modes in the comb remained at a constant

frequency. In fact, during the temperature tuning of the DBR laser the peaks were

clearly observed to move on the RFSA screen. The origin of the smaller, narrow

peaks in trace b is unclear. However, they were found to be unrelated to the DBR

laser, since they did not disappear when it was switched off.
The existence of beat frequencies between the comb and DBR laser at an arbitrary

wavelength within the comb envelope provides definitive proof that a series of

equally spaced, phase-locked modes exists. Further confirmation is provided by the

shifting of the beat frequencies as the DBR output is tuned across these modes.

Additionally, the spectral width of the beat frequencies can provide some information
as to the linewidth of the modes in the comb. From the two traces in figure 7.24, the
beat frequencies between DBR laser and frequency comb all span approximately 13.5
MHz. This is comparable to the linewidth of the DBR laser, which was quoted at

around 10 MHz. This means that the linewidth of any mode in the frequency comb
could not be significantly larger than that of the DBR laser and must have been of the
order of a few MHz. Hence, as well as proving the existence of equally spaced, phase-
locked modes within the comb envelope, the DBR laser has also shown that the

frequencies are all sharp, with a narrow linewidth.
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7.6) Chapter Summary

At the beginning of this chapter, the reasons for incorporating dispersion

compensation, with regard to extending the comb width and improving stability were

repeated. This was followed by a justification for choosing a multilayer coating as a

compensation scheme. Alternate schemes based on fused silica blocks or prisms were

rejected because of the large resulting increase in cavity length and the fact that the
fused silica dispersion curve had the wrong gradient to provide compensation over a

range of wavelengths.
A range of chirped mirrors were ordered, with central negative dispersions of -lOOfs2,
-250fs2 and -550fs2 and the correct dispersion gradient to provide compensation over

the range 1550 - 1650nm. To fully compensate for the positive dispersion within the
FCG cavity, multiple bounces between a pair of chirped mirrors was required. This
was achieved by a custom designed mount, which kept the two mirrors parallel. To

incorporate this mount into the cavity, a collimated section was created by the
addition of a second lens after the secondary beam waist. The EOM was then placed
in this section between the lens and a plane output coupler to ensure that it was as

close to the end of the cavity as possible. Finally, the dispersion compensation mount

was situated at the secondary beam waist in place of the EOM. Testing of the EOM
ensured that the cavity length did not increase beyond the point at which modulation
could occur at the cavity FSR.

Initially, the chirped mirrors were tested in the original FCG cavity, without the EOM,
to observe their effect on the OPO. The first change was noticed in the output power

characteristics. During a scan of the FCG cavity, the dispersion compensated OPO
showed periods at which it was off completely. These periods increased in size as the
total negative dispersion approached the positive intra-cavity dispersion. This was in
marked contrast to the uncompensated case, when the OPO remained on for the entire
duration of the cavity scan. It was noted that this behaviour fit perfectly with 'vernier-
scale' explanation of DRO frequency tuning given in previous chapters. Another
noticeable difference was in the stability of the OPO, with no cluster hopping
observed.

Temperature tuning of the nonlinear crystal within the dispersion compensated OPO
was found to change the length of the off periods and therefore the level of
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compensation. Spectrally, as the level of compensation was increased (producing

longer off periods) the signal and idler wavelengths were found to move towards

degeneracy at 1600nm. An optimum configuration consisting of two -250fs2 mirrors
and a crystal temperature of 168°C gave the longest off period and signal/idler

wavelengths of 1600nm.
In the next set of experiments, the frequency comb generator with dispersion

compensation was characterised. After inserting the dispersion-compensating mount,

the OPO threshold was found to have approximately doubled over the uncompensated
case. This was attributed to an accumulation of losses from each chirped mirror
bounce and a slight misalignment of the second lens. An output power trace showed
that the OPO was off for most of the FCG cavity scan, suggesting a high level of

compensation. The FCG cavity could also be stabilised, using a simple side-of-fringe
scheme. When operated, a stable spectral output could be produced with no drift or
cluster hopping. Spectral data taken with a long OSA sweep time showed the range of

wavelengths over which the OPO operated during the cavity scan. This gave a rough
indication of the phasematching bandwidth, putting it at about 50nm and centred at

degeneracy. The position of the PMB was further confirmed by a close examination
of the output power curve (during the on period). This was asymmetric, which can

only occur if the bandwidth centre coincides with degeneracy.
The spectral and output power data allowed the change in mode spacing per FSR to be
calculated for the dispersion compensated FCG. The mode spacing was found to

increase progressively by 1 Hz, giving a change of 11.2 kHz at the final mode pair
and a cumulative change of 52 MHz. This was less than 1/10th of the value in the

uncompensated case.

To generate a comb of frequencies, a modulation depth of -0.5 rad was used once

again. The required modulation frequency was found to have changed to 514.165
MHz, a decrease that was attributed to slight changes in cavity length incurred during
the insertion of the dispersion compensating mount and a phase change at the chirped
mirrors. When modulating at this frequency, a frequency comb spanning up to 70nm
and comprising -16000 oscillating modes was generated. This corresponded to a

20nm increase over the uncompensated case. An increase in the lifetime of the comb
to several minutes was also observed.

The range of modulation frequencies over which frequency comb generation occurred
was found to have drastically decreased to -20 kHz. This fit well with the previous
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calculations of the change in mode spacing across the comb bandwidth. An

examination of the fundamental beat frequency on the RFSA showed a virtually
identical RF signal as the modulation frequency was changed, with negligible noise.

Again, this was consistent with a series of cavity modes, all with nearly identical
FSRs.

To finish the experiments performed with the dispersion compensated FCG, the

frequency comb was mixed on a fast photodiode with the output from a narrow

linewidth DBR laser operating at 1609.5nm. The resulting heterodyne signal was

viewed on the RFSA and showed two beat frequencies. These frequencies summed to

the modulation frequency and corresponded to mixing between the DBR output and
the two closest modes in the frequency comb. After temperature tuning of the DBR

wavelength across 100 modes within the comb, the beat frequencies were observed to

shift to a new position.
The existence of beat frequencies between the comb and DBR output provided
conclusive proof that a series of equally spaced, phase-locked modes existed within
the envelope shown on the OSA. Additionally, the spectral width of the beats, at

-13.5 MHz and close to the DBR linewidth, showed that the comb frequencies were

sharp, with a narrow width.
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Chapter 8
Conclusions & Further Work

To provide a suitable finish to this thesis, the following short chapter will give
a broad summary of the work that was presented and the conclusions that were

gained. This will then lead into suggestions for future work that could be carried out

and directions in which the project, as a whole, could be taken.

8.1) Overall Summary

The initial motivation for the research project described by this thesis was the

development of a device that succinctly combined the previously separate

technologies of optical parametric oscillation and frequency comb generation [1], It
was realised that the wide-bandwidth comb of frequencies generated by such system

had potential applications in the previously unconnected field of optical
communications. For such applications to be feasible, the combined OPO-FCG would
need to be compact and have low power requirements. This led to the commencement

of the work presented in this thesis, with the aim of developing a frequency comb

generator based upon an optical parametric oscillator, operating at

telecommunications wavelengths (1600nm) and capable of being pumped by a single
laser diode.

The twin technologies of optical parametric oscillation and frequency comb

generation were described in chapters 1 and 2 respectively. In particular, chapter 2

highlighted the potential application of frequency comb generation to optical
communications, whereby a comb of frequencies could provide a stable reference for
the channels in a DWDM system.

Chapter 3 introduced the concept of pump enhancement, a relatively recent
modification to the standard OPO design. By resonating the pump field within an

OPO cavity, alongside one or both of the downconverted waves, a high circulating
field can be built up around the nonlinear crystal. This, in turn, reduces the required
input pump power, opening the door for a laser diode pump source. Furthermore, by
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separating the resonant cavities for the pump and downconverted waves in a split

cavity design, intra-cavity elements such as the electro-optic modulator required for
FCG can be utilised without affecting the circulating pump field. Chapter 3 also
described the development of an easy method to measure the level of the intra-cavity

pump field, known as the enhancement factor, and the theoretical background for

optimisation of the device.
The important matter of designing and optimising a suitable optical resonator for the
OPO-FCG was discussed in chapter 4. Firstly, lithium niobate was determined to be
the best option for the nonlinear crystal due to the large phasematching bandwidth that
it exhibited at 1600nm. A right-angled cavity design was chosen and various

modelling methods used to ensure that the resonant waves were focussed to the
correct sizes in the nonlinear and modulator crystals. The final cavity design was then
obtained by a process of iteration. Optimisation of the resonator was achieved by

trying various combinations of input and output coupler and measuring the output

power and back-reflected pump power as the input pump power was increased. From

this, the downconversion efficiency and pump enhancement factor could be calculated
as a function of pump power. It was discovered that the optimum configuration was a

20% input coupler and a 2% output coupler. This gave a maximum efficiency and
enhancement factor at a pump power of 150mW (3.5 times threshold) and was in

good agreement with theoretical calculations. Importantly, such a pumping level can
be achieved by a single mode laser diode.
The first frequency comb generation experiments were presented in chapter 5.

Utilising a modulation depth of 0.5 rad and a modulation frequency of around 520
MHz, frequency combs spanning 50nm were generated. This agreed well with

predicted values based on theoretical calculations. The range of modulation frequency
over which comb generation occurred was found to be +/-100 kHz. Within this range

an examination of the fundamental beat frequency between modes in the comb
showed that the noise level in the wings of the RF spectrum decreased as the optimum
modulation frequency was approached.
It was discovered that the stability of the entire OPO-FCG set-up was an important
factor when attempting to generate a frequency comb. For comb generation to occur

at all, a TEM00 spatial mode was required for the downconverted waves. Also crucial
was the reduction of thermal and vibrational noise. Even so, the generated frequency
comb remained largely unstable, with a short lifetime and tendency to jump into
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separate signal and idler branches away from degeneracy. The root cause of this

instability was determined to be dispersion - the dependency of refractive index on

frequency.
In chapter 6, the issue of dispersion within the OPO-FCG cavity and methods for

compensation were explored. Dispersion affects both the OPO and FCG in negative
and separate ways. In the case of the OPO the combination of dispersion and the dual
resonance of signal and idler cause erratic tuning behaviour. This is due to the change
in longitudinal mode spacing that results from the frequency dependence of the
refractive index. Consequently, a slight perturbation to the OPO cavity due to, for

example, vibrations or thermal effects can cause it to hop between widely separated

signal and idler mode pairs. Computer modelling of spectral behaviour of the OPO as

the cavity length was changed showed a cluster hop occurring between degeneracy
and wavelengths that closely matched the observed signal and idler positions after the

frequency comb had reverted to separate branches. With further calculation the

change in mode spacing across the entire comb bandwidth was found to be 100 kHz.
This fitted with the previously observed range of modulation frequencies over which
comb generation occurred. In the case of FCG, dispersion results in a gradual
mismatch between cavity modes and the sidebands generated by the modulator.

Eventually, the mismatch becomes so great that the power transferred into the cavity
mode from the sideband is too small for it to oscillate above threshold. At this point
the frequency comb is cut off.

Compensation for the positive dispersion within an optical cavity can be achieved by
a number of methods. The most common involve the use of materials that exhibit a

natural negative dispersion at the wavelengths of interest (fused silica blocks or

prisms) or special multilayer optical coatings. For this project, the latter was chosen as

only it could give the correct dispersion gradient across the comb bandwidth to

provide adequate compensation.
The compensation of dispersion in the OPO-FCG resonator was expected to both

improve the stability and increase the width of the generated frequency comb. Chapter
7 described the final set of experiments in which a dispersion compensation scheme
was implemented. A special mount was designed to produce multiple bounces
between a pair of chirped mirrors and the signal/idler cavity redesigned to incorporate
both the mount and the modulator. Before attempting comb generation, an initial
characterisation showed significant differences between the compensated and

207



8. Conclusions & FurtherWork

uncompensated OPO. In the compensated case, the OPO was observed to switch off

completely for certain periods during the duration of a cavity scan. These 'off periods
increased in length as the level of negative dispersion was increased. This could only
be explained by the fact that the spacing between cavity modes was equalising,

suggesting that the compensation scheme was having the desired effect. Calculations
showed that the change in mode spacing across the comb bandwidth had decreased to

around 11 kHz. Spectrally, the OPO was observed to operate at near-degenerate signal
and idler, close to 1600nm, with no sign of cluster hopping.
With two -550fs2 chirped mirrors in a 6-bounce mount, providing close to perfect

compensation, a modulation depth of 0.5 rad and modulation frequency around 515
MHz was used to generate a frequency comb spanning 70nm. This corresponded to

the simultaneous oscillation of nearly 16000 modes and an increase of 20nm over the

uncompensated case. The modulation bandwidth for comb generation was found to be

only +/-10 kHz and negligible noise was observed on the RF spectrum of the
fundamental beat frequency.
In the final set of experiments, the dispersion compensated frequency comb was

heterodyned with the output from a narrow linewidth DBR laser operating at

1609.5nm. The resulting RF spectrum showed two beat frequencies, with spectral
widths of 13.5 MHz, corresponding to a mixing between the DBR frequency and the
two closest modes within the frequency comb. This proved conclusively that the
observed frequency comb with dispersion compensation consisted of a series of

phase-locked, narrow linewidth frequencies.

8.2) Further Work

The directions in which this project can next be taken all relate in some way to the

potential applications for optical communications. Three such examples of further
work are given here. The first two are certainly applications orientated, whilst the last
offers some interesting theoretical insights that may well lead to further applications.
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a) Laser Diode Pumping

One of the original aims of this project was to develop a device capable of being

pumped by a single-mode laser diode. With the optimisation experiments in chapter 4

showing that this is feasible and the results of chapter 5 showing that comb generation
can be achieved at the optimum pumping level (albeit in the uncompensated case and
not without difficulty), the next logical step is to switch to a laser diode pump source

from the Argon Ion-Ti:S chain.
To ensure that the output from the laser diode is correctly coupled into the pump

enhancement cavity to give the required beam waist in the nonlinear crystal, a number
of beam-shaping and focussing optics will be required. Beam-shaping is needed to

convert the elliptical diode beam into a circular TEMOO mode. However, there are

now a number of diodes on the market that have built in beam-shaping optics (see for

example [2]). Such diodes can be purchased at the required pump powers, which
therefore leaves the focussing optics. Determining the required optics should simply
be a matter of obtaining the divergence of the circularised diode output and then using

any one of a number of procedures [3-5] to match it into the beam waist in the
nonlinear crystal.
One potential issue here lies with the dispersion compensation. All frequency comb

generation experiments in this case were performed at the maximum pump power and
it is therefore unknown whether the results of chapter 7 will be repeatable at lower

pump powers. Additionally, no optimisation of the dispersion compensated FCG has
been performed. The doubling of the threshold suggests that the optimum pumping
level is likely to have changed from that obtained in chapter 4. It would therefore
seem appropriate to repeat the optimisation experiments for the FCG cavity with

dispersion compensation before diode pumping is attempted.

b) Redesign of Dispersion Compensated FCG

It is clear that the frequency comb generator, in its present form, cannot be integrated
with current telecommunications system, even with a laser diode as a pump source.

The biggest issues here are the size and stability of the current device. It is still a

proof-of-principle experiment and is built from individual components that can be
moved and adjusted independently. Whilst this is useful from an experimental point of
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view, it means that the device is particularly prone to thermal variations, air currents
and mechanical vibrations, all of which can introduce instabilities.

As a result, the first step in redesigning the frequency comb generator towards an

application-orientated system would be to move towards a monolithic design, where a

single block is used to hold all of the cavity components and the pump source in the
correct position. Such a device would be less susceptible to mechanical and thermal

changes. Additionally, it could easily be sealed to remove problematic air currents.

Any new design should also look to miniaturise the entire set-up. This would require

tighter focussing by the intra-cavity mirrors and lenses, but should be achievable

using the same methods as were employed in chapter 4.
In the current system, the largest single component is the EOM. Due to the fact that it
utilises a resonant microwave cavity to create the electric field required for phase

modulation, the size of the modulator is determined by the resonant modulation

frequency. This in turn, is dependent on the length of the FCG cavity. Fortunately, the
size of such modulators scales in the right way. As the modulation frequency

increases, the size of the resonant cavity and the EOM itself decrease. An increase in
modulation frequency corresponds to a decrease in cavity length. Therefore, as the
FCG gets smaller, the size of the required EOM will also decrease.
From the aspect of telecommunications, a redesign of the FCG is important for a

number of reasons. The reduction in size and improvement in stability will lead to a

device that can be better integrated with current telecommunications technology.

Additionally, the increase in modulation frequency resulting from the decrease in

cavity length will produce a comb with a larger separation between modes. For a

DWDM system this is essential, since the current mode spacing of -520 MHz is far
too small to provide a series of separate optical channels for communications. In fact,
the currently specified channel spacing is almost two orders of magnitude greater at

25 GHz. This would require a cavity length approximately 50 times smaller, but does
raise the possibility of modulating at multiples of the cavity FSR. For instance, a

cavity with a FSR of 2.5 GHz (only around 5 times smaller than at present) could be
modulated at 10 times the mode spacing to give the required 25 GHz. The question
here is whether the FCG would generate a single comb of frequencies with mode

spacing equal to 25 GHz or 10 independent combs, each with the 25 GHz spacing but

combining to oscillate at all the cavity modes. This is another potential avenue of
future work, which could be explored during the redesign of the FCG.
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c) Temporal Behaviour of Dispersion Compensated FCG

One particularly interesting issue that arises from the results of chapters 5 - 7 is the

temporal behaviour of the output from the FCG. There are two possible regimes to

consider here and both are analogous to the regions of operation of the FM laser
before and after a phase transition (see chapter 2, section 2.5). The first possible mode
of temporal operation is frequency modulation. In this case, the FCG output is a

continuous wave that periodically sweeps across the entire range of frequencies within
the comb bandwidth. The rate of this sweep is simply given by the modulation

frequency and is therefore equal to the cavity FSR. The other possible temporal

regime consists of a phase-locked operation. This situation is comparable to mode-

locking in ultrafast laser systems, with the output from the FCG comprising a series of
short optical pulses. The duration of an individual pulse is given by the inverse of the
comb width, as with an FM laser, and the pulse repetition rate is equal to the cavity
FSR.

In the context of telecommunications, the temporal operation of the FCG is an

important factor when considering possible applications. For instance, a FCG

providing a frequency modulated CW output offers a significant advantage in terms of

optical damage. The continuing drive to transmit larger volumes of data requires
sources with extremely large spectral widths. In the case of the pulsed systems that are

currently used, this requires a very short pulse due to the inverse relationship between

pulse duration and bandwidth. Associated with such short pulses is a large peak

power, which can often approach the optical damage threshold of the various

components within a communications network. On the other hand, a FCG operating in
the frequency modulated regime can provide a spectrum of a similar width, but with
CW powers that are orders of magnitude less than the peak power of a pulsed system.

Hence, optical damage is no longer a problem.
Should the FCG operate in the phase-locked regime instead, the wide comb
bandwidths that were observed in chapter 7 suggest the possibility of producing very

short pulses. Taking the dispersion-compensated comb width of 8.2 THz and inverting

gives an approximate transform-limited pulse duration of 120fs, which is comparable
to the pulses obtained from the latest compact femtosecond lasers [6, 7]. Such lasers
have recently been demonstrated as a WDM source, offering a total capacity of 1.36
Tb/s [8], This highlights the application of a phase-locked FCG as a compact source
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for optical communications. With improvements to the system design and dispersion

compensation a further increase to the comb width can be expected, potentially

offering shorter pulse widths and greater data transfer rates.
An interesting question now arises as to whether a pulsed output is an efficient mode
of operation for the OPO, regardless of the comb generation particulars. The key issue
lies with the fact that the pump is CW, whilst the signal and idler consists of a pulse

circulating within the cavity. In an OPO with a single or double pass pump, such as

the one used by Diddams [1], the pump will only be depleted in the short amount of
time that it takes for the signal/idler pulse to pass through the nonlinear crystal. Since
in the parametric process there is no equivalent to the upper state lifetime and hence
no pump storage mechanism, most of the pump energy will be wasted. This implies
that pulsed output with a CW pump is not an efficient process. However, now

consider the case of the pump enhanced OPO, as utilised by the frequency comb

generator described in this thesis. Here, there is a mechanism for pump storage via the

circulating field within the pump cavity. The lifetime of this storage mechanism
would be comparatively short, being determined by the photon lifetime within the
resonant cavity. Nevertheless, the ability to store pump energy for 10 - 20 round trips
of the cavity suggests that a pulsed signal and idler might be a favourable mode of

operation. Therefore, it seems that mode-locked operation is much more likely in an

OPO-FCG system that employs pump enhancement.
Given the previous comparisons between comb generation and FM lasers, it seems

prudent to see if the equations and parameters relating to the latter can be applied to

the FCG results of chapter 7. Recalling chapter 2, section 2.5, the most important

parameter is the modulation index of FM oscillation and is given by:

r = -^L (8.1)
n Av

Given that the modulation range over which comb generation occurred was around

10kHz, an upper limit of 5kHz can be placed on Av, the detuning of the modulation

frequency from the cavity FSR. This results in a value of roughly 16300 for the
modulation index of the comb generation process. Bearing in mind that T is also a

good approximation to the number of modes under the comb envelope, the calculated
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value is in good agreement with the number of modes determined experimentally.
From r, the spectral width of FM oscillation can be calculated using:

AvFsw=2rfm (8.2)

When applied to the comb generation results, equation (8.2) gives a bandwidth that is
twice the observed value. The factor of 2 suggests that there is more to this than

simply calculation and experimental errors. Quite possibly, it highlights some of the
differences between FM lasers and OPO-FCG that were mentioned in chapter 2.
Further experimentation, at different modulation depths and frequency detunings, will
be required to reach a definitive conclusion.
In terms of pulsed operation, there are two FM laser systems in particular that are

comparable to the OPO-FCG described in this thesis, one based on a dye laser and the
other on a T:S oscillator [9, 10]. To find the closest match, it is necessary to compare

the storage times for the pump energy. The upper state lifetimes of both Ti:S and dye
based compounds are well documented as 3.2|a.s and 2 - 5ns respectively [11]. In the
case of the OPO-FCG, storage time is given by the photon lifetime in the pump

cavity. This can be calculated using equation (8.3) below:

Here, L is the optical length of the pump cavity and b is the total loss per round trip,

including input coupling and parasitic. Using the loss figures calculated in chapter 4,
section 4.6, the photon lifetime comes to around 3ns. Hence, the FM dye laser is the
closest comparison to the OPO-FCG in terms of pump storage time.
Pulsed operation was observed in the FM dye laser for a detuning between modulation

frequency and cavity FSR of <100 kHz. For the dispersion compensated FCG, the
maximum allowed detuning given in chapter 7, section 7.4, was 10 kHz, well within
this range. If the similarities between FM lasers and frequency comb generation hold,
this implies that the dispersion compensated FCG was operating in the phase-locked

regime. To determine if this is the case, a simple experiment is planned. The fast

photodiode used to detect beat frequencies should have a sufficient detection
bandwidth to observe a pulsed output at a repetition rate of -515 MHz, should it exist.
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A sufficiently fast spectrum analyser will also be required to display the signal from
the photodiode and attempts are currently underway to acquire such a device. Once in

place, this experiment should provide some definitive answers as to the temporal
behaviour of the dispersion compensated FCG.

8.3) Concluding Remarks

This project described in this thesis has proved a success in many ways. Frequency
comb generation has been achieved in a pump-enhanced OPO, with an optimum

pumping level accessible to single-mode diode lasers. This paves the way for a

compact and efficient system, suitable for telecoms applications. Additionally, a large
volume of theory has been developed and explored, leading to a greater understanding
of the comb generation process and operation of the OPO. Finally, the implementation
of dispersion compensation, whilst not considered at the inception of the project, has

provided a wealth of information as well as fulfilling its intended aims. It has led to

the development of novel cavity designs and alignment techniques, shown a new

operating regime for the OPO and significantly extended the width of the frequency
comb. It is hoped that the results and conclusions herein can lead to further

development of the device and the fulfilment of its potential in the field of optical
communications.
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Appendix II: Derivation ofOptimisation

Equations for PE-SRO

This appendix serves to provide the derivation of the optimisation equations
for a PE-SRO, referred to in chapter 3, section 3.4 as equations (3.28) - (3.31). A
schematic of a PE-SRO is shown in figure 1 below.

Ml M2

Figure 1 - Schematic of a PE-SRO

In the above diagram, the nonlinear crystal is situated in a two-mirror cavity. Mirror

Ml, with reflectivity, Ri, and transmission, Tj, serves as an input coupler for the
incident pump wave, whose power is Po. M2 has reflectivity, R, and the nonlinear

crystal has two effective pump transmissions. The first, T, is due to parasitic losses
such as scattering and absorption, whilst the second, Topo, is due to the nonlinear loss
associated with parametric downconversion. By combining M2 and the nonlinear

crystal, an effective reflectivity can be defined as

RMTT^r)(i)

The circulating power, Pc, can be obtained by summing the electric fields after
consecutive round trips of the cavity. The method is virtually identical to that used in

chapter 3, section 3.3 to derive an expression for the pump enhancement factor. Once
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the total electric field has been found, the expression is squared to give the circulating

power or intensity i.e.
TP

PC=T .' ° -i2 (2)

Note the similarity between the above equation and equation (3.14) from chapter 3.
The main differences are the replacement of Rc with Rm to account for losses at the

pump due to downconversion and the assumption that the cavity in figure 1 is on

resonance. Note that the above expression also assumes that the circulating power

throughout the cavity is constant. This was also one of the main issues in chapter 3,
section 3.4, when determining whether the equations derived in this appendix could
be applied to a PE-DRO.
At and above OPO threshold, the gain for the downconverted waves is equal to the
internal cavity loss. This means that the circulating pump power is clamped to its
threshold value i.e. Pc — Plh. For a fixed input pump power, the downconverted power

is simply equal to the reduction in circulating pump power due to the nonlinear loss,

PDC=(1-Topo)P,„ (3)

Using equation (3) to substitute for Topo in equations (1) and (2), the following
expression for the downconverted power can be obtained:

1 DC [-(R^RT)'1 (4)

If it is assumed that Ml is perfect and exhibits no absorption at the pump (i.e. Ri + Ti
= 1), then equation (4) can be differentiated with respect to Ti to find the optimum
transmission for Ml. This gives the optimum input coupling condition,

p
rj~1opt _ J o (5)
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Note that this expression also results from setting Rm = Ri in equation (2), the
condition for zero back-reflection derived in chapter 3, section 3.3. Hence, the
condition of optimum input coupling corresponds to an impedance matched pump

cavity.

Substituting for Ti in equation (4) produces an expression for the downconverted

power produced under the optimum input coupling condition.

Therefore, to obtain the optimum downconverted power in a PE-SRO, the
transmission of the pump input mirror should be set as close as possible to the ratio of
the input pump power and the threshold power.

If there were no parasitic loss experienced by the pump, either via transmission at M2
or linear losses on transmission through the crystal, the product RT would equal 1. In
this case, equation (6) above would reduce to:

Equation (7) shows that, in the absence of parasitic losses and under optimum input

coupling conditions for the pump, the downconverted power becomes equal to the

input pump power. In other words, the PE-SRO exhibits 100% conversion efficiency
between the pump and downconverted waves.

Since it is generally difficult to achieve the exact input mirror transmission
determined by equation (5) for a fixed input pump power, a more common procedure
is to find the optimum pump power for a certain level of input coupling. This will
occur when the pump cavity is impedance matched and the back-reflected pump

power is at or very close to zero. In figure 1, the back-reflection is represented by Pr,
which can be obtained in a similar way to Pc (see method in chapter 3, section 3.3):

(6)

pop1 _ p
DC 0 (7)

(8)
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This equation confirms that the condition for zero back-reflection and impedance

matching is Rt-Rm, as discussed previously.

From the preceding derivations, the important equations in the context of PE-SRO

optimisation are (2), (3), (4) and (8). Additionally, equations (5) and (6) show that
100% downconversion efficiency is possible under optimum conditions.
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Appendix III: MathCAD Programs

In this appendix, listings are given for the MathCAD programs used for various

modelling purposes within this thesis.

111.1 — Used to model phasematch bandwidths for LiNbC>3 and MgO:LiNb03 in

chapter 4, section 4.1.

Phasematch Bandwidth for PPLN

Calculates phasematching bandwidth for PPLN using programmed numerical method and
based upon our requirements
OPO Equations

Xp := 0.8 pump wavelength ( |im), assumed constant

x := 0,1.. 850 scaling parameter

T := 192.5 crystal temp. ( °C)

1 := 20000 crystal length ( p.m)

Xs •=
x + 950

1000

Xs - Xp

variable signal wavelength (0.95 -1.6 pm) i.e
from degeneracy to transparency limit of idler

idler wavelength ( ^m), depends on signal due to energy conservation

Sellmeier coefficients for LN

al := 5.35583

a2 := 0.100473

a3 := 0.20692

a4 := 100

a5 := 11.34927

a6 := 1.5334-10" 2

bl := 4.629-10"7

b2 := 3.862-10" 8

b3 := -0.89-10" 8

b4 := 2.657-10"5

f := (T - 24.5)-(T + 570.82) temperature parameter

n(x) := al + bl-f +
a2 + b2-f a4 + b4-f

X2 - (a3 + b3-f)2 X2-a52
a6-X

temperature dependant
Sellmeier equation for
refractive index
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Frequency Conversion

c := 299792458 speed of light (m/s)

>(*):=■
10 6-X

conversion from wavelength to frequency

Avpm(AApm, A.) :=—-—AApm conversion from wavelength bandwidth to frequency
bandwidth with correct SI units10~V

Tuning with Grating Period

.a f n(Ap) n(As) n(fo) 1a^as , aij : ^ ^ w j grating period required for perfect phasematching

idlerx 0 := Ai(^sx) idler wavelengths corresponding to signal wavelengths via energy
conservation of pump

Gratingx o := A(Asx,idlerx>0) grating periods

Grating Period for Perfect Phasematching

Grating Period (microns)
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Numerical Evaluation of PMB

AApm(Ap,As,Ai) := tol <- 0.00001 minimum tolerable difference between Ak and rfL

step <-0.01 step size for changing AS

Aperf •
n(Ap) n(As) n(Ai)
Ap

grating period required for perfect
phasematching at AsAs Ai

Acent <- As AS is centre wavelength ofphasematching curve
^ n(Ap) n(As) n(Ai) 1Ak ^— 2-7C-

Ap As Ai Aperf

diff <-

dir

f - |Ak|
it

1

diff

phase mismatch
calculated
for grating period which
perfectly phasematches AP

| diff |
while | diff| > tol

As <— As - step if As < 1.6

As <— As + step otherwise

As-Ap

determines how close calculated Ak is to n/L limit

determines whetherAk is above or below jj/L limit

Ai

whilst difference between Ak and n/L is
greater than the tolerance level,
decreases AP by step size (unless above
degeneracy), calculates corresponding
Ai and hence determines new Ak

As-Ap

Ak <- 2-jt-
n(Ap) n(As) n(Ai)
Ap As Ai Aperf

diff.
f - IAk|

it

I

newdir
diff

if Ak has gone past rfL, step size is halved and
signal is increased or decreased accordingly,
allowing the program to iterate Ak around rfL
until it is within the tolerance limit

|diff |
step (-0.5) if newdir * dirstep

dir <— newdir

Awidth <- As sets wavelength at half width to be AP at which Ak = r/L
pmb <- 2-1 Acent - Awidth | fu" bandwidth is twice the width from the

centre wavelength to the wavelength at which
Pmb Ak= JL

NOTE: Need to decrease As initially, otherwise obtain very large bandwidth just before
degeneracy . This is due to the fact that, close to degeneracy, the phasematching curves of
the signal and idler overlap. At a certain signal wavelength, the overlap point will have Ak >
7t/L and hence the program will continue on to the idler phasematch curve until it finds
Ak = 7c/L. This produces a false value for the bandwidth which is significantly larger than
at degeneracy . By decreasing As, the program moves in the opposite direction to the
overlap point and reachesAk = tc/L on the signal phasematch curve. This situation is
reversedabove degeneracy and therefore need to increase As above 1600nm.
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Wavelength Bandwidth

Bandwidthx _ 0 := AApm(Ap, Asx, idlerx 0) phasematching bandwidth for each \s

Numerical PMB

Signal Wavelength (microns)

Frequency Bandwidth

Bandwidth* ] := Avpm(BandwidthXj0, Asx) phasematching bandwidth for each Xs

Numerical PMB for LN

Signal Wavelength (microns)
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111.2 — Used to calculate enhancement factors and associated internal losses for a

pump enhancement cavity. Based on method described in chapter 3, section 3.3 and
utilised in chapter 4, section 4.6.

Pump Enhancement
Calculates intra-cavity loss and pump enhancement factor given fraction of back-reflected
power. Also calculates loss independently from FWHM of back-reflection. Cavity
transmission and reflectivity as a function of single-pass phase shift are displayed
graphically. Full derivations of all relevant formulae can be found in notes by MBS.

Cavity Variables

Blank variables should be entered by user

Ti := ■ Power transmission of input coupler

ri := i _ji Power reflectivity of input coupler (assumes negligible absorption/scattering
losses)

T2 := i Power transmission of output coupler

R2 := 1 - T2 Power reflectivity of output coupler (same assumption)

Maximums ■ Number of oscilloscope scale divisions
from ground to maximum back-reflection

Dip := i Number of oscilloscope scale divisions from
ground to bottom of dip in back-reflection

mjnR := ! Dip Fraction of back-reflected power at resonance
Maximum

FSr ;= | No. of oscilloscope scale divisions between identical peaks in
back-reflection

Width := ■ Width of back-reflection peak at half minimum value

Fwhm = Wldth'7C Full Width at Half Minimum of back-reflection in radians
FSR

Po := ■ Input power (W)

Set to 1 if under-coupled (i.e. input coupling less than internal loss)
Coupling := i get t0 0 jj over-coupled (i.e. input coupling greater than internal loss)

i-=0 1 3600 <j>. •=——i Variable single-pass phase shift1
1800
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Internal Loss from Dip in Back-Reflection

A := minR Rl-R2 - R2

B := 2 VRlVR2- minR-2-/Rl yfR2
C := minR - R1

First, calculate eA-2« (represented by x) using
standard quadratic formula. This comes from
rearranging the equation for cavity reflectivity at
resonance (see notes).

x:= if „ , -B + JB2-4AC
Coupling = 1,

-b-jb2-
-\

4-A-C

V 2-A 2-A

Calculates internal
loss depending on
coupling condition

a := ■
-ln(x) Intra-cavity single-pass amplitude loss

PowerLoss := 2a
|PowerLoss = i

Intra-cavity single-pass power loss
(i.e. loss due to scattering, absorption
and off-axis reflection).

Internal Loss from FWHM of Back-Reflection

Provides a check for value calculated previously. Method is similar to that above, again
utilising the quadratic formula (see notes for full derivation).

1
a := b := cos (FWHM)-2 yJW\yjR2

2

-b + Jb2 - 4-a-c
y := *

2a
PowerLoss2 := ln(y)

PowerLoss2 = i

Cavity Transmission

Same as PowerLoss above, but
calculated using FWHM of
back-reflection. Small differences likely
due to error in measurement of FWHM.

Trans(<t>) := ■
T1-T2

e2a + Rl R2 e 2a - 2 >/Ri-/R2 cos(2<F)

CavTj := Trans (<!>[)

Function for cavity transmission
(i.e. transmission through output
coupler). Derived using standard
method for Fabry Perot cavities
(see notes).

226



Appendix III: MathCAD Programs

Cavity Transmission

2
H

Single-Pass Phase Shift

Cavity Reflectivity

Refl(<f>) - R1 + R2e 4° ~ 2->/rI-/R2e 2KX-cos(2d>)
1 + RlR2e~4 a - 2-/R~l-/R2e~2acos(2<I>)

CavRj := Refl(<J>j)

Cavity Reflectivity

Function for cavity reflectivity
(i.e. reflection from input
coupler). Again, standard
derivation for Fabry-Perot
cavities was used (see notes).

Single-Pass Phase Shift
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Enhancement Factor

EF :=
T1

_____

e2a + Rl-R2-e~2a - 2y[itl y[R2

Pump enhancement factor •

ratio of circulating power
inside cavity to power
incident on input coupler.

Pcirc := EF-Po Power circulating in cavity (W) |Pcii

Pout := Pcirc-T2 Power transmitted through cavity (W)

111.3 — Used to model the spectral behaviour of the OPO-FCG and determine

oscillating mode pairs in chapter 6, section 6.2.

Cavity Modes
Calculates position of all modes within a specified badnwidth for OPO-FCG cavity, taking
into account dispersion in nonlinear and EOM crystals. Determines which mode pairs will
oscillate and how this changes with cavity length detuning.

Constants

c := 299792458 speed of light in vacuo (m/s)

Sellmeier Data

at := 5.35583

a2 := 0.100473

a3 := 0.20692

a4 := 100 Sellmeier coefficients for LN

a5 := 11.34927

a6 := 1.5334-10" 2

bl := 4.629-10"7

b2 := 3.862-10" 8

b3 := -0.89-10" 8

b4 := 2.657-10" 5

f(T) := (T - 24.5) (T + 570.82) temperature parameter

Bl := 0.6961663

B2 := 0.4079426

B3 := 0.8974794

At := 0.0684043

A2 := 0.1162414

A3 := 9.896161

Sellmeier
coefficients
for fused silica
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n(X,T) :=
. , , r,™ a2 + b2-f(T) a4 + b4f(T) ,2al + bl f(T) + — + — - a6X

X2 - (a3 + b3 f(T))2 X,2 - a52

1 temperature
2 dependant Sellmeier

equation for refractive
index of LN (X in pm)

nlens(x) := 1 +
B1 B2 B3

al2 f 1 1 > A22 f 1 -| A32- f 1 1 ^I Al2 x2J v A22 x2J a A32 x2J

2 Sellmeier

equation for
refractive index
of fused silica

(X in pm)

nl(v ,t) :=n| 106—,t j allows Sellmeier equation for LN to be used with frequency rather
v J than wavelength

, s. ( 6 c~\ allows Sellmeier equation for fused silica to be used with
n ensUvj =nlens| 10 — I frequency rather than wavelength

n2(co,T). n 1 [ 2^-TJ allows Sellmeier equation for LN to be used with angular frequency

nlens2(co) :=nlensl —

Ut.
allows Sellmeier equation for fused silica to be used with angular
frequency

Equations & Conversions

v(x) := — X(v) := — conversions between frequency and wavelength
X v

vi(vp.vs) :=vp -vs idler frequency defined by energy conservation

Ak(vp,vs,T, a) := 2n
vpnl(vp,T) vsnl(vs,T) vi(vp,vs)nl(vi(vp,vs),T)

phase
1 ^ mis¬

match
a

Free spectral range for signal modes

FSRs(vs,TNL>TEQM>Lcav,Lcrys) :=- (n1 (vs,tnl) - + (nl(vs,teom) -
+ [(nlensl(vs) - l)-0.004+ Lcav]

+ 1

Free spectral range for idler modes

FSRi(vs,vp,Tnl,Teom,Lcav,Lcrys) := ■ + 1(nl(vi(vp,vs),TNL) - ljLcrys
(nl(vi(vp,vs),TE0M) - l)Lcrys + 1
(nlensl(vi(vp,vs)) - l)-0.004+ Lcav
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Input Data

-9
vp : v(Xp) pump wavelength & frequency
9

vcentre := (v(\;entre)) centre frequency set to degeneracy
AL = 5 x 10-8 cavity length detuning

Xp s 800-10

Centre - 160&10~

Corresponding change in mode frequency

Av (v • TNL•TEOM •Lcav • ,AL) := (nt(v .TNL) - + (nl(v >TEOM) " + ' -
+ [(nlensl (v) - l)o.004 + Lcav]

Lcav = 0.1997 length of cavity

Lcrys = 0.02 length of crystals in cavity

Tnl-HO

teom = 25

temperature of nonlinear crystal

temperature of EOM crystal

A = 19.6-10~6 poling period of nonlinear crystal for QPM

Bandwidth = 7-1012 bandwidth over which model runs

Position Of Modes

In this section, the position of all signal and idler modes over the specified bandwidth is
calculated, using the centre frequency as a reference point.

modes := sets mode number to 0 initially

sets first signal and idler modes
equal to centre frequency

•AL

vs m+l

^dm+l <

vsm + fsrs,

vim fsrim

m <— 0

vso vcentre

vi0 v centre

fsrs0 <- FSRs(vs0,TNL,TEOM,Lcav,Lcrys) se(s fjrst psR for sjgna| and id|er

fsrio <- FSRi(vio,vp,TNL,TEOM,Lcav .Lcrys) eclual ,0 FSR at centre frequency
diff <r- 0 sets difference between current signal and idler
while diff < Bandwidth frequencies equal to zero initially

whilst difference between
current signal and idler modes
is less than user specified

r CCD L, T T I I ^ bandwidth, adds/subtractsfsrs m+1 <- FSRs(vsm+1,TNL,TEOM,lxav .Ixrys) correspondjng FSR t0 obtain
fsrim+i <- FSRi(vsm+I,vp,TNL,TEOM,Lcav,Lcrys) next signal/idler mode andv ' calculates next FSR
diff <— vsm+1 vim+i ca|cu|ates new difference between current signal and
m <- m + 1 idler modes and increases mode number by 1

for j e 0,1.. m
modes j.o <— j puts signal and idler
modes; , vs. + Av(vs:,TNI .TpQM, Lcav, Lcrys ,AL) rnodes into a single1 I J' NL EOM ) array to be outputted by
modes j 2 vij + Av(vij,Tfs[E,TjjQjyj,Lcav.Lcrys ,Al) program (note: 1 =

signal modes, 2 = idler
modes modes)
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Oscillating Mode Pair

In this section the oscillating mode pair is obtained by overlapping the signal and idler mode
combs to satisfy energy conservation and looking for the pair with the greatest overlap.

oscillating : m <— modes 1.0
start with first signal & idler mode pair

n <— modes i o

a «- 0

b <- 0

smallest_diff <— vp

for j e 1,2.. last(modes^)
a <— j - 20
a <- 1 if j - 20 < 1
b <- j + 20

b <— last(modes^) if (j + 20) > last(modes^)
for ke a., b

set smallest difference between pump
frequency and sum of signal & idler modes
equal to pump frequency initially

sets up range of idler modes over which current
signal mode is compared to find best overlap

overlap modesj, , + modesk>2 takes each mode Pair and sums their
frequencies, then calculates difference
between sum and pump frequency

if difference is less than smallest difference,
difference and mode numbers are stored

diff <— |vp - overlap |
if diff < smallest_diff

m <— modes j o

n <— modes k o

smallest_diff <— diff

oscillatingo o m

oscillatingQ , <- n outputs mode numbers, signal & idler frequencies
and difference between sum and pump frequency

oscillating0 2 <— modes m j for mode pair with greatest overlap (smallest
oscillating0j3 <— modes m 2 difference)
oscillatingo 4 smallest_diff

oscillating

oscillating = i

\(oscillating0 2) = i

A,(oscillating0 3) = i

last(modes^) = i

vp

v centre

X(oscillating0 3) - A.(oscillating0 2)
10,-9
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