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Abstract

Injection seeding in a Type | (& o + 0) singly resonant collinegBaB,0, optical pa-
rametric oscillator, pumped by the third harmorfi@ @-switched Nd:YAG laser, has been
achieved at the idler wavelength. The seed souaseandiode laser which was scanned over
19 GHz by an external cavity. The effects on thoslof changing output coupler, cavity

length and pump spotsize have been measured arphoedto a simple theoretical model.
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Chapter 1  Introduction

The field of nonlinear optics is of increasing innfamce in physics, chemistry and re-
cently even in industry. Many applications requiigét at parts of the spectrum where lasers
are not available. For instance, much recent istdras focused on blue light for communi-
cation and data storage. In some cases the ligstt afso be tunable and narrowband, as in
the case for spectroscopic applications.

Nonlinear optics arises from the nonlinearity & thduced polarization in materials.
Under certain conditions, nonlinear crystals camged to transfer energy from one wave-
length to another. For instance frequency doultitygtals can take infrared light and halve
the wavelength to produce blue light. In futures timight be used in CD playétsrather
than developing semiconductor lasers that diresstijt blue light.

Optical parametric oscillation is more complex tis@ocond-harmonic generation be-
cause it involves a resonating cavity around thdinear crystal and results in the genera-
tion of two beams at different wavelengths. Usirigannique called phase matching, the
wavelength of these two beams can be varied. $mpttwject, critical phase matching was
used, which allows a scan range of hundreds ofmatres to be readily obtained. The the-
ory of nonlinear optics andrcs is summarized in Chapter 2.

The effects of the nonlinear polarization are gelieonly observed using strong elec-
tric fields, which only became available with timeention of the laser. In 1961, barely a
year after Maiman reported the first ruby lasegnikenet al observed frequency doubling
from a ruby laser in quartZ. The effect was not very distinct because theerattion was
not phase matched.

The firstorowas demonstrated in 1965 by Giordmaine and Nflletho made their
cavity by vaporizing mirrors directly onto the erafsa lithium niobate (LINbG) crystal. It
was pumped by a Nd:CaWaser and their extremely short cavity meant atlawshold
energy. Further progress was hindered by the laskable, spatially and spectrally pure
pump lasers and the poor quality of the low dantageshold crystals. The nonlinear crystal
used in this project wg&barium borate, often writteBaB,0O, or /-BBO, and the third
harmonic of &Q-switched Nd:YAG was used as the pump source..Baas developed in
1985 by Cheret al and features a high damage threshold and a higlinear coefficient?
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The most significant problem withPcs at present is that their linewidth is inherently
broad® Special linewidth reduction techniques must belusallowopcs to reach their
full potential as tunable sources of coherent tamhaOne method of achieving this reduc-
tion is to introduce wavelength-selective elemenish as étalons into the cavity. Another is
to insert a dispersive element, such as a diffsaagrating or a prism, into the cavity’! In
a resonant cavity, only a narrow range of wavelengtill then be resonated effectively, the
others will be walked out of the cavity by dispersi

The limitations of these methods of narrowing thewidth are the accompanying cav-
ity length extensions and the risk of damage tdritra-cavity elements. Both increased
length and intra-cavity elements increasedhe threshold. An alternative method investi-
gated in this project is injection seeding, whene seeded mode depletes the pump beam
before the other modes have time to reach a sognifilevel. The seeded mode is supplied
with an initial intensity significantly above theigntum noise level in the crystal. The initial
gain experienced by the modes depends on the pothplease matching conditions and
after some time gain saturation sets in.

Seeding was first performed by Bjorkholm and Dan&yer, who seeded their ruby-
laser pumped, two-mirror lithium niobate (LiNB®Pousing a cw Nd:YAG laséf! Suc-
cessful seeding requires a suitably intense safriight which also matches the wave-
length selected by th@Po crystal and resonant cavity. Seeding has prewdestn per-
formed in BaBO, in our laboratory using a fixed wavelength gasilaehere th@pro
wavelength was matched to the seed by varyingpkiead cavity length. Fine control was
achieved by changing the temperature of the cr{tal

Fix and Wallenstein demonstrated that seeding needccur at the resonated wave-
length. Their seeding was equally successful uasidge laser at the resonant wavelength as
a Ti:Sapphire laser at the infrared non-resonaneleagth?’® This project focuses on the
use of a semiconductor laser diode to generatmftaged seed light, since these devices
are very cheap and stable and have a narrow batidwidey have the added advantage that
their output wavelength can be scanned, espedamtlgnjunction with an external cav-
ity.*112 This makes it easier to seed o since the seed can easily be matched to the
opowavelength rather thance versa.

Diode lasers have been used as seed lasepedsr but predominantly when using a
three-mirror ring cavity*® A ring cavity is often preferred because beamoahgtravel-
ling in one direction, so there are no back-reitew to the seed laser. Seeding in a ring cav-
ity has also been performed using a Ti:Sapphirer J5$

2
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Extensive work was carried out during this proetoptimizing a diode laser with opti-
cal feedback from a diffraction grating. Once thser system was operational with a scan
range comparable to the best reported literatureesat was used for injection seeding at
the idler wavelength. The results of the diode stahthe seeding experiments are pre-
sented in Chapter 4, after a summary of the equiponeed in the project in Chapter 5.

A variable-wavelength seed laser leads to the mitipo of scanned seeding, where the
opowavelength tracks the seed wavelength. Providedwb effects are kept in step, it is
possible to maintainPoseeding. A scanned, seedwbwould generate high-intensity
light with a linewidth comparable to that of th@de, making it a very attractive spectro-
scopic tool. In a ring cavity, the wavelength o ipocan be adjusted by moving one of

the mirrors™ but for this project temperature tuning was ernyésh

A parameter of particular importance when operatingrPois its threshold, i.e. the in-
put energy at which the oscillation commences. Aetg of numerical models is
available™ M3 byt for the purposes of unseeded operation thplsghand most success-
ful was published by Brosnan and Byer in 18¥3he authors found good agreement be-
tween their model and experiments performed omiassef LINbG; crystals. The second
part of this project investigated the effects afyuag pump spotsizeypPo cavity length and
output coupler on the oscillator threshold fluentiee values were compared to the simpli-

fied model of Brosnan and Byer, where a square poutge temporal profile is assumed.




Chapter 2 Theory

2.1 Lorentz Model

The classical Lorentz model of the atom treatseteetron as being tied to the nucleus
by a spring. In the absence of an electric fidid, fositive charges from the nuclei and the
negative charges from the electrons are distribittgaoduce a non-polarized solid. When
an electric fieldE is applied to the solid, the electron experieraésrentz forcd- given by

F=-eE,(1)
wheree s the charge of the electron, and this force radkie electron from its equilibrium
position by an displacement Although the nucleus is also charged, it is asithat only
the electron moves because the nuclear mass ificagily greater than the mass of the
electron. The displacement upsets the balancedehbstribution and introduces a polari-
zationP into the medium, given by

P =-Ner(2)
whereN is the number density of valence electrons irstiiel. The model assumes that the
spring between the electron and the nucleus obeg&éis law, so that when the electro-
static force from the field is balanced by the eisg force of the spring, the displacement
is directly proportional té&. Hence the polarization is also proportional ® ¢kectric field,
and the constant relating the two is called theegpiibility and denoteg. In S.1. unitsy is
scaled by, the permittivity of free space, to become a disi@nless quantity and we write

P = &xE.(3)

If we apply an oscillating electric field in therfo

E = Eqcosut (4)
to the medium, the model predicts that the elecis@tcelerated back and forth, so that it
emits an electric field at the same frequencymitht a phase lag due to the inertia of the
electron. The resultant electric field is the suinthe incident and the re-radiated fields, at
the same frequenaybut with a net phase lag.

The Lorentz model accounts for the refractive index

C

Vmedium

n=

by assuming that when the electric field travetsgla line of electrons, they form a phased

array of antennae such that the resultant fietéucelled by destructive interference in all

4
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but the forward direction. The overall phase lagwthe electric field wave emerges from

the solid accounts for the observation that itetavmore slowly in the medium than outside.

2.2 Nonlinearity

The linear model described above fails in certéimsions when effects that are usually
obscured become significant. In the present disoosthis leads to the field of nonlinear

optics.

2.2.1 Nonlinear Polarization

The assumption that the displacement of the eledtoom equilibrium is directly pro-
portional to the applied electric field is only iif the field strength is weak. If the applied
electric field strength becomes comparable torteratomic fields, then the relationship
between the polarization and the electric fieldadonger linear. We can extend equation

(3) as a Taylor series and whté

P = s(YE + ¥’E2+ Y E% + ..).(6)

In this equation, the notation for the linear sps$itdlity in equation (3) is changed from
xto ¥V in order to accommodagé®’ and ¥, the second and third-order nonlinear suscep-
tibilities. It should be noted thaf? and ¥ are not dimensionless likg", so calling them
susceptibilities can be somewhat misleading. Coutions from increasing order terms be-
come increasingly insignificant and terms highemtsecond order are almost always negli-
gible. In third-order nonlinear materials, the sst@rder effects are often suppressed be-
cause a crystal symmetry condition requjy€s= 0. This dissertation will neglect third or-
der terms and higher because they are insignificaBaB,O,4. Hence the polarization is

written as

P=a("E+X7E?). (7)
If an electric field with two distinct frequencieg and a» and amplitudeg&; andE; is
applied to a second-order nonlinear material, eg&?) yields a polarization containing
the terms
Poc = &X?(Ei* + E5Y)
Pharmonic= &X' (Ex1’cos2at + E;’COS2ut)

Psum = &Y (E1E2€0S(@ + a)t)
I:)differencez 50/%2)(E1EZCOS(CQ - @)t)

(8)
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as well as the fundamental frequency components fie linear polarization term. The DC
polarization is the basis for the electro-optieeff where an electric field is used to control
the optical properties of a material, while thegpiations at 2) and ¢ + ap) are used in
second-harmonic and sum-frequency generation régplec For instance, in the Nd:YAG
pump laser used for this project, one KD*P cryfdjuency-doubles the infrared generated
by the laser rods to green light. Another then coedbthis with the original light to pro-

duce ultraviolet at three times the fundamentajdency.

2.2.2 Three-wave Interaction
The sum and difference frequencies in equatioai@)f particular interest when dis-
cussingopcs. We consider the situation described, with figltkey and «y incident on the
material, and define a sum frequency
s =+ ap. (9)
ThroughPsym wavesaw anday give rise tows in the material, but since now = w; —

w, ax anday can interact and produca from thePgiterenceterm. Similarly,as andca can
generataw. This cyclic process is called the three-waverattgon. The waves with fre-
qguenciesw, a» and s are called the signal, the idler and the pumpeetsgely. For the
experiments discussed in this dissertation, theeaion adopted is that the pump is the
fixed wavelength ultraviolet Nd:YAG beam and thgnsil and idler beams are generated by
theopa The signal and idler wavelengths can be varietithere is no inherent difference
between the two except that one is resonated inatigy. The signal is the resonated, lower
wavelength visible light, while the idler is in thrared. Although an infinite number of
wavelength pairsdy, ap) can satisfy equation (9), in practice furthetesia must be satis-

fied before an effective three-wave mixing process occur.

2.2.3 Parametric Amplification

If only the pump and signal beams, i@.and a, are incident on a nonlinear crystal,
then the amplitude of the difference frequency pzdaion of equation (8) is proportional to
EiEs. Hence a significant amount af can be generated even if the signal intensityeiaky
provided that the pump has a high amplitude. Thepanda can then interact to generate
more of the signal, the net result being that thpldaude ofax grows. This is termed opti-

cal parametric amplification.
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Optical parametric oscillation is a modificationtbis, where only the pump is applied
to the material. The signal and idler beams aregged from the quantum noise inside the
medium and amplified by resonation in a cavity. Tibalinear material and the resonating
cavity together are called an optical parametraillasor oropo. Equation (9) can be re-
garded as a photon conservation equation: Forsgohl photon generated, an idler photon
is generated as well. Thus resonating either drdystgnal or only the idler is sufficient to
amplify both beams. A situation where only oneeisonated is termed singly resonant op-
eration 6RO to distinguish it from double resonance, denared. Theoroused in this
project was singly resonant.

An opoexhibits shot-to-shot jitter, where the outputdt constant between successive
pulses, because the signal and idler beams buiid eg@ch case from random noise. Injec-
tion seeding provides an initial intensity at teed wavelength which may be equal to ei-
ther the signal or the idler wavelendt.Provided that the seeded mode is near the centre
of the gain profile of therq it will be amplified and deplete the pump befotker modes
build to significant levels, thus reducing the lindth of the device. Seeding also reduces
the build-up time.

Since the pump beam has a significantly highensitg than the signal and idler beams,
the predominant flow of energy is from the pumph® signal and idler wavelengths, but
back-conversion can occur if the signal and ideairhs become sufficiently intense. In this
case it is possible for the depleted pump tempancile to have a series of oscillations due

to the repeated depletion and back-conversion psese

2.2.4 Coupled Rate Equations

For a more detailed analysis of the three-waveact®n in aropPg, the nonlinear po-
larization from equation (7) must be included a®arce term in Maxwell's equations. In

one dimension, this leads'®

d’E _ d2E+ d’P 10
o7 T HE G HHoge (10)

For simplicity, the interaction is restricted togh plane wave fields at frequencigsie-

scribed by

E(a) =Ee(KZ=dl) =1 2 3 (11
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Here thekE; are the complex amplitudes akd:= 2rv/A; are the wavenumbers of the signal,

idler and pump fields. The solution of equation)(lBads to the coupled differential equa-
tiond 128!

@dlZZ) + E; = @\/%50){2)5(2) Es(ge4kz
T2, e, = @\/%50)((2)51(2) ExQe 4k (12)
%Z) + a3 = 0)3.\/%50/% B (2)Ex(2)e 1Kz

which relate the amplitudes of the three fieldthiea medium. In equations (12), theare
the relative permittivities of the medium at frequiesw and theg; the corresponding ab-
sorption coefficients. Further,
Ak = ks —k; — ko (13)

is the mismatch between the pump, signal and idl@rctors. The physical interpretation of
Ak is that the interacting waves become out of plaeeach other, which means that ef-
fective coupling cannot be achieved unldks: 0.

Equations (12) can be solved analytically, butnfiast purposes a simplified expression
is adequate. The effects of anisotropy are intreduxefore an expression for the signal sin-
gle pass gain is derived in section 2.6.

2.3 Anisotropy

The refractive index of a medium is influenced b interaction between the atoms in
the medium, and it is possible for the refractiveeix to depend on the direction of the ap-
plied electric field. Materials which exhibit thiienomenon are called anisotropic.

Mathematically, the susceptibilities in Equatiohlfécome tensors, and adopting the

Einstein convention of summing over repeated irglige write
2
P = 50%11)Ej "')éjk)EjEk)- (14)
From equation (14) it is clear th}{ﬁ? is symmetric irj andk, so we can define a single in-
dex| to replace the permutationsjok and write)éf), wherel runs ovel =1, 2, ..., 6. This
reduces the number of independent componenpéjzbffrom 27 to 18, although in practice

many of the)éf) are zero.
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2.3.1 Uniaxial Crystals

In a uniaxial crystal, one of the crystallograpéies has a different refractive index to
the other two. This axis is labelled the optic aasl is defined as lying in tleedirection.

The refractive index for a polarization along thio axis is called the extraordinary refrac-
tive index,ne, to distinguish it from the refractive indices fowlarizations along the other
axes, which are called ordinary and denaigd

Any polarization vector can be resolved into congia parallel and perpendicular to
the optic axis, so a general polarization will agefractive index betwean andn.. A
beam whose polarization is perpendicular to theapts, i.e. a beam which sems is
termed an ordinary beam, while extraordinary bebave polarization components along
the optic axis.

Uniaxial crystals can be separated into two furtaegories, depending on the relative
magnitudes of, andne. If ne —n, > 0, the material is called positive, anahdf-n, < O it
belongs to the negative class. B@gis a negative uniaxial crystal.

In a biaxial crystal there are three different ele#eristic refractive indices and two mu-

tually orthogonal optic axes. These are outsidestiope of this dissertation.

2.3.2 Index Ellipsoid

The dependence afon the direction of polarization can be displaysihg the index el-

lipsoid ¥ also known as the optical indicatrix, as in Fig2se.

Opti f\AXI S Optic Axis
=]
Ne
X 6 >

Figure 2-1: Index Ellipsoid and Projection

If we consider a beam with a giverdirection, then its polarizatio must lie in the
plane perpendicular to. The intersection between this plane and the imdlgsoid is an
ellipse and gives the dependence oh the direction of polarization. For a given pa-
tion, the distance between this ellipse and thgirgrparallel to the polarization, is the re-

fractive index that the wave sees.
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For an extraordinary beam, the refractive indexedelgnce on angle can be calculated

using simple geometric arguments and is found to be

_ NoNe
ne) = \/n2co<6 + n%sinze(ls)

where@is the angle between the polarization and thec@pfis inside the crystal.

2.3.3 Poynting Vector Walkoff

The Poynting vector of an electromagnetic fieldjra as
S -iE x B, (16)
Ho ’

represents the direction of energy flow and is gedicular to the refractive index curvd.
Thus an extraordinary beam experiences Poyntingprvealk-off, whereS is not perpen-
dicular to the electric field wave fronts. Figur& 3hows the walk-off angle, which is de-
fined as the angle betwe&randk.

Optic Axis k

A S
Ng

Ne
Figure 2-2: Poynting Vector Walk-Off
Poynting vector walk-off places an upper limit &we useful crystal length, called the
walk-off length and denotdd. The parametric interaction cannot be supportedifiances
greater thamh, because the energy is no longer coupled from uinegpganto the signal and
idler beams. If the electric field radii of the pprand signal beams are denotedandw;

respectively, then the walk-off lengttis

| _ﬁ% W32+W12 (17)
w— 2 P W3~ + w2

2.4 Phase Matching

In order to generate a significant amount of comiglight at the signal and idler wave-
lengths, the three interacting waves must remagoirstant phase relationship throughout

the crystal. Due to normal dispersion, waves witteent wavelengths travel at different

10
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velocities through the medium, so this criterioi Wi general not be satisfied. For the pa-
rametric interaction to occur over an extendedardn the crystal, dispersion must be
compensated, which is equivalent to setting thes@lmaismatclAk in equation (13) to zero.

Generally the refractive index for a material fsiaction of the polarization and wave-
length of the light and the temperature of thetalyd he equations definingP, A, T) are
called the Sellmeier equations. It is possibledaieve phase matching by varying parame-
ters other than the wavelength. In critical phasgcting, the polarization and propagation
angles to the optic axis are varied, which leadanigle tuning, as discussed below. Non-
critical phase matching involves changes in tentpeeao compensate for the wavelength
dependence of.

2.4.1 Critical Phase Matching

In ouropPophase matching was achieved by making use ofrtiseteopy of BaBO,.
The pump was chosen to be an extraordinary beanitsaadgle relative to the optic axis
selected such that a particular signal and idlergya phase matched. The pump, signal and
idler wavelengths then satisfy

1.1 .1
Az~ A1 A
n@ _no , n,°
Az ~ A A

wheren(6) is the refractive index that the pump beam sElis. type of phase matching is
called Type I. Another way of achieving criticalgse matching in an anisotropic crystal is
called Type Il, where either the signal or thernidleam as well as the pump is extraordi-

nary.

2.4.2 Collinearity

In the general case, equation (13) is a vectotioelship, which means that the pump,
signal and idlek-vectors can satistgk =0 without necessarily being parallel. The two
situations shown in Figure 2-3 are called collinaad non-collinear respectivefy’

Throughout the course of the experiments presentdiihear phase matching was used.

kq ko ki, ko
——%>
K3 ~ Ks
Collinear Non-Collinear

Figure 2-3: Collinear and Non-Collinear Phase Matcing
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2.5 Nonlinear Coefficient

In practice, the nonlinear coefficieshis used rather thax®) in equation (7), where
x? =2d. Thusd is also a third-rank tensor contracted in the samgasy, so the nonlin-

ear polarization can be written in matrix form as

__ Ex2 —
2
P2 d11 di2 diz disa dis dis Eyz
Py(z) = 250 dgl d22 d23 d24 d25 d26 ZEZE 1(19)
Z
P, d31 d32 d33 d3s dzs dze ZEiEz
| 2EE,

although for real materials madit are zero. Nonetheless, equation (19) is cumbersome
use, so an effective nonlinear coefficiegtis calculated for each specific interaction. A
particular interaction refers to a defined orientabf the three interacting beams. For a
type | interaction in3-BaB,O4,1"

der = d31SiNG— d2c0Fsin3g (20)
Here @is the polar angthe azimuthal angle of the extraordinary beamnmaton to the

optic axis inside the medium. The effective nordineoefficient simplifies equation (19) to

P@ = 26d«E2 (21)

2.6 Single Pass Gain

By making suitable approximations, equations (¥2) loe solved for the small signal
single pass gain experienced by the signal beamalisumed that the pump beam depletion
is negligible, i.edEsy/dz = 0, that the absorption coefficients for the sicarad idler are
equal atn = a» = a and that the idler field is zero at the entranicéhe crystal. The signal
field at the end of a crystal of lendtis ther”

Ex(l) = Ex(0) € coshrL (22)

_X? |ww e
r=4c\/ g HE @3)

is the parametric gain coefficient and

L =Ilyerf (@ﬁ) (24)

where

12
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an effective gain length. Hetgis the walk-off length given in equation (17). Téreor
function approaches unity for large argumentshsontalk-off length is the effective gain
length for an infinitely long crystal. In equati@23),

2

W
0s =107 + w2 (25)

is the signal spatial mode coupling coefficientenehthew; are the field radii.

From equation (22) the single-pass power gain besom

Ex(l)|?
||E ((O))||2 = 20 coshrL, (26)

where/ has a local maximum ah = «, called degeneracy. Oscillation threshold is
reached when the single pass gain from equationef2&ctly balances the round-trip losses.
Measurements of the influenceafoparameters on threshold are discussed in Chapter 5

13



Chapter 3 Equipment

This chapter records the devices used for obserudgeollecting the data presented in
this dissertation. Since a substantial part ofttegect involved work on the diode laser, it is

included separately in section 4.1 below.

3.1 Optical Parametric Oscillator

Theorocomprised the nonlinear crystal and a plane-plasenant cavity shown in
Figure 3-1. Some of the mechanical supports haea beitted for clarity. This device was
first investigated in 1996 by Noah Russell who wemto study the effects of collinearity
and successfully performed injection seeding afj@a$ wavelength of 633 nm to narrow
the linewidtht”!

Beam Dump

Sgnal & Idler
Cavity Mirror

Pump BaBzo4 CrySal

Seering Mirror
] Mirror Mount
Mount Rails

Pump Beam

Tuning Micrometer Screw

Figure 3-1: OPO Cavity

3.1.1 BaB,O4 Crystal
The nonlinear crystal used in this project wasurarborate ~BaB,O, or BBO) with

dimensions 6 x 6 x 12 mm. The front and rear facsa® polished but uncoated since anti-
reflection coatings have a lower damage threshw@d BaBO, itself. The crystal was cut at
6= 33° andg= 90° with respect to the optic axis in order taximise the nonlinear coeffi-
cient. Table 3-1 summarizes crystal data obtainech the Handbook of nonlinear optical

crystalst”! Standard symbols are used throughout the dissertat
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Parameter Symbol Value
Nonlinear Coefficient et 2.02 pm/V
Damage Threshold Jitr 152 Jem?
Absorption Coefficient a 0.01 cm®
Walk-off Angle P 4.132°
%’ ~16.6x10° K™
Refractive Index Temperature Dependence
‘é—r}e —9.3x10°K™

Table 3-1: BaBO, Parameters

The effective nonlinear coefficiedts can be calculated from the tabulated values of
d22 = 2.3 pm/V andds; = 0.16 pm/V and equation (20). In the thresholdieliing below, a
range values fadg: of 1.7 to 2.6 pm/V reported by [18] was used.

The damage threshold is of particular importancefvious reasons. The parameter
given in [4] is the damage intensity, = 19 GWcm? for 1800 pulses at 355 nm, with each
pulse being 8 ns long, although recorded valudsrdifetween sources. For a Gaussian in-
tensity profile beam with a diameter of 2 mm thasresponds to an energy of around 2 J
per pulse. Since optical coatings often have darttageholds lower than this, pump ener-
gies used did not exceed 15 mJ per pulse for béameders below 5 mm. The damage
threshold scales as the square root of the putstn{#A!

The linear absorption coefficieatand walk-off anglgp are explained in sections 2.2.4
and 2.3.3 respectively, are used in the thresmestigation in Chapter 5 below. Both are
guoted for a signal wavelength of 532 nm.

The temperature dependence of the refractive irglexportant for predicting the be-
haviour of theopomodes as the temperature is changed, as desaribedtion 4.4.3. Since
the resonated signal is an ordinary beam, dn§{dT is of interest.

The Sellmeier equations for BgB, at 20 °C can be expressetflas

0.01878

2 _ 2

Ne’ = 2.7359 +7— oo~ 0.01354 o
- 0.01224 )

N = 2.3753 +57— oo e 0.015167,

where thel are inum. Sincedn/dT is small, the effect of the difference betweentqdand

operating temperatures is negligible. The firsegfiations (27) is plotted in Figure 3-2 for a
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range of signal and idler wavelengths. Both equatare used in the threshold study in
Chapter 5.

1.7
1.69 -
. 1.681
< 1.67-
1.66 -
1.65 . .
400 600 800 1000

A/ nm

Figure 3-2: Ordinary Refractive Index with Wavelengh

The BaBO, crystal was enclosed in a mount to preclude aotadelamage to the crys-
tal faces. To prevent water absorption, which calglgrade the optical quality of the crystal
and potentially cause laser damage, the crystahelalsat approximately 40 °C. When not
in use it was also kept in an atmosphere of nimogée micrometer screw shown in Figure
3-1 allowed the crystal mount to be accuratelyedrthrough small angles independently of
the rest of the cavity. Since these changes cahs@boto be phase matched for different

frequencies, it is termed the tuning micrometeewcr

3.1.2 Temperature Control

Since the temperature of the crystal determine@phieal cavity length and was used to
scan the cavity modes, it was important that thepterature be stabilized. To this end, a
thermistor and a heater were embedded into théatrysount and controlled by a feedback
system to maintain a constant temperature.

The thermistor was supplied with a constant curoéht= 101.4uA so that its tempera-
ture-dependent resistance could be converted mbdtage according t¥ = IR which was
displayed on a 6-digit digital voltmeter. The respe had been previously calibrated and the

temperaturd for a given resistande was found to obey

% = 1.13198x10 + 2.33459x1T InR + 9.10832x17 (InR)°>. (28)

The curve temperature @fas a function of measured voltagés shown in Figure 3-3.
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F 35
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Figure 3-3: OPO Temperature Curve

3.1.3 Resonant Cavity

The resonant cavity was formed by plane mirrorstaile Melles Griot Flexure mirror
mounts, which could be moved on the rails showFigre 3-1 to lengthen or shorten the
cavity. For normal operation, the cavity length whesen to be as short as possible, so that
the resonated signal had the maximum number ofdrdups during the pump pulse and
thus the highest overall gain.

Figure 3-1 also shows the positioning of the beampl Since it was possible for the
pump beam to pass through the cavity without egpeing depletion, for instance if the
crystal were misaligned, it had to be discardedteetheorPo output was subjected to any
diagnostic tests. For convenience, the beam dumsgkeat as close as possible to the output
coupler of the cavity. The mirror used to reflda pump into the beam dump was identical
to the other pump steering mirrors, since had ¢@ired high damage threshold and were

virtually transparent at the signal and idler waweiths.

3.1.4 Tuning Curve

One of the most attractive features ofcmois its extremely broad tuning range, as indi-
cated in Figure 3-#! For any angle of the pump beam to the optic axisrsections of the
appropriate line with the tuning curve give thesrdhnd signal wavelengths. The two curves
would meet at exactly half the pump wavelength poiat called degeneracy, but the cavity
mirror reflectivities did not support oscillatioryond about 700 nm.

The following page contains two photographs ofadheoperating at different wave-

lengths. The view is similar to that in Figure 3-1.
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Figure 3-4: OPO Tuning Curve

3.2 Pump Laser

The laser used to pump tbeowas an Nd:YAG Continuum Powerlite PL7000, fre-
guency-tripled to produce ultraviolet light at 363.nm. The laser was operated at 10 pulses
per second. The energy per pulse could be adjbstedanging th&-switch delay after the
onset of the flash lamp discharge. As explainesettion 3.1, pump energies were kept
substantially below the published damage threshofil@aB,O,.

The Nd:YAG oscillator was injection-seeded usirdj@e-pumped Nd:YAMISER Sys-
tem inside the Powerlite case to stabilize thedeegy of the output. This also had the ef-
fect of reducing the pulse width, because thegpdid not need to build up from spontane-
ous emission. The cavity length of the Nd:YAG lases adjusted during each pulse to cor-
rect for drifts in the YAG rods, but if the enerdsopped below about 2 mJ per pulse then
the locking mechanism failed and the pulse widtiheased dramatically.

A brief investigation into the dependence of pulseation on pulse energy was con-
ducted. The results are shown in Figure 3-5. Theepdurationr was taken to be the full
width at half maximumrwHMm) of the temporal profile, where the pulses areraxmately

Gaussian in shape.
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Figure 3-5: Pump Pulse Duration

Since the variation of pulse length over the 5-1bp®@r pulse energy range used is

minimal, a fixedFwHM pulse duration of 8 ns was assumed for the thtéshodelling.

3.3 Table Layout

Figure 3-6 shows the physical layout of the comptsen the Newport RP Reliance
anti-vibration optical table top. The table top vsapported on Newport Series 1-2000
Laminar Flow Isolators. It was important to elimi@as many of the acoustic vibrations as

possible, since they severely affected the stalufithe diode laser anoPo cavities.

Nd: YAG Pump

T Broad-band IR

Periscope f\ or Slver Mirrors
( \’ ~ Glass Prism

Diode Laser

System

Pump
Seering
Mirror

A/Sgnal and Idler
Figure 3-6: Optical Table Layout
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There were two separate beam paths superimposed dpace restrictions. The
Nd:YAG pump beam was taken from the laser output fpothe standard height of 121 mm
above the table surface by a periscope. A singteppsieering mirror passed the beam
through the BaBO, crystal, after which the depleted beam was depagit the beam dump.
The second more complex beam path involved thelseach. The long path length and the
additional optics protected the seed laser fronkdaftections from th@proand are de-

scribed in detail in section 4.2 below.

3.4 Power Meter

A Laser Instrumentation Model 6000 thermal poweteneas used to measure beam
powers. Thermal power meters have a very wide ¢ipgreange, both in terms of wave-
length and energy, and their response does nottodexlre-calibrated when the wavelength
changes. Their main disadvantage is that theiorespis slow, so it was not possible to
measure the energy of a single pulse directly. ddwer meter displayed a time averaged
power which could be easily converted into an ep@ey pulse by dividing by the repeti-

tion rate.

3.5 Infrared Detection

The human eye fails to detect light above aboutr880so in order to see the seed and
idler beamsir cards or viewers were used. This was necessafintbng the beam when
aligning the silica fibre and étalons or at thepotibf the spectrometer. IR detector cards
absorb energy at ultraviolet wavelengths, for instafrom fluorescent tubes, and fluoresce
red whenR light falls on them. They are ideal for findindgp@am of significant intensity,
but they have a restricted response bandwidthidRers are hand-held devices which am-
plify an infrared image by accelerating electrojested by the photoelectric effect onto a

phosphor screen. They offer more detail and abettponse thar cards.

3.6 Photodiodes

Photodiodes were used for detecting weak and rapiiinging signals. They are very
similar to semiconductor lasers arbs, except that the predominant process is exaitatio
of electrons by photons. Throughout the projectDERBO p-i-n silicon photodiodes were
used. They were operated with a 90-V reverse lidshad a linear response curve provided

the output current did not exceed 20 mA.
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3.7 Display Devices

Signals from the photodiodes and the various dgigélectronics were displayed using
two different oscilloscope models. To take largalsdineshape profiles of tlePo signal
and idler beams, only possible by slowly scannimgspectrometer, the pulsed photodiode
signal was first passed through a boxcar integsatoch integrated the signal across a vari-
able gate and held the value until the next pulseeal. For most applications, a Tektronix
TDS 350 oscilloscope with a maximum sampling rdté &S/s was used. Data was trans-
ferred to a computer using @e&E standardsPiB cable and the accompanying program
called WaveStar. In some instances, an HewlettdtdddP 54522A oscilloscope was used
instead of the Tektronix model. The HP scope hadilirin PC format disk drive and either
a1l MQ or 50Q input impedance. Its highest sampling rate wasSZ&sG

3.8 Spectral Analysis

One of the most important parameters obapis its output spectrum. Spectral meas-
urements carried out included coarse analysisrte tine crystal so that the free-running
idler wavelength matched the seed as well as megfuEncy-resolution analysis to deter-

mine whether seeding was successful or not.

3.8.1 Spectrometer

Coarse spectral measurements were made using alSp@XP spectrometer, the resolu-
tion of which depended on the size of the illumaaatliffraction grating and the entry and
exit slits. For all measurements given in this elisgtion, both slits were set to gén or
less, which corresponds to an resolution of béitiem £0.5 nm. This resolution was suffi-

cient for determining the operating wavelengths emalrse lineshape profiles.

3.8.2 Fibre Patchcord

To obtain results from the spectrometer, the ifgaaim was aimed very accurately along
the axis of the input slit. The time-consuming atigent process was avoided by the use of a
silica fibre, which took beams coupled into it afngre in the laboratory and delivered them
to the spectrometer reproducibly along the compath.

Due to its specified damage threshold of 5 GW/amd diameter of 20Qm, pulses over
10 mJ could not be passed through the fibre. Thelmams delivered through the fibre in

this project were the < 30 mW cw seed beam andmlautput when reflected off a glass
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plate. The total energy at signal and idler wavgtles after the= 4% reflection did not ex-

ceed 10QuJ per pulse.

3.8.3 Fabry-Pérot Interferometer

Three different solid fused silica Fabry-Pérot@talwere used during the experiment to

obtain high detail spectral information. The rel@vaarameters are given in Table 3-2.

Thickness (d) Free Spectral Range (FSR) Finesse
20 mm 5 GHz 35
7 mm 14 GHz 25
1 mm 100 GHz 23

Table 3-2: Fabry-Pérot Etalons Used

The free spectral range is the maximum frequeniégrdnce observable before the fringe

pattern repeats and is calculated using the stdrataration for mode separation,
__C 29
FSR=5 4" (29)

wheren is the refractive index of the étalon. The finegses the ratio of the minimum
measurable frequency change torBrand is measured by observing the fringes of a very
narrow linewidth source.

The étalons were placed after a cylindrical lengtvBpread the incident beam in the
horizontal plane and generated a slice througistdnedard ring pattern produced by Fabry-
Pérot interferometers. The interference patternfaassed onto acb camera by an
achromatic lens. Once the fringes had been loadedmerical format on a computer, they
were linearized by scaling theaxis according ta = X°.

3.8.4 CCD Camera

An Ikegami black-and-whitecb model ICD-42E camera was used for measuring spa-
tially-distributed intensity patterns such as beaass-sections, and in conjunction with the
Fabry-Pérot étalon to measure high resolution lidéw. Theccd had a resolution of 512 x
582 pixels, vertically interlaced, with the imadesng returned in 256 intensity levels. The
physical size of thecp array was 6.53 x 4.89 mm.

The images generated by tbeb camera were recorded onto computer using a frame-
grabber card and the accompanying program nameat,Righich allowed the use of false-
colour shading to enhance subtle intensity diffeesn The images were analysed on Matlab
using some simple programs written by the author.

22



Chapter 4 Injection Seeding

4.1 Diode Laser

The source of the seed beam used for injectionrsg@dtheorowas a semiconductor
laser diode with optical feedback from an extenaadity. The external cavity was con-
structed by the Mechanics Workshop but much ofgihigect was spent on improving the

diode laser performance.

4.1.1 Laser Diode

Laser diodes, which are used for many applicatiomsdustry, spectroscopy and atomic
physics, are commercially available for operatioa iarge range of wavelengths and emis-
sion powers. Most readily available are diodes @&8&rnm or 850 nm, but the precise
wavelength of each diode varies by several nm fierice to device. The operating region
around 850 nm was chosen in order to move as fay #fwm degeneracy of tl@Po as pos-
sible, thus ensuring single resonance of the ca&ityidler wavelengthl, = 850 nm corre-
sponds to a signal wavelength= 610 nm.

Semiconductor diodes have extremely wide gain lefof the order of tens of nm, but
usually operate in single longitudinal mode whiclresponds to a linewidth of a few tens
of MHz. The semiconductor stripe generating thbtlig a few tenths of a mm thick and its
refractive index is roughlyg = 3.5, so adjacent longitudinal modes are sepdiateseveral
hundred GHz. The diode emission wavelength camibedt by variation of the injection
current or the diode temperature, but it can bedwontinuously only over certain regions
before mode ‘hopping’ occurs. When this happeresptiesent operating mode is supplanted
by one which experiences higher gain for the gin@mditions. Mode hopping results in a
change in emission wavelength and intensity. Ammgota of the dependence of the free-
running diode wavelength on injection current aftid temperature is given in Figure 4-1.
Increasing temperature settings correspond to higingperatures. The mode hops are

clearly visible as step discontinuities in the esitis wavelength.
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Figure 4-1: Free-Running Diode Spectrum

The tuning range of the diode can be substantiedignded by the addition of an exter-
nal cavity. The linewidth is simultaneously redueéth a minimal loss in the output

(2] The external cavity used is described in furtheailiin section 4.1.4.

power!*!
Two different types of semiconductor laser weredu3éaree Hitachi HL8318G type di-
odes fell victim to the back-reflected idler beavhjch necessitated an increasingly com-
plex protection layout, described in section 4 @. the successful injection seeding results
presented in this dissertation, a Sharp LTO15MD@eiwas used. The two types of diode

are similar and emit about 30 mW of power whenetrity currents around 100 mA.

4.1.2 Temperature Control

Since the diode modes drift with changing tempeeatihe diode mounting block was
temperature stabilized using a heating elemenbinmjuaiction with a thermistor and a nega-
tive feedback loop. Although the durability of tthiedes is reduced at higher temperatures,
a heater was used in preference to a Peltier @pelement for simplicity. The controller
was not calibrated, so the settings of the temperatdjust knob are recorded instead of ab-
solute temperature. The temperature tuning of ibgedwas not exploited because of the
low speed of thermal processes and because itatagenessary with the external cavity.

It was found that temperature stabilization wasrequired, provided there was no
movement of people in the laboratory. The diode plased inside a closed box to reduce

the effect of air currents.
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4.1.3 Focusing Lens

One of the greatest disadvantages of laser disdbai their extremely narrow active
region causes the output beam to be strongly déverd his was corrected to a considerable
extent by mounting a collimating lens immediateftgrathe diode, where care was taken to
position the lens centrally on the beam and peripalat to it. The spacing between diode
and lens was adjusted until the spotsize observdtkifar field was minimized. Nonethe-

less, the beam still had a divergence of approxém&t.1 mrad.

4.1.4 External Cavity

The external cavity was formed by a diffractiontgrg mounted in the Littrow configu-
ration, so that the first diffraction order was agiback into the laser diode to provide opti-
cal feedback. Figure 4-2 shows the relative passtiof the diode, the collimating lens and
the diffraction grating.

Focusing Lens

Laser Diode

Diffraction
Grating

Figure 4-2: Diode Laser External Cavity

The construction used was based on a design padlish Wiemaret al in a paper
aimed at atomic physi¢¥’ where the diffraction grating was attached to mmmercial mir-
ror mount. This arrangement was cheap and effebtitdnad some major disadvantages.
Exact alignment was a time-consuming process bedaesgrating tilt was controlled by
coarse micrometer screws, and the output of theedimser was very sensitive to acoustic
noise, both through the base plate and from the air

The grating used had 1200 lines per mm. For aadifion grating in the first order Lit-
trow configuration, the anglé of the beam to the normal of the grating (see féigu2) is
given by

2dsing. = A, (30)
whered is the spacing of the diffraction lines ahds the wavelength of the light. For our

grating, the first intensity peak occurreddat 30.7°.
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The finite size of the diode active region andwaeelength-dependent diffraction angle
of the grating combined to narrow the operatingwidth of the output. A given diode lon-
gitudinal mode could be tuned over a limited rabgdine adjustment of the diffraction
grating angle. These small angle changes wereteffdxy applying a voltage to a piezo-
electric element inserted between the grating mandtthe horizontal adjustment screw. It
is possible to obtain commercial piezo-electrins@ducers which change their dimensions
linearly with the applied voltage, but for our pase two piezo-electric discs soldered back
to back provided a suitably controllable angle a@on.

The output wavelength needed to simultaneouslgfyatie selectivity of the grating and
be a standing wave mode of the external cavity. dlodpping occurred more frequently
between the external cavity modes since they werehroloser together than diode

longitudinal modes. Since
c
Ava=3 -, (31)

the spectral separation of the cavity modes candseased by shortening the diode external
cavity lengthLq. To combat mode-hopping, the shortest possiblgyckngth was used,
with Ly = 20 mm. Hence external cavity modes were sepalately = 7 GHz.

The output of the diode laser was the reflectidrtted diffraction grating, as shown in
Figure 4-2. Since the grating moves when the eomssiavelength of the diode is scanned,
the output also moved. In practice, this effect natssignificant because the beam dis-
placement was small compared to the beam dianietesjmilar diode systems used else-
where in the Department have eliminated this beanrtiom by using a reflection off a beam
splitter inserted into the cavity as the outpute Tisadvantages of this method are that di-
ode power is lost to spurious reflections and thatcavity length needs to be increased to
fit the extra optical element. These effects wearth lundesirable for this project, because
the maximum achievable seed power and scan rangereguired. A final consideration
when inserting the diffraction grating was to eestinat its blaze angle is oriented for the
output of the cavity, which increased the outpuv@o

4.1.5 Stability

Real-time analysis of the seed beam étalon fricgesly indicated that the cavity was
very sensitive to acoustic noise. A loud noisehmlaboratory was sufficient to blur the
usually sharp fringes, although no quantitativeestigation was performed. The passive

instability of the system could potentially be rmiling factor of successful injection seed-
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ing, although this was not the case in this projdonetheless, preparations have begun for

I The system is

building a superior design for the external cavityscribed by Ricait al.
commercially available from a company specializimgiode laser systems but is prohibi-
tively expensive. Suitable material comprising hingdat conductivity, low heat capacity and

high elasticity was found and will be used to camsgtsuch a system in the future.

4.2 Configuration

The junction regions of diode lasers can very gdml destroyed by high intensity light
entering the diode. Under usual working condititims is not a problem, since scattered
light is too weak to affect the semiconductor, it extremely short duration of the pulses
involved in the experiments meant that even beaitswery low average power had
enough peak intensity to destroy the diode.

Injection seeding in collinear operation requitest tthe pump, signal, idler and seed
beams all follow the same path throughdire@. The basic configuration is for the signal
and idler beams to exit tlw0o from the end opposite to where the pump entetfioibh
the cavity mirrors were chosen for single resonaidbe signal wavelength (see Appendix
C), it was found that such a simple configuraticasvmperfect since back-reflections of
beams in the cavity had sufficient energy to dgdtne diode laser. Depending on the cir-
cumstances, the damaged diode would either faifriid any light at all or no longer lase but
still operate as arep. Several diodes were damaged in the developmehegdrotection

layout described below.

4.2.1 Beam Dispersion

In the simple configuration with the diode lasempiag directly along the axis of the
OPQ, it was the pump and signal beams which were iilety to be responsible for damag-
ing the diode.

The pump was the most conceivable, being the otiethe highest peak energy. The
cavity mirrors were chosen for high transmissiothatpump wavelength, but there were
weak reflections from the output coupler due tortéfeactive index step at the mirror sub-

strate. The reflection coefficient for these Frésaflections obeys

ro{(n—17

(n: 1y (32)

which for then = 1.5 fused silica mirrors of the cavity corresged toR = 4%. The cavity

mirrors were aligned to be exactly perpendiculaihtopump beam (see Appendix B.1) so
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the reflected beam travelled directly to the didéesnel reflections also occurred at the
crystal faces, but since theeo wavelength was adjusted by rotating the crysttth waspect

to the pump beam it was clear that in generalé¢feations would not be aligned with the
arriving pump. It was observed in the laboratot tine reflections deviated in the vertical
as well as the horizontal plane, indicating thatchystal faces were not cut exactly perpen-
dicular to its edges.

It was also possible that the laser diode was alg=drby a signal pulse, since the signal
was travelling towards the diode inside tmo cavity as it was resonated. When the seeding
experiment was first set up, the input mirror af tito was a 95% signal reflector, so a sig-
nificant amount of signal leaked through this min@the diode.

Since both the pump and signal beams had a suladiadtfferent wavelength to the
seed, the easiest way to eliminate their backagdlies was to arrange a dispersive element
and a long path length between tro cavity and the seed laser. A prism was used ifa pre
erence to a diffraction grating because it had Idesses at the low intensity infrared wave-
lengths of the seed. The prism was aligned usiegéled beam, i.e. by ensuring that the
seed travelled through tlmeo after passing the prism. In the arrangement ubkedptal
path length between the laser diode and the prisasuored 5.3 m, although it was observed
that the pump and signal beams deviated about ih drofn the seed, so a shorter path

length and appropriate aperturing should be sefiici

4.2.2 Faraday Isolator

Despite the fact that the pump and signal beanaslgldid not reach the diode, careful
alignment of the seed to the pump still causedidstruction of the seed laser. This implied
that the peak intensity of the Fresnel reflectibthe idler off the output coupler was suffi-
cient to damage the diode. It was observed thatettected idler was intense enough at the
diode to be seen with am viewer but too weak to be detected by a power mete

When theopowas seeded, the seed and idler beams followedlgxXae same path and
had the same wavelength, the only difference betwsEm being the direction in which
they are travelling. In order to severely attenubéereflected idler, a large-aperture tunable
Isowave |-80-T4M Faraday isolator was inserted ketwthe diode and tlwq which had
a specified insertion loss of no more than 0.4 d& atypical attenuation &f40 dB in the

reverse direction.

28



Injection Seeding

Faraday Crystal
» [T
L e
~ D
\\ Linear Polarizer

Linear Polarizer
Figure 4-3: Faraday Effect

The Faraday effect (Figure 4-3) occurs in certaaeamals when a strong magnetic field
is applied. It rotates the plane of polarizatiompposite directions relative to the beam
propagation for counter-propagating beams. In asegvertically polarized light from the
diode laserA&) was rotated through 45° by the crystal and tratschby a second linear po-
larizer B). The reverse-travelling idler beai@)(entered with the same 45° polarization but
was rotated oppositely to the seed, so its horaqularization was blocked by the first po-
larizer ©).

The Isowave isolator used was tunable over 750r@0®y variation of the angle be-
tween the polarizers. When optimized for the 854wawelength of the seed beam, the
measured attenuation in the reverse direction Wwasst 41 dB. Exact alignment was very

difficult and the attenuation very sensitive t@ktichanges in angle between the polarizers.

4.2.3 Half-Wave Plate

After passing through the Faraday isolator, theglaf the seed polarization was at 45°
to the vertical axis. Injection seeding requiresahimg polarizations of the seed and idler
beams in the nonlinear crystal, so a half-waveephas inserted after the isolator to restore
the seed to vertical polarization. A half-wave plabnsists of an anisotropic crystal which
retards the polarization component along a pasdicakis. By changing the angle between
this axis and the plane of polarization of the tjghe direction of polarization can be al-
tered by an arbitrary amount. Since the half-wdegegs not propagation direction sensi-

tive, it could not be used on its own to elimintte reflected idler from the seed beam.

4.3 Diode Laser Results

Progress in obtaining the largest possible singlderscan range was hindered by the
large number of variables requiring adjustment.sEheariables included diode temperature,
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diffraction grating alignment, and the relationshgtween the piezo-electric disc voltage

ramp and the simultaneous current ramp.

4.3.1 Diode Temperature

An arbitrary temperature setting of 10 was origiynahosen but was later changed to
half-way between settings 10 and 11 because no mtmdépeaking of the other parameters

provided an acceptable scan range.

4.3.2 Diffraction Grating Alignment

The grating was coarsely aligned by projectingdahtput beam to a distant wall and
raising the injection current significantly abovedshold. Two separate beams were ob-
served; the laser output reflected off the grating a weaker reflection of the first diffrac-
tion order off the front face of the diode chip. #ting the grating, these beams were made
to coincide. The current was then reduced to tladskvhere the intensity of the beam be-
came rapidly dim. The intensity of the output beaas observed to flash brightly as the
vertical alignment was changed (Figure 4-4). Byaitiely minimizing the threshold cur-
rent, the vertical tilt was optimized. The scangewof the external cavity was found to be
extremely sensitive to this angle. Near threshadnging the horizontal angle also caused
the intensity of the output to flash, but there @vadarge number of peaks under a general
envelope. This intensity distribution is also skeid in Figure 4-4. The horizontal angle was
chosen to be near the centre of the envelope and®of the bright fringes, thus further

reducing the threshold current.

Vertical Tilt Horizontal Tilt

Figure 4-4: Beam Intensity with Grating Alignment (Sketch)

Careful alignment of the grating reduced the lasede threshold current from 37 mA to
30.3 mA. This agreed with the publishet’5% reduction in threshold current expected for
well-aligned external cavitié§” By comparing the measured wavelength before aed af
the diffraction grating is added, it was found tthegt external cavity was operating at almost

the same wavelength as the free running diode.uinaut the seeding experiments, the
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diode output was measured to lie between 853.8BaA® nm, agreement with the free-

running wavelength shown in Figure 4-1.

4.3.3 Injection Current and Piezo-Electric Disc Voltage

The movement of the diode laser fringes from a 20 éalon was observed as the injec-
tion current and the piezo-electric voltage weneeeha The results are sketched in Figure 4-
5. The vertical axes are intended as a guide dmiyexact currents and voltages where the
diode operated in single mode depended on the prameters.

It was found that the diode output changed frorglsimode, with a linewidth below the
resolution of the étalon, to a structureless re@ioregular intervals. The change was con-
sistently smooth or discontinuous at a particuaurgary, as shown. During the smooth
change from single mode to blur, two subsidiary esodould appear beside the main peak

before all structure was lost.

Injection Current / mA Piezo Disc Voltage/ V
89

Smooth Change

Blur
88 Sep Change
87

Single mode
86 2
_____ Subsidiary mode

85— 0

<«—— 5GHz ——> <«—— 5GHz ——>
Figure 4-5: Structure of Diode Laser Output (Sketch
Slices through the pattern generated by the 20 taloréare shown in Figure 4-6. The
centre of the interference pattern is visible atright of the graphs. The top panel shows
the single mode of the diode. In the second gréqghsubsidiary modes have appeared and

in the third almost all structure has been lost.
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Figure 4-6: Diode Mode Structure through 5 GHz Etabn

F_JLA A J/\w/‘\\_s‘ Single Mode
y

To investigate this effect further, the single &hdred modes of the diode were passed
through the étalon with the largessir available. Figure 4-7 shows the two regions ofrape
tion as viewed through the 100 GHz étalon. Sineeetls no structure visible on this scale,

this would indicate that the diode is operatingnattiple longitudinal or transverse modes.

//k ’\ L Single Mode
Structureless
Region

Figure 4-7: Diode Mode Structure through 100 GHz Edlon

4.3.4 Single Mode Scan

The blurred emission phenomenon discussed aboveatasvestigated further because
it was found that it did not affect the single madan range possible. With the laser pa-
rameters optimised, the voltage to the piezo disckthe injection current to the diode were
simultaneously scanned. Although Figure 4-5 shdwas $canning the diode current does
not systematically change the emission frequereysynchronized scan caused the gain
envelope of the diode to track the changing wagtleselectivity of the diffraction grating.
A 19 GHz single mode scan was obtained, which isparable to the best published results
using similar external cavity systef.

If the relative amplitudes of the current and vgétaamps were not adjusted correctly,

then the scan range obtained was reduced becauehnopping occurred. Even when very
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carefully matched, slight changes in operating @@ such as temperature drifts intro-
duced the subsidiary modes shown in Figure 4-5.idonthange to the laser current elimi-
nated these modes.

A series of strips through the 7 mm étalon fringétgrn is shown in Figure 4-8. The in-
creasing width of the peaks toward the right edgbegraph is an artefact of the scaked
axis to linearize the fringes. The arrow indicdtes direction in which the single mode
travels. This scan was reproducible at a varieipit&l currents and offset voltages. A
carefully chosen pair of starting conditions woallbw the diode to be scanned in single

mode over the entire range available from the paigo voltage supply.

) |
L 71
M ‘j\ i End of Scan

Figure 4-8: Single Mode Scan through 14 GHz Etalon

Start of Scan

4.4 Injection Seeding Results

The table arrangement shown in Figure 3-6 provsat seeding. It was thought that
the principal reason for this was the weak seednbiatensity at thepa The extended
beam path and numerous components caused the liaeter to exceed the dimensions
of the crystal and reduced the seed intensity lovb&.5 mW at theoPo cavity. To obtain
successful seeding, the seed configuration wasfraddi

4.4.1 Experimental Modifications

The simplest modification of adding a long focaldéh lens after the prism did not seem
to significantly affect the success of the seegiraress. It was thought that this was be-
cause the seed beam was still larger than the jna@am at thepq since the lens was so
distant from the cavity. The lens could not be iitesk closer to the cavity since the pump
beam was coincident with the seed there. For seftdeseeding, the seed needs only to
cover the same volume of the crystal as the puneg,dgince regions outside the pump
beam do not experience the nonlinear gain. To gdeorniore flexibility for focusing optics,

the pump beam path was modified as shown in Fig@e
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Focusing
Optics
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Figure 4-9: Modified Beam Paths

A single lens as close as possible todhein the region marked focusing optics al-
lowed the seed beam to be focused to an extreraetgw waist. This permitted seeding to
occur more readily, but not consistently. Seediag enhanced by placing a x2.5 telescope
in reverse in the region marked focusing opticss flarrowed the seed beam waist such
that clipping by the crystal did not occur and kiyet divergence of the beam to a minimum.
The seeding results presented in the next sectéra wbtained using the telescope configu-
ration. The telescope and lenses had the addedtagesthat they caused idler divergence

and therefore reduced its intensity.

4.4.2 Seeding Results

A progression of seeding results is shown in Figliid. In each case, the left panel
gives a slice through the image produced by them@0étalon, with the vertical line indicat-
ing the centre of the interference pattern. ¥ais of the graphs has been linearized such
that successive interference peaks occur at egieaVals. The relative height of the peaks
is of no importance. The decaying amplitude is edusy the decreasing illumination of that
part of the pattern. At the right is a lineshapefifgr of the same seeding obtained by scan-
ning the spectrometer. The full width of the rigifatad graphs is 10 nm, with all but the first
graph centred on the seed wavelength of 854.1&hm this case refers to the deviation of
the wavelength to the seed. The vertical axeseofjthphs have been normalized.

PanelA shows the unseededooutput for comparison to the seeding results. The
linewidth from the right-hand graph is of the ordé2 nm. PanelB andC show seeding on
modes nearer to the centre of the free-running gafile. From the left-hand graphs it can

be seen that seeding was more successRitian inC, which could have been due to drifts
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in theopa Finally, paneD shows successful seeding at the centre ab#adineshape. It is
this mode that we wish to use when attempting ¢al sehile scanning thero.

A. Free-running oPO

B. Seeding at edge

ol

C. Seeding near centre

D. Seeding at centre

s

-5 0 A2/ nm 5

Figure 4-10: Seeding Approaching Centre of Lineshap

From the right-hand graphs in Figure 4-10, it eaclthat the seeding was not completely
successful, since some of the original wide linpghean still be seen around the seeded
mode. It has been reveafétithat some published results present data frorsteiaed area
of the seeded beam whereas results presentedniretegd the entir@Pooutput. The most
obvious reason for the lack of good seeding istti@seed beam intensity was not suffi-
cient to obtain optimal seeding. Boon-Engenghgl, who used an arrangement very similar
to ours except that theirowas a ring cavity, reported a minimum seed poviérmW
inside the cavity, which is close to the maximumvpoavailable to us. This proposition is

also supported by the graphs shown in Figure hich show decreasing effectiveness of

35



Injection Seeding

the seed process as the seed intensity is furtdeced by neutral-density filters. The
graphs are comparable to those in Figure 4-10, stgpavwidth of 10 nm centred on the
seed wavelength.

A. Seed Power 0.95 mW

B. Seed Power 0.35 mW

C. Seed Power 0.05 mwW

rore ~ "
I

-5 0 AdA/nm 5

Figure 4-11: Effect of Seed Power on Seeding

However, seeding was in some cases observed culiisédiary modes. Figure 4-12
shows strips of the seed laser and correspondetdgsedler through a 7 mm étalon. It was
observed that scanning the diode through about 7 &lBwed the sameromode to be
seeded by the main mode and then the subsidiarg nidds implied that the secondary

modes are the adjacent external cavity longitudimadies of the diode laser.

Idler

b

Figure 4-12: Seeding on Subsidiary Mode through 1&Hz Etalon
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4.4.3 Scanned Seeding

The ultimate aim of this project was to continugusted thepro while its wavelength is
scanned. The intention was to vary the signal feaqy by changing the thermistor set-point
voltage in. Since the signal is resonated in thvtyat must be a standing wave with its

wavelengthl; satisfying

s

5 =L, (33)

wheremis an integer and is the optical cavity length given by

L=L"+ (no—1). (34)
HereL' andl are the physical lengths of the cavity and nowlireystal respectively. We
usen, in equation (34) because the signal is an ordihagm. The refractive index is a
function of the temperaturBof the crystal, which is in turn a function of tthermistor set-
point voltageV supplied by the ramp generator. Hence the sigaguency as1 could be
expressed ag (V) but since we are only interested in a sdanwe use differential calculus

to obtain the expression

_0v1 041 AL dn, 9T
Avi=31, L ong ot aviY
_md dn,dT

=22 gt avéV

(35)

Using valued = 12 mmL = 26 mmm= 86000 dn,/dT = —16.6x10° K™, anddT/dV =
50 KV, we obtain

S—\I; = 95 GHz/V. (36)

Theopotemperature ramping electronics were limited szan of about 0.1 V near the
centre of the temperature curve of Figure 3-3. Méeetfore expect factors other than the di-
ode laser range to limit the scan length.

The limited unscanned seeding success preventththly investigation into the
scanned seeding process. It is thought that inre@ stable seeding environment scanned

seeding might be achieved in the near future.
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Chapter5 Threshold

5.1 Model

There have been a number of numerical models regéot the operation afrcs. The
model used in this dissertation was published #918y Brosnan and By&¥. Since then
there have been numerous improved models accouwtirgfects such as injection seed-
ing*®

temporal series and fluence profil¥$and allow for tracking of multiple modes through

! The recent increase in available computing powsrémabled models to predict

the cavity to investigate the phenomenon of gampetition between modé&s!

The model presented by Brosnan and Byer usesrativee solution but can be simpli-
fied to yield a direct analytical expression by mgksuitable assumptions. We proceed
from equation (26) by assuming that the time peadil the incident pump is Gaussian, such
that the net gain of the cavity obeys

2
r=roe @ (37
Here ris the 1¢° intensity half-width of the pump. The signal poi@r passn can then be

found to be

Py = |:>,M<Re_4a1 cosﬁ[/‘oe_(t”mzL] ) (38)

where the pump intensity is assumed to be condtairig one round trigR is the reflection

of the output coupler. The intensity of the sigaiathreshold is defined to be 100, which
yields a threshold power to noise ratio oPP,) = 33. Equation (38) is iterated for a given
pump amplitude o and the threshold pump energy is found when tpeasiintensity at the
end of the net gain period inside the oscillat@ateve the defined threshold signal intensity
level.

This model is simplified by replacingwith a time-independent gain profile, the width
of which is given by the time over which the ostitir has net instantaneous gain. The
height is found by requiring that the total gairtlzd time-independent profile matches that
of the Gaussian one. A final simplification assurties the time over which there is net in-
stantaneous gain is,2which is approximately true for most oscillators.

We obtain a relation of the form

225 { L. P, 1 ?
0 Kgsl—2

Z—Tclng0 +2al + Inﬁ +1In 2} (39)
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for the threshold fluence. Here

2
= 200 wpdgi

- ’ (40)
N1MpN3&C

where then; are the refractive indices for the signal, idled @ump respectively. The re-
maining symbols are defined in equations (12),,(Z9), (25) and (38).

5.2 Values Used

In order to check the model, predictions were caegbavith those published
previousl{*® using the parameters of thera Agreement was obtained to within the uncer-
tainties in Fresnel reflectivities and publishetliea of the nonlinear coefficients.

It is useful to summarize all the parameters apdvtiues used in a single table. A sig-
nal wavelength of 580 nm was arbitrarily chosertlfierexperiments, with the only consid-
eration being that all the cavity mirrors availabl®uld resonate this wavelength.

Parameter Symbol Value
Nonlinear Coefficient et 2.02 pmV*
Absorption Coefficient a 0.01 cm*
Walk-off Angle P 4.132°
Optical Cavity Length L 26.5 mm
Physical Crystal Length I 12.0 mm
1/e* Pump Pulse Half-width T 6.795 ns
Wavelength of Signal A 580 nm
Wavelength of Idler A2 915 nm
Frequency of Signal W 5.1688x16" Hz
Frequency of Idler Vb 3.2760x16" Hz
Refractive Index of Signal Ny 1.6704
Refractive Index of Idler n, 1.6576
Refractive Index of Pump n3 1.4396
Threshold Signal to Noise Ratio In%;1 33
Reflection Losses R 0.8069
Signal Spotsize Wy 0.425 mm
Pump Spotsize W3 1.27 mm

Table 5-1: Parameters for Threshold Model
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Due to inconsistencies in the published valuedsgfthree different valu&g! of
1.7 pm/V, 2.0 pm/V and 2.6 pm/V were modelled. Eneariations also affect the value of
k and each value is plotted as a separate lineeofollowing graphs.

The pump pulse duratiorwas converted from 8 msvHmM from Figure 3-5 to ¥ half-
width by multiplying byz/1 / 2In2. The pump beam was slightly elliptical ahe pump
spotsize was taken to be the shorter radius. Hnmnthe signal spotsize was estimated such
thatgs = 0.9, which agrees with the value in [18]. Thitextion losse®R take into account
the four Fresnel losses ®4% at the faces of the BaB, crystal per round trip. For a given
output coupler reflection coefficieRoc, the combined reflection losses coefficient is

R=(1-0.04}Roc . (41)

From Table 5-1, the following quantities may becaéted.

Parameter Symbol Value
Walk-off Length lw 16.06 mm
Gain Length L 10.46 mm
Coupling Coefficient Os 0.9
Interaction Coefficient K 5.7370 W"

Table 5-2: Calculated Parameters for Threshold Mode

To facilitate comparisons with the model, the thadd measurements obtained were con-
verted into fluence values by assuming that thegpbheam had a constant intensity across a

circular region of radiuss. All values were converted into units of Jém

5.3 Output Coupling

The number of data points on the output coupleptyr@as limited to 4 by the number of
available mirrors. The transmission profiles ofsithare documented in Appendix C.

Figure 5-1 shows the threshold fluence variatiotihwutput coupler. The increasing
threshold with decreasing reflectivity is due te teduced intensity of reflected signal. This
increases the effective loss of the resonator.if¢treasing significance of the Fresnel
losses as the output coupler reflectivity approachméty causes the curves to flatten in the

high energy region.
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Figure 5-1: Threshold Fluence against Output CoupleReflectivity

5.4 Spotsize

A range of different pump spotsizes were investiddiy passing the beam through alu-
minium apertures positioned immediately beforedhe. The results are presented in
Figure 5-2. In an attempt to generate uniform isitgrdistributions, the pump beam was
first expanded using a x2.5 telescope for apergnmester than 2 mm in diameter. The tele-

scope was anti-reflection coated for operatiorbét I3m.

600
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£ 400 -
>>
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Pump Spotsize / mm

Figure 5-2: Threshold Fluence against Pump Spotsize

5.5 Cavity Length

The effect of cavity length was investigated witk #0% reflector (Figure 5-3) and with
the 95% signal reflector (Figure 5-4).
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Figure 5-3: Threshold Fluence against Cavity Length70% R
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Figure 5-4: Threshold Fluence against Cavity Length95% R

Increasing the cavity length reduces the numbeowrid trips of the signal during the
pump pulse. Thus, to reach threshold, the sigredsi¢o experience more gain each round
trip, which causes the threshold to increase.

From the graphs it can be seen that the fixed puildth model is in good agreement
with the values obtained experimentally. The meas@nts indicate that the nonlinear coef-
ficient is somewhat below 2 pm/V, but the generhaliyher than predicted threshold values
could also be due to limitations on the measuresaéficertainties in the cavity alignment,
power meter measurements, pump spot size andutliigs in determining threshold oscilla-

tion all introduce uncertainties in the measurddes

5.6 Risetime

The risetime is defined as the delay between the leading efittegoump pulse and
the onset of the signal pulse. The effects of gdeitgth and pump energy on the rise time
are shown in Figure 5-5. The trend of increasiegtiine with decreasing energy is due to
the lower nonlinear gain at lower pump energiesckvhecessitates more round-trips of the
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signal before it can be detected. A longer cavigntcauses the round trip time to be ex-

tended, so that increasing cavity length is assediaith an increase in risetime.

10
I\ Cavity

Length / mm
6 —-52.3
——41.0
—A—34.5

21.3

t/ns

8 10 12 14 16
Pump Energy / mJ

Figure 5-5: Rise Time against Pump Energy

5.7 Efficiency

Figure 5-6 shows the combined idler and sigyrad output energ¥ou: as a function of
pump energy and output coupling. Over the measpwetp energy range, the 70% reflector
yields a higher energy. The thresholds of the 768635% reflecting output couplers were
experimentally indistinguishable. Higher threshadasl lower efficiencies were obtained
using higher output coupling, although higher sleficiencies would be anticipated if

higher pump energies could safely be used.

1.4 Output
1'f | Coupler
2 08- —-95% R
2 06- —e—70% R
LLl
0.4 —A—50% R
0.2 30% R
O _

5 7 9 11 13 15
Pump Energy / mJ

Figure 5-6: Efficiency against Pump Energy
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Conclusion

The spectral properties of a semiconductor diosler lavith optical feedback from an ex-
ternal cavity were studied. Distinct regions ofgénand multiple mode operation were dis-
covered and investigated. A 19 GHz single-mode sgage was attained, comparable to
the best published results for such diode systems.

The diode laser was used for successful injecealing at the idler wavelength of a
singly-resonanB-BaB,0O, oPQ. Seeding was demonstrated at different partseofrte-
running lineshape profile. The effects on seed povere investigated, and seeding on a
subsidiary mode of the diode was observed.

It is envisaged that in the near future g free-running envelope and the diode laser
emission wavelength will be simultaneously scantiaas providing a tunable seedeea
Such devices would have numerous applicationsentspscopy and atomic physics.

The effects of variations in output coupling, pubgam spotsize and cavity length on
opothreshold were measured and compared to a puthlisloelel. The results agree very
well to within the errors in the modelling paramstéresults of thepooutput energy and
risetimes were also collected. Future modellinggi$his data would allow the parameters

of theopocavity to be optimized for lowest threshold anghist efficiency.
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Appendix A Diode Protection Circuit

The diode was separated from the current drivex Bym cable. Although the cable was
shielded, the diode still needed to be protecteah fcurrent spikes by a choke filter shown
in Figure A-1. The circuit was constructed by Néalssell in very constricted space at the
diode end of the cable and is included for compkts.

LD+
1 Maser Diode
2
Photodiode
GND (not used)

3
Figure A-1: Diode Protection Circuit

The photodiode shown in Figure A-1 could be useshéasure the intensity emitted by
the laser diode, but was not connected in the @rpets presented in this dissertation.
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Appendix B Alignment

Alignment is critical for the operation of tleeq the Faraday isolator and the silica fi-
bre. This appendix summarizes the methods usddjtothese devices.

B.1 OPO Cavity

Theopro cavity mirrors needed to be aligned normal toghmp beam, but since they
had > 95% transmission at this frequency a sepaligtement laser was used. A low power
HeNe laser was chosen becausedthecavity was resonant at visible frequencies. The

HeNe was aligned with the low-power pump beam usitgapertures.

A. Output Coupler B. Input Mirror
Alignment Beam Multiple Reflections
Aperture
Crystal,
BaCk RefleC'[Ion A“gnrnent
Output Coupler \

I nput Mirror Beam
Figure B-1: OPO Cavity Alignment

The output coupler was then inserted into its maunak aligned such that the alignment
laser is retro-reflected back through the aperinserted before thero(A). There was also
a second reflection, from the front face of thestay near this aperture (not shown).

The input mirror was then added to form the cavityas adjusted until the trail of mul-
tiple reflections on an aperture after the outmupder B) collapsed to a single spot. The
cavity then formed a Fabry-Pérot interferometer famel adjustments were made until the
centre of the fringe pattern was reached.

When the pump energy was raised, ®he should operated in collinear mode. By re-
ducing the pump energy to just above the threshivial, fine adjustments were made on

either mirror to peak therpooutput energy.

B.2 Single Mode Fibre

Two techniques were used to align the beam intsitloa fibre. The first was to centre

the fibre on the beam and adjust the tilt suchttaback-reflection from the focusing lens
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Alignment

of the fibre exactly retraced the path of the inocagrbeam. This alignment was made by
placing an aperture on the beam and walking tHeat&n onto the hole.

An alternative method, preferable for weak and gailseams, involved placing cross-
hairs on the beam before inserting the input-cogpidbcusing lens of the fibre. With the
fibre itself removed, the lens was centred on #enipand its tilt adjusted to centre the beam
after the lens on the cross-hairs. The fibre was tieplaced in the mount.

Both techniques required fine-tuning, which wasealwmile watching the output of the
fibre. When the beam was properly coupled intofithre, the output was a smooth circular

disc of light.

B.3 Faraday Isolator and Half-Wave Plate

The tunable isolator needed to be carefully adjuighe seed wavelength. The method
used was to insert the isolator into the dioderlasam path in reverse and minimize its
transmission. The input polarizer was matched éadibde polarization and the output ad-
justed for minimum transmission using a Newport EIdIL5 power meter.

The whole isolator was then rotated so that thd beam was travelling in the transmit-
ting direction. The input polarizer was again retato match the polarization of the seed.

The alignment of the half-wave plate was not agcalias that of the isolator, since the
only adverse effect of poor alignment was a deer@athe useful seed intensity at theo
The half-wave plate was rotated until only vertigglolarized light was observed using a

Wallaston prism, which separates orthogonally po¢al beams by deflection.
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Appendix C  Transmission Profiles

This appendix contains the transmission profilegtie cavity mirrors used throughout
the experiments. The criteria for a suitable sirgigynal-resonanbPo cavity mirror are that
it should have a high damage threshold and higb¥®3ransmission at both the pump
(355 nm) and idler (>700 nm) wavelengths.

Figure C-1 shows the transmission profile for tB8-620 nm high-reflector at 0° inci-
dence. The data was obtained from the Thin Filosgin the department and compares

well to the specified curve. This mirror was usétha input end of thero.
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Figure C-1: Mirror Transmission for HR 520-620 nm, HT @ 355 nm

A 95% signal reflector output coupler was usedlierseeding experiments (Figure C-
2). During the early part of the project, a simifairror was used at the input end, but it was

later replaced by the high reflector whose transimisis shown Figure C-1.
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Figure C-2: Mirror Transmission for 95%R 500-600 nm, HT @ 355 nm

-

To investigate the effect of the output coupletttmeshold level, three further mirrors
were used. They were rated as 70%, 50% and 30%l sigftecting respectively, and their

transmission profiles follow.
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Transmission Profiles
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Figure C-3: Mirror Transmission for 70%R 400-700 nm, HT @ 355 nm
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Figure C-4: Mirror Transmission for 50%R 400-700 nm, HT @ 355 nm
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Figure C-5: Mirror Transmission for 30%R 400-600 nm, HT @ 355 nm

The graphs for the last four mirrors were digitiZexin manufacturer specifications,
scanned to TIFF format and processed using Matlab.
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