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Synchronously pumped optical parametric oscillation

in barium borate and potassium titanyl phosphate.
by Andrew Guy

The synchronously pumped parametric oscillator is potentially a widely tunable source of
picosecond optical radiation. The aim of this project was to assess whether continuous
operation of such a device would be possible with the nonlinear materials and laser sources
available at the time. Singly resonant operation, though it would result in a higher threshold,
was felt to be a necessary prerequisite for the stable operation of the parametric oscillator
required for it to become a viable research tool.

To assess the feasibility of continuous operation, three synchronously pumped parametric
oscillators were investigated. The first utilised the nonlinear medium barium borate and, as
a pump source, a frequency-doubled, amplified, Q-switched, and mode-locked Nd:YAG
laser. In this case a peak power, of the most energetic pulse in the Q-switched train, of
~3.5MW was required; a value several orders of magnitude higher than available from a
¢.w. pumped mode-locked Nd:YAG laser, as would be required to continuously pump a
parametric oscillator. The threshold was lowered by around a factor of four by simply
replacing the barium borate crystal with one of potassium titanyl phosphate, taking advantage
of the higher nonlinearity offered by this material. The last stage of the investigation was
carried out utilising a frequency doubled, amplified, mode-locked pump source to provide a
long train of pulses. Using a tight focusing geometry, as allowed by the quasi-noncritical
phase-matching offered by KTP for near degenerate operation, the intensity threshold was
reduced by nearly three orders of magnitude to =2.2kW.

Extrapolation of this result to estimate what level of power would be required from a ¢.w.
mode-locked Nd:YAG laser pump indicated powers in excess of those available from
conventional sources, but achievable through the exploitation of pulse compression. A
preliminary investigation of compression was therefore performed. While the necessary
power levels were achieved, the unstable behaviour of the laser output power - resulting from
unavoidable feedback - posed too great a risk of damage to the nonlinear crystal, and an
experimental demonstration of optical parametric oscillation pumped by these short pulses was
therefore not attempted. The final conclusion of this project was that parametric oscillation
threshold should now be achievable with a c.w. diode-pumped Nd:YAG laser, using the short
pulse output generated via the recently introduced technique of additive mode-locking.
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1 Introduction.

While the investigations described in this thesis do not represent solely my
own work, I did make a substantial and original contribution to the design,
realization, and characterization of the three parametric devices discussed
herein. The work on synchronously pumped parametric oscillation in barium
borate, as described in Chapter 6, and on the Q-switched, mode-locked
pumped device (using potassium titanyl phosphate), in Section 1, Chapter 7,
was performed in collaboration with Leigh Bromley [1]. Whereas in the
former case I was under Leigh’s ‘tutelage’, in the latter case we made
comparable contributions. The extension to operation with a long puise,
mode-locked pump source (Section 2, Chapter 7), and the investigation of
pulse compression (as a means of obtaining the power required to pump the
parametric oscillator from a c.w. pumped mode-locked laser, in Section 3,
Chapter 7) was performed after the cessation of Leigh’s involvement with the

project, and therefore does represent work that is wholly my own.

This thesis describes the development and experimental demonstration of three synchronously-
pumped optical parametric oscillator systems. The aim of this work was to investigate the
feasibility of continuous operation of such a device, and to determine if the material
potassium titanyl phosphate [2] would be a suitable choice for use as the nonlinear gain

medium.

The synchronously pumped parametric oscillator is potentially a stable source of
mode-locked pulses with wide tunability over the near to medium infra-red regions of the
spectrum (i.e. A=1-5um). The extremely wide bandwidth of the parametric interaction
offers this broad tuning range from only one gain medium, and also the capability of

generating ultra-short pulses (duration, 7 < 1ps).

The wide bandwidth of the parametric interaction is a result of the non-resonant nature
of the process. Parametric gain arises from coherent second-order nonlinear scattering of the
pump field by the electrons bound in a asymmetric crystal potential [3]. It is an elastic
process, and consequently does not lead to a loss of energy from the electric field. As there
is no associated atomic (nor molecular) transition, parametric devices have the potential to
operate over the whole of the transparency region of the nonlinear gain medium (e.g. Bierlein

and Vanherzeele [4] have demonstrated a tuning range of 0.6-4.5um with a parametric



generator based on potassium titanyl phosphate). The gain mechanism in a laser is,
conversely, stimulated emission [5], which relies on the population inversion of a given
molecular or atomic transition. As a consequence, the operating bandwidth of the laser, and
hence its tuning range, is limited to that of the associated transition. Materials have been
recently developed that have wide gain features due to vibronic broadening, but these still

typically have tuning ranges of only 200-300nm [6].

The recent resurgence of interest in parametric devices can be attributed to two
factors: the first is the availability of better nonlinear materials (e.g. barium borate [7] and
potassium titanyl phosphate [7]); the second the development of improved laser sources.
Improvements in both the techniques used to grow crystals, and in the degree of purity of the
raw materials used in these processes, has led to a general increase in quality of the available
nonlinear materials. A lot of work been also done on the development of new nonlinear
materials. As these improved materials have generated more interest in nonlinear optics, it
has increased the demand for even better materials. Hopefully, this will lead to further

developments in materials in the near future.

One of the laser sources that has attracted the most attention in the last few years is
the laser-diode pumped, mode-locked, miniature solid-state laser [8]. The use of a laser-
diode, as opposed to a flashlamp, to pump the solid-state gain medium has several benefits.
Most importantly, these devices offer far superior output stability and beam quality. The
narrow linewidth of the laser-diode means that a much greater fraction of the pump radiation
is utilised in excitation of the transition, and hence there are less problems with thermal
birefringence and lensing. Together, the laser-diode pumped, mode-locked, miniature solid-
state laser and potassium titanyl phosphate offer the prospect of an extremely stable
synchronously-pumped parametric oscillator, which should prove a useful addition to the
range of existing laser sources. It is this possibility that motivated the work described in this

thesis.
1.1 Methods of generating tunable short pulses.

The requirement for tunable sources of ultrashort pulses—e.g. for time-resolved spectroscopy
[9]—has led to the development of several different methods of generation. The most widely
exploited techniques are based around dye lasers, where the gain medium is an organic dye
dissolved in a suitable solvent [9]. The characteristics of dyes are well suited to the

generation of tunable ultrashort pulses: a typical laser dye has a fluorescence linewidth of



~100nm, ailowing tuning over a comparable range. Furthermore, dyes generally possess
a short fluorescence lifetime, which allows for the effective exploitation of passive mode-
locking techniques based upon saturable absorbers [10]. Pulse durations of a few tens of
femtoseconds have been provided directly from dye lasers (e.g. [11]). This does, however,
necessitate a sacrifice in tunability, as a significant fraction of the dye’s gain linewidth is
required to support the mode-locked pulse. Generally, the operation of a dye laser becomes
p"rogressively more difficult as the wavelength increases. The longest wavelength readily
generated using a dye laser is ~1um, so the utility of such devices is generally restricted to
the visible and ‘very-near’ infrared spectral regions. Aside from the limited spectral
coverage, the dye laser suffers from one major practical disadvantage. Over a period of
time, the exposure to intense light—as exists in the laser cavity—leads to the chemical
decomposition of the laser dye. Consequently, they must be routinely replaced; a chore that
can take a reasonable amount of time, and, furthermore, can necessitate exposure to harmful

chemicals.

A less commonly used technique is that of the colour centre laser [12]. The gain
medium in this case is generally an alkali halide crystal that has been bombarded with
electrons to create defect centres (colour centres) in the crystal lattice, which then act like an
atomic system, but typically with lower transition energies [13]. This means that these
devices operate in the near to medium infrared regions of the spectrum (~0.8-4um [14]),
and therefore augment—rather than compete with—the dye laser. The tuning range of each
colour centre is comparable with that of a dye (i.e. ~300nm [14]). A disadvantage of these
systems is that efficient operation generally requires cooling with liquid nitrogen [14], though

there are exceptional cases in which this may be obtained at room temperature [14].

More recently there has been a lot of interest in vibronic lasers [15], which utilise
gain media such as Ti*:sapphire [16]. These crystals have vibronically broadened transition
features which have fluorescence linewidths of ~300nm; comparable with dye lasers. The
advantage of these systems—over the dye and colour centre laser—is that solid-state gain
media are generally more robust; can operate at room temperature; and do not suffer from

chemical decomposition during prolonged use.

There has also been some work done with semiconductor platelet devices, which
utilise thin sheets of materials such as CdS, CdSe, and InGaAsP. Salour [17] has used this
technique to generate pulses with a duration of 4-10ps using a mode-locked Ar* laser (pulse

duration 150ps) as the pump source. The disadvantage of this scheme, as with colour-centre



lasers, is the necessity for cooling to liquid nitrogen temperature before operation becomes

efficient.

Other available methods for the generation of tunable ultra-short pulses exploit various
nonlinear processes. These include stimulated Raman scattering [18] and parametric
oscillation [19], which is the main subject of this thesis. Stimulated Raman scattering is an
absorption-emission process in which there is a shift in wavelength between the input and
output fields resulting from a loss of energy to, or from, the interacting medium [18]. All
possible frequency shifts correspond to allowed transitions in the material. Initially, this led
to the use of this technique to shift the output of an available tunable source—by a constant
amount (frequency)—to wavelengths that are otherwise inaccessible [18]. Techniques have
also been developed to ‘tune’ the frequency shift [20][21], so it is now possible to utilise a
pump source that operates at a fixed wavelength to provide a tunable output. When a
sufficient intensity is available (~MWcm™ [18]) these devices can convert up to 80% of the

incident pump into the output field [22].

In the picosecond regime, the most commonly used parametric technique has been—so
called— ‘parametric generation’ [19]. This exploits parametric superfluorescence, the process
by which parametric noise is amplified up to a level comparable to the pump on one pass
through the gain medium [19]. While the output of these devices does consist of a cone of
varying wavelengths—as determined by the phase-matching conditions [23]—spatial filtering
can be used to select out a given desired frequency. These devices have been thoroughly
developed now (e.g. [24][25]), and can offer reasonably narrow linewidths and beam
divergences that are nearly diffraction limited. As the gain on a single pass through a
parametric medium is not always high enough to generate a significant output, double- and
multi-pass devices have been developed [26]. The natural progression of this is the optical
parametric oscillator [19], where the gain medium is put inside a resonator, The advantages
of this are two-fold: firstly the threshold is greatly reduced; secondly, it allows greater

control of the spectral and spatial properties of the output.
1.2 A brief history of the parametric oscillator.

The study of parametric interactions had begun some time before the laser was developed;
the technique of parametric amplification being extensively used in the microwave region of
the spectrum for low noise amplification of weak signals [27]. The investigation of

parametric interactions in the optical region of the spectrum, however, was not possible until



the advent of the laser [28]. This is because the nonlinear response of a material—on which
the optical parametric processes depend—is only significant at high applied electric field
strengths (>1kVem™® [3]). These high field strengths are only available—~at optical

frequencies—from laser sources.

The laser was first demonstrated by Maiman [28] in 1960. Only a year after,
Franken ez al [29] experimentally verified the presence of the second-order nonlinear coupling
in an optical interaction, by the observation of the generation of the second-harmonic of a
ruby laser using a quartz crystal. After this initial demonstration, progress was very rapid
in the newly created field of nonlinear optics. The concept of phase-matching was introduced
in 1962 by Giordmaine [23], and also—independently—by Maker et a! [30], which increased
the efficiency of the optical coupling considerably. In the same year the tunable optical
parametric oscillator was proposed by several parties [31][32][33]. In 1964 Boyd et al [34]
introduced the first of several ‘new’ nonlinear materials: lithium niobate. Then in 1965, the
pulsed optical parametric oscillator was successfully operated by Giordmaine and Miller [35].
Since then a large number of such devices have been constructed, utilising a wide range of
different nonlinear materials (e.g. [36][37][38]). In 1966, Boyd and Ashkin [39] showed that
the parametric oscillator could, in principle, be continuously operated. Only two years later
this was experimentally demonstrated by Smith et al [40], and independently by Byer ez al
[41].

In the late sixties and early seventies, a lot of work was done to achieve higher output
powers, higher efficiencies, and also greater stability [42][19]. A lot of problems were,
however, found on the materials side. As the parametric interaction requires a high intensity
to be efficient, there were problems with material damage that precluded the wide use of the
parametric oscillator as a research tool. The mode-locking of the parametric oscillator was
one of the last problems to be investigated [43]. As mentioned in the introduction to this
chapter, the parametric oscillator does not rely on an inversion process for gain, but on the
coupling arising from the electronic polarizability. This process is virtually instantaneous,
and consequently there is no gain storage. As a result, coupling between fields is only
possible when they overlap both spatially and temporally. This means that the only efficient
way to mode-lock an OPO is by synchronous pumping. The first demonstration of the
synchronously-pumped OPO, with the output of a Q-switched and mode-locked laser, was

by Burneika et al [43] in 1972. A few years later similar devices were operated by Weisman



and Rice [44] in 1976, and by Kushida er al [45] in 1977. Very little work on these devices

was then carried out until the late eighties when new nonlinear materials became available.

While most work on parametric oscillators has involved pumping by Q-switch pulses,
there is now an increasing amount of work on the synchronously pumped OPO [46][47].
This is due, in part, to improvements in materials and partly to the availability of more
convenient mode-locked pump sources. Another area of current interest is in the develop-

ment of very narrow linewidth c.w. devices for use as spectroscopic sources [48].

There are two recent results of great interest. The first is the demonstration of a
doubly-resonant synchronously-pumped, OPO using barium sodium niobate [49] as the gain
medium. This has been operated continuously [46], and also when pumped by the temporally
compressed output of Q-switched, mode-locked, c.w. pumped Nd:YAG laser [50]. The
second is the first demonstration of continuous operation of a singly-resonant synchronously
pumped oscillator, which is also the first OPO to operate in the sub-picosecond regime [47].
These results gives further confidence in the scheme towards which the work in this thesis
was directed, i.e. that operation of a singly-resonant OPO should be possible outside of a
laser cavity once diode-pumped solid-state lasers have been developed which can provide

sufficient output powers.
1.3 Thesis outline.

The remaining seven chapters of this thesis are as follows: Chapter 2 gives the necessary
theoretical background for the discussion of the performance of a synchronously pumped
optical parametric oscillator. Chapter 3 outlines the properties wanted, and found, in
parametric gain media, and then goes on to review the properties of the materials barium
borate [7] and potassium titanyl phosphate [2]. In Chapter 4, consideration is given to the
design of practically realisable systems. Then in Chapter 5 a brief description of the pump
systems used in the experimental investigations are given. Chapter 6 summarizes the prelimi-
nary experimental results obtained in an investigation of a Q-switched, mode-locked OPO
based on barium borate [7]. Chapter 7 then discusses the results obtained from the work with
potassium titanyl phosphate [2]. The final chapter, Chapter 8, considers the direction in
which the investigation could now proceed. The thesis ends with a brief conclusion on the
possibility of continuous operation of a synchronously pumped optical parametric oscillation

with the material potassium titanyl phosphate [2].
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2 Theoretical background.

A fully general analysis of the behaviour of the synchronously pumped OPO has not—so
far—been made. Moreover, it is unlikely that this will ever be possible, save by computa-
tional means. The factors that would have to be accounted for in a complete model include
the finite spatial and temporal extent of the interacting radiation, and the behaviour of the
crystal; including dispersive and birefringent behaviour (e.g. temporal walk-off and angular
acceptance). These problems are most acute in the case of low power, ultrashort pulsed
operation: the low power necessitates the use of a tight focus, so diffraction effects are
significant; the short pulse duration leads to limitations of the crystal length due to temporal
walk-off, and also bandwidth acceptance. Furthermore, if the analysis is to be extended to
deal with the case of high (> 10%) conversion efficiencies, then depletion of the pump will
also have to be accounted for. While no treatment has yet been presented that takes into
account all of the various points mentioned above, many have been investigated in isolation,

or in conjunction with one or two of the others (e.g. [1][2][3]).

The purpose of this chapter is to briefly outline a few of the more important results
that have been previously published, and which were found to be of use during this project.
The main use of the theory was to determine how much pump power would be required for
the parametric oscillator to reach threshold, and it is therefore primarily this matter that is

considered.

The chapter is split into two sections: it starts by considering optical parametric
amplification, the process underlying optical parametric oscillation, concentrating on the
plane-wave model—with references to where this breaks down in practice; in Section 2, the
ideas relevant to optical parametric oscillation are outlined, with attention being drawn to
those limitations imposed on the system due to temporal and spatial localisation of the

interacting fields.
2.1 Parametric amplification.

Optical parametric amplification is the x¥® mediated interaction by which power is lost from
an intense, high frequency ‘pump’ field to an—initially—weaker, lower frequency ‘signal’
field [4]. To comply with energy conservation, a third field—referred to as the ‘idler’—is

also generated; at the frequency difference of the pump and signal.

As has been derived in many publications (e.g. [1][4][5]), the evolution of an

electromagnetic field comprised of three collinearly propagating plane-wave frequency
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components at w;, w,, and w; (such that w;+w,=w;) travelling in a medium characterised by
a nonlinear coefficient ‘d’ (defined such the 2d=x? [5]), can be described by the set of

coupled differential equations (2.1.a)-(2.1.¢),

ili«-a E, =ik E. E,e"4k= (2.1.a)
a7 TGS 1.

dE .
—‘-i-zi +a,E, = ix, E E e 1Ak (2.1.b)

dE .
d—; + 0, E, =ik, E E e 1Ak 2.1.0)

where ‘E;’ are the complex amplitudes of the fields, ¢; are the field absorption coefficients,

Ak=k;-k,-k, is the phase-velocity mismatch, and the interaction coefficient ‘«;” is defined by

w,d
X, = 2.2)

n.c

where ‘n;” is the appropriate refractive index, and ‘d’ is the nonlinearity (in pmV™') mentioned
above (note. ‘d’ has been defined such that the second order polarization field is related to

the electric field by P=¢,xE?, as opposed to the alternative convention that P=xE?),

The set of equations given in (2.1.a)-(2.1.c) describes all possible three-photon
interactions, including second harmonic generation and optical parametric amplification. The
actual process that occurs in a given situation is determined by the relative phasing of the
incident fields, which in turn determines the direction of power flow. Defining the ‘phase
factor’ as A¢=¢,-¢9,-¢,, where ¢, are the arguments of the complex field amplitudes E, at the
entrance of the crystal, it can be shown that if A¢p=+n/2 then power is channelled from the
field components at w, and w, into the component at w;. On the other hand, if the phase-
factor is —=/2, power flows in the opposite sense. For intermediate value of A¢, power
flow occurs in both directions simultaneously: the net power flow depending on the
magnitude of the different field components at the given instant. This results in a periodic
redistribution of power as the fields propagate through the nonlinear medium [1]. If only
two, out of the three, field components is incident on the crystal, then the third one will be
generated at the phase that maximises the rate at which its power increases. This same
argument also holds if one of the fields becomes totally depleted at any point: it is then
possible for the direction of the interaction to reverse—the newly generated third component

of the field taking the phase required for this to occur.
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The phase-mismatch ‘Ak’ further complicates the matter by introducing a varying
phase-relationship: if it takes a non-zero value, it results in a periodic change in the direction
of power flow, leading to a drastic reduction in the amount of energy that can be channelled
between fields. Consequently, it is generally desired that Ak=0: an interaction that satisfies

this condition is referred to as being ‘phase matched’.

When pump depletion can be ignored (i.e. E, is constant), it is possible to find an
exact solution of (2.1.a2)-(2.1.c). Setting the complex amplitudes of the incident ‘signal’ and
‘idler’ fields to be E,(0) and E,(0) respectively, the amplitude of the signal field at the crystal

output, after traversing a distance ‘¢’ in the nonlinear medium, is given by

) ; ix, E
E, (e :El(O)e‘AW(costh-%ksinthH 13
g

E;0)e'4*%sinhgy  (2.3)

where the parametric gain coefficient ‘I’ and total gain coefficient ‘g’ are defined as,

2
I? =k, &, |E,[? g* =1"2—[A7k) 2.4)

The equation describing the evolution of the idler field E, is identical to (2.3), except
for the exchange of the subscripts ‘1’ and ‘2°. Also, it has been implicitly assumed that the
pump does not lose significant power to the signal and idler fields, nor through absorption

or other loss mechanisms.

A case of particular interest here occurs when only one of the two lower frequency
fields (say w,) is incident on the OPA. The single-pass power gain can then be shown to be

given—neglecting loss—by,

E\(0
E,(0)

2

@ Si.nhng
(g0

1 (2.5)

It can be seen here that the gain is independent of the relative phases of the incident
pump (w;) and signal (w;) fields. This is because—as mentioned above—the idler (w,) is free
to assume whatever phase is necessary for it to see optimum gain. This coincides with the
maximum transfer of energy for the pump to the signal and idler fields [5], and therefore also

leads to the optimal channelling of energy into the signal field.

12



In the low gain limit (I'* < Ak*/4), (2.5) becomes,

s 201
G, = I*Psinc?(veA ko) = 122 S0 (2AKD 2.6
(V2 A ko)?
which shows that for a non-zero value of Ak that the gain varies sinusoidally with the length
travelled. However, for Ak=0, it can be seen that the gain varies quadratically with
length—corresponding to the optimum value for a given length. More exactly, if Ak=0, it

can be shown from (2.5), that the signal gain is given by,

G, = sinh*T"0 @.7)

which can, if the gain is high (I'*> 1), but the pump depletion still small enough to be
ignored (i.e. small signal case), be well approximated by the exponential form,
214

G, ()= "T 2.8)

2.1.1 Phase-matching.

It was mentioned above that the maximum gain is obtained when the phase-velocity mismatch
is zero (Ak=k;-k,-k; =0). Generally, the inherent dispersion of the nonlinear material means
that this can not be achieved, as becomes apparent when the phase-velocity matching

condition is re-expressed (using w/k=c/n) as,

WyN, =N, 0, * 1,0, 2.9

One way to satisfy this condition is through the exploitation of intrinsic, or induced,
crystal birefringence [7]. For birefringent materials it can be shown that, for almost any
given direction through the crystal, wave propagation is only supported for two distinct
orthogonal eigen-polarizations; each seeing a different value of refractive index (8] (the
exception being when propagation is in the direction of the optic axes: these are defined as
the directions for which the eigen-indices are degenerate. This degeneracy means that any
arbitrary polarization state will be propagated unchanged). If the difference between the two
eigen-indices—as seen by a given frequency field in each of the two polarization states—is
larger than the difference between the values of one of the indices as seen by the two extreme
frequency components, it is then possible, through a suitable selection of both the polarization

states of the interacting ficld components, and the direction of propagation, to counter the
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effects of dispersion (and hence satisfy Ak=0). There are, however, limitations to this

technique for phase-matching, which will be outlined below.

2.1.2 Bandwidth and spectral acceptance,

The dispersion of the nonlinear gain medium determines the spectral behaviour of the
parametric amplifier. From equation (2.6), it can be seen that for a crystal of length ‘£, that

the signal gain is reduced to zero by a change in the phase-(mis)match, from Ak=0, to,

2
| Ak| =2 [Ea] + T2 2.10)

or in the small gain limit (T' < w/f), to

It is possible, by relating (2.10) or (2.11) to the frequency dependency of the phase-

(mis)match, to ascribe a bandwidth to the parametric interaction [5].

If the phase-velocities at the frequencies corresponding to the line-centres of the three
field components are assumed to be perfectly phase-matched (Ak=k;-k,-k, =0), and the pump
field assumed to have a negligible bandwidth, then the phase-mismatch between the pump and

fields at w, +Aw and w,+ Aw is well approximated by,

ok, %] . Aa? [azk1 ¥k

Ak = Aw|—
Jw dw 2 dw? Jw?

2.12)

From (2.12), substituting for Ak by (2.11), it can be shown that in the small signal case the

bandwidth of the parametric interaction is given by,

_ 2r
Aw = ———
. % __a_& (2.13)
jJw Jw

where the expansion of (2.12) has only been taken to first order in Ak. This approximation
is generally valid; the exception being in the situation of perfect—or nearly so—group

velocity matching, i.e.,

—1 = a—k2 (2.14)
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when the term in Aw? must also be taken into account.

From (2.10) and (2.11), it can be seen that the bandwidth broadens as the gain

increases. Byer [5] has expressed this as

BWehigh) _ |, I*¢ 2.15)

BW(low) n?
vs;here the low gain bandwidth is that deduced using equation (2.13). For a gain of
~exp(30), which is required for an appreciable output from a single-pass parametric
generator (see Subsection 6), this can give rise to a bandwidth ~35 times wider than in the
low-gain case [5]. The approach outlined above breaks down when the bandwidth of the
pump becomes appreciable (e.g. for mode-locked pulses with a duration of, say, < 10ps).
In this case, an estimation of the bandwidth also involves a consideration of dispersion at the
pump wavelength, which—unfortunately—does not lead to a more generally applicable form

of equation (2.13).

If the pump bandwidth is sufficiently broad, phase-matching will not be possible over
the entirety of the pump bandwidth: this will result in a reduction of the available parametric
gain. For near degenerate interaction, a gauge of this effect can be obtained from a consider-
ation of second harmonic generation; even though it is not strictly valid to consider frequency

doubling as degenerate parametric oscillation in reverse.

The treatment necessary to obtain the acceptance bandwidth in the case of second
harmonic generation closely follows that—given above—for the OPO gain bandwidth. The
two frequency components used here are the ‘harmonic’ (pump) w; and the fundamental
(degenerate) wavelength w,, which are related according to 2w,=w;. In this case the

expression obtained is,

Aw = L

0 [ak3 ako] (2.16)

Jw Jdw

where Aw is the deviation of the signal (and also idler) from the frequency at which optimal
phase-matching is obtained. It has been shown that the efficiency obtained for a given

acceptance bandwidth and fundamental linewidth is well approximated by [11],

nAtd Aw

B (2.17)
N \/Aw2+Aw;
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where 7. is the doubling efficiency ignoring any bandwidth effect (i.e. assuming the
interaction has an infinite bandwidth), n,, is the efficiency when the acceptance bandwidth
of the crystal is Aw, and Awg is the linewidth of the incident fundamental radiation. While
this value is not directly applicable, it should scale in approximately the same way, and can
therefore be used to ascertain whether or not the bandwidth acceptance is going to be a

problem in practice.

-

2.1.3 Angular acceptance.

As mentioned in Subsection 1, one of the ways in which phase-velocity matching can be
achieved is through the exploitation of crystal birefringence. 1t can be shown that in a
birefringent crystal, the values of the two indices seen by a given frequency is dependent on
the direction of propagation. The direction is usually reckoned with reference to the
dielectric axes, in terms of spherical polar coordinates. It is then conceptually a matter of
varying the angle(s) of propagation in the crystal to achieve phase-matching. The range over
which this is possible depends on the degree of birefringence of the material in relation to the

magnitude of its dispersion.

How the angular dependency of the refractive indices is related to the phase-mismatch
may be seen by re-writing the condition for perfect phase-match (k; =k, +k,), using w/k=c/n,
in the form,

m(0) ny(8) _n(®)
A’l A‘2 A'3

(2.18)

where A; (i=1,2,3) are the values of the free-space wavelengths. The method for obtaining
the values of the angles needed for phase-matching from (2.18) is not given here: the solution
for the case of uniaxial crystals has been published by Midwinter and Warner [9], and by

Hobden [10] for the alternative biaxial case.

Though the variation of the refractive indices with direction allows a range of
different wavelengths to be matched, it also leads to the concept of angular acceptance. As
will be discussed later, this is important in the case of a finite beam extent. It is, however,
difficult to analyse in the case of optical parametric amplification, as for any given values of
pump and signal wavelength, the idler can be generated at any angle at which the phase-
mismatch is small enough for adequate gain. Some gauge of this effect may, however, be

obtained from a consideration of the angular acceptance for frequency doubling.
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In the case of second harmonic generation, the acceptance angle is conventionally
taken to be the angular deviation, from the angle which gives optimum conversion efficiency
(for the plane-wave interaction), at which the efficiency falls to 50% of its optimum value
[4]. The derivation of the acceptance angle closely follows that for the bandwidth acceptance,
as given in Subsection 2. If the interaction os assumed to be phase-matched for propagation
at some arbitrary angle 8, then the phase-velocity mismatch at an angle 9+ A0 is well

approximated by the power series,

3 ABY &
Ak= AL Ak+22 T Ak )
o ) 2.19)

06?
where the derivatives of Ak are evaluated at 6. If the angle 8 is larger than =35°, it can be
shown that this expansion is accurate to better than =1%; even when taken only to first
order. For smaller angles, both terms must be taken into account: the exceptions being the
cases of 6=0 and §=90°, when the first order term vanishes. This corresponds to a
stationary point in the angular variation of the refractive index, and results in a significant
increase in the acceptance angle. In these cases, due to the lack of alignment sensitivity,
phase-matching is designated as ‘non-critical’; it can be shown to occurs when propagation

is parallel to one or more of the dielectric axes.

Given that the small signal parametric gain is proportional to sinc?(t4£Ak), and having
decided the efficiency reduction factor that will define the acceptance angle, it is then possible
to calculate the maximum allowed angular deviation using (2.19). If both terms of the series
are used, the solution involves a quadratic equation in terms of Af. If only one or other of
the terms is required, it is then possible to calculate a corresponding ‘angular acceptance
coefficient’ that can then be scaled according to the crystal length. For the usual ‘critical’
case, the coefficient is normally quoted in mrad - cm: to obtain the angular acceptance for a
given crystal, the coefficient must be divided by the length in cm. In the non-critical case,

the coefficient is given in terms of mrad - cm™,
2.1.4 Poynting vector walk-off.

Another property of birefringent crystals is that, in general, the direction of energy flow (as
defined by the Poynting vector) is not parallel to the propagation vector. Furthermore, as
mentioned in Subsection 1, an arbitrary polarized beam can be decomposed into two distinct
parts, that correspond to the allowed eigen-polarizations. It can be shown that the deviation
between the Poynting vector and the propagation direction is different for the two

polarizations. To achieve phase-matching, one of the interacting frequency components must
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always be in the opposite eigen-polarization to the other (i.e. two can have the higher index,
or two can have the lower index). Consequently, in the general case, the direction of power
flow will not be the same for all three fields (the exception being the case of noncritical
phase-matching). In the case of a finite beam extent, this can limit the distance over which
beams of a given cross-section will overlap, which in turn can limit the usable gain length,

as parametric amplification can only take place when there is this overlap of the fields.

2.1.5 Temporal limitations.

As explained in Subsection 1, when the bandwidths of the interacting fields exceed the
acceptance bandwidth of the nonlinear interaction, the amount of power coupled into the
output is reduced. When dealing with short pulses, the difference between the group
velocities of the three interacting fields also manifests itself in the temporal domain by
limiting the propagation length over which the pulses will overlap, as the pulses will ‘walk
off’ each other after propagating a given distance through the crystal. This effect is known
as ‘temporal walk-off’ [12].

The temporal walk-off can be characterized by a ‘walk-off duration’ Ar, which
between pulses with centre frequencies w; and w,, is given by,
ok, 4
ar=g|Fa_ %k (2.20)
Jw Jdw
In the case of a process involving three distinct values of group velocity, the two frequency

components used should be those with the most disparate values (of group-velocity).

In general, the pulses propagating through a crystal of length ¢ must have a duration
of at least as long as =~Ar. This can be seen by considering the overlap of two Gaussian
pulses of FWHM duration ‘7’. If it is assumed that the peaks of the two pulse coincide at
the input of the nonlinear crystal, it can be shown that after propagating a distance cAr, that
their normalised Gaussian overlap has reduced from unity (when coincident) to =60%. In
the case of the Smm long KTP crystal phase-matched to frequency double 1.064xm, as used
during the investigations described in Chapter 7, the temporal walk-off is =0.4ps'mm?,
i.e. a =2ps temporal walk-off over a propagation distance of =5mm. This amount of walk-
off is, however, insignificant for pulse durations of = 15ps and longer: it can be shown in
this case that the Gaussian overlap is only reduced by ~1% over the crystal transit. It was
therefore ignored in the earlier stages of this project. It is, however, a matter that must be

paid attention to, as it would have been necessary to do so had the implementation of pulse-
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compression, as described in Section 3, Chapter 7, come to fruition. In particular, it has
been found for ultrashort duration pulses (7~ 1ps and shorter) that too long a length of crystal
can lead to a significant reduction in the available parametric gain, resulting from pulse walk-

off and bandwidth limiting effects [13].
2.1.6 Optical parametric superfluorescence.

Before moving on to consider optical parametric oscillation, a brief mention of a special case
of optical parametric amplification; optical parametric superfluorescence [5]. This occurs
when the parametric gain is so high that it is possible to amplify up the parametric noise—on
a single pass, or after several passes, through the gain medium—to a level comparable to the
incident pump. The gain necessary for this is conventionally taken to be exp(20)-exp(30)
(i.e. ~10°-~10")[5]; the exact value being chosen with some degree of arbitrariness. The

optical noise is that which is present due to spontaneous parametric scattering [16].

The process of parametric superfluorescence has been exploited as a way of
generating widely tunable radiation in devices sometimes known as ‘optical parametric
generators’ (‘OPG’) [14]. An alternative name for the OPG is the ‘travelling wave oscillator’
(‘TWQ?’), but this nomenclature is not strictly correct, as there is no feedback utilised in such
systems. The output of a OPG consists of a cone of radiation which varies in frequency
across its spatial extent (due to a the variation in the phase-matching condition across the
angular divergence of the pump beam). Through the use of an aperture, an output of a high
spectral purity can be obtained; but only at the expense of power. To obtain both spectral
purity -and power it has become common practice to extend this technique by using a
parametric amplifier to boost the output of the OPG [14]. This allows the generated radiation
to be spectrally filtered quite heavily (i.e. at the expense of the majority of the available
power), as an appreciable signal can be obtained from the output of the subsequent stage of

amplification.

Parametric generation does suffer from other disadvantages in addition to the difficulty
of affecting full spectral and spatial control. One of the problems is that to obtain the
necessary gain, the crystal used must be exposed to an intensity approaching that at which
damage will typically occur. In an attempt to obtain sufficient gain at lower intensities, a lot
of work has been done with multi-pass schemes. The natural extension of such schemes is

to place the parametric amplifier in a resonator, thereby forming a parametric oscillator.

19



2.2 Optical parametric oscillation.

An alternative way to reduce the threshold requirement for a parametric generator is to
enclose it in a cavity, and thereby form a parametric oscillator [5]. If only one of the
generated fields is resonated, the device is known as a singly resonant oscillator (‘SRQO’),

whereas if both are resonated, it is a doubly resonant oscillator (‘DRO’).

The OPO has several advantages over the OPG. Firstly, as feedback is utilised, the
single-pass gain required for significant amplification of the parametric noise is generally
much lower than required in the case of the OPG. Consequently, the nonlinear medium need
not be exposed to an intensity so close to its damage threshold. Secondly, the resonant nature
of the device also acts to constrain the generated radiation both spectrally and spatially. This
is because the resonator defines a unique direction of propagation; that of the cavity axis.
As the gain medium is assumed to be pumped at an intensity significantly lower than that
needed to provide a single-pass gain of exp(20)-exp(30), only the on-axis spectral component
(as determined by phase-matching) will be fed back, and thereby experience the multi-pass

amplification required to reach a significant level.
2.2.1 Single versus double resonance.

One question that must be considered is the relative virtue of the DRO and SRO schemes.
The first matter of relevance is the oscillation threshold. A continuously pumped OPO
reaches threshold at the point at which the parametric gain over a single pass of the nonlinear
crystal more than accounts for the round trip cavity loss. Mathematically, following Byer
[5], this condition may be expressed using (2.3), and assuming perfect phase-matching
(Ak=0), as,

E, =f,(E,coshI't +i(x,/T) E, E, sinhT'0)

(2.21)
E, = f,(E,coshT'¢ +i(x,/T) E, E; sinhT"0)

where all quantities are as defined for the case of (2.3), except the fractional round-trip

electric field feedback f. If the round trip loss is small, then it follows from (2.21) that

414
coshI'¢=1+——=— (2.22)
2+a, +a,

where a; are the round-trip losses (a;=1-f)). If both waves experience a low loss over one

round trip (i.e. DRO), then (2.22) is well approximated by,
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I'*?=q,a, (2.23)
whereas in the case that only one of the fields is fed back (i.e. SRO}, it becomes

I2?=2aq, (2.24)

From (2.23) and (2.24) it can be seen that the threshold of the SRO is a factor of 2/a larger
than the equivalent DRO (i.e. assume that any field that is resonated will see a loss ‘a’). A
low, but realistically achievable, value of cavity loss is ~1%. In this case, the SRO
threshold will be around two orders of magnitude higher than that of the equivalent DRO.

This is a very significant amount: particularly in the case of continuous pumping.

The disadvantage of the doubly-resonant scheme is the requirement for ‘double
resonance’. The OPO, being a resonant device, can only operate at frequencies that are
modes of the cavity. In the case of the SRO this is no problem, as there will always be a
signal mode close to the optimally phase-matched wavelength (within half the cavity mode-
spacing). The idler, being non-resonant, is not required to correspond to a cavity mode and
therefore automatically assumes the correct wavelength (i.e. the difference of the pump and
signal). The DRO, however, can only operate at points where there is both a signal and idler
wavelength that are resonator modes: a condition which is, in practice, difficult to meet.
Furthermore, it is sensitively dependent on the cavity length and pump frequency—a slight
variation in either of the cavity length or pump frequency can result in a significant shift in

the operating point. Consequently, these devices tend to exhibit poor stability.

While it is possible to satisfy the condition for double resonance through the use of
a highly stabilized pump and cavity [15], it can—in practice—only be satisfied for one mode
pair at a time. In the case of multi-longitudinal mode systemis, including all synchronously
pumped systems, the simultaneous resonance of condition is not readily met. The use of two
juxtaposed resonators has been proposed, but the tolerance to which the relative lengths of
the cavity must be controlled is at the extreme limit of currently available stabilization
systems. Consequently, it does not offer a practical route to a usable system (see Chapter

8, Section 2, Subsection 3 for a further discussion).
Oscillation threshold of pulsed system.

The oscillation threshold given above was for the case of a continuously pumped device.
This may be denoted the ‘c.w. threshold’: it defines the intensity at which gain equals loss.

In practice, however, as a high intensity is required for parametric gain to become significant,
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it has been more usual to use Q-switched (or similar) pump sources. In these cases, as the
pump is only present for a limited amount of time, the gain per pass must be sufficient that
the total accumulated gain, over the number of round trips that take place within the pulse
envelope, is high enough that an appreciable signal will have built up. This contrasts with
the case of continuous pumping where, once the c.w. threshold had been exceeded, the signal
has unlimited time to build up. (In does not, of course, build up indefinitely: it is eventually

limited by gain saturation when the signal reaches a level sufficient to cause pump depletion).

The time taken for the signal to build up, from noise, to a level comparable with the
pump, is known as the rise-time [5]. This quantity is of particular importance in the case of
a finite duration (i.e. pulsed) pump, as it will determine whether or not the parametric

oscillator reaches threshold (i.e. whether or not the signal power level approaches that of the

pump).

The rise-time can be considered as an equivalent loss [5]. In the case of the SRO this

has been shown to modify the threshold equation (2.24) to,

T, P0)

T
M@ =24+ ¢ (&] (2.25)
where 7. is the cavity round trip time, and 7, is the duration of the pump pulse. P(0) is the
parametric noise power [16], and P(t) is—generally—the power required to reach threshold.
Rather than specify P(0) and P(t) explicitly, it is the ratio itself that is generally defined. As
in the case of parametric generation, the gain needed to obtain a sizeable signal, from

amplification of parametric noise, is usually taken to be ~exp(20)-exp(30).
2.2.2 Gaussian beams.

In the discussions above, the interacting fields have been assumed to be plane wave. This
section, however, gives the results—after Byer [5]—for a near-field analysis of three
interacting Gaussian fields. While Byer [5] considered both the singly-resonant and doubly
resonant OPO, here only the former case will be discussed. The poor stability of the doubly
resonant system makes it unattractive as far as a practically usable system is concerned (see

Subsection 1, Section 1), and it is therefore of little interest at this time.

If diffraction effects can be taken to be small enough that the variation in the beam
radius ‘w’ over the length of the nonlinear crystal can be discounted, then the Gaussian

beams may be adequately described by
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E=E, e_({v_)a V (2.26)

Substituting expressions of form (2.26), for each of the three interacting fields, into equations
(2.1.a)-(2.1.c) in Section 1, it follows that each pair of fields generates a Gaussian polariz-

ation at the third frequency—for instance—w,, which has a waist ‘W,’ given by,
quency 1 y

(P)72 = (W) 2 + (W) 2.27)

Using the coupling coefficient formalism after Kogelnik [17], the coupling of the

polarization at w; (back) into the corresponding electric field is given by,

g =+ (2.28)

2
L, (¥
217w,

The case of interest here is that of the singly resonant oscillator. As the idler field

is nonresonant, and therefore not constrained in any way, it can be assumed to adopt the
mode size that maximises the coupling between field and polarization: vis. it can be assumed
that the idler coupling coefficient is unity (here, g,=1). In this case, the coupled equations
of (2.1.2)-(2.1.c) become,

dE, .
d_z = IKIgsEB E2
dE, . (2.29)
—_ =1
dz e
where the ‘singly resonant’ coupling factor ‘gg’ is defined by,
w. \2
R e (2.30)
gs w3
From (2.30) it can be shown that the single-pass gain ‘G’ is,
4o,0,d*¢ P
G = 12 3 (2.31)

3 2
nnyna€yC” 1 (wy *W;-)

where the parametric gain coefficient ‘T’ and interaction coefficients k, have been substituted
for using (2.2) and (2.4) respectively, and the pump power ‘P;’ has been introduced in place

of the modulus of the electric field (at the pump wavelength), according to,
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1
9 xws Ly = 5 1s&6¢ | Es | (2.32)
where I, is the peak pump intensity. Being a Gaussian beam, it is possible to express the

power in terms of the effective area of the beam, and average intensity Al,, (‘effectively’

averaged over the waist),

The dependency exhibited by (2.32) on the beam radii of the pump and signal fields
suggests that the threshold can be made as small as wished by using arbitrarily tight focusing.
However, the assumption was made above that the beam size did not vary significantly over
the length of the nonlinear medium. This assumption breaks down for waist sizes small
enough that the corresponding confocal parameters ‘b’—in the medium—approach being as
short as the crystal length “¢°. If is assumed that b= { represents the smallest usable spot-
size, then it suggests that the optimal focusing involves the use of equal confocal parameters
for the pump and signal. This optimum focusing condition has been shown to hold by the
more formal analysis of Sushchik and Freidman [18], and coincides with the corresponding

resuit from the analysis of the doubly resonant oscillator, after Boyd and Kleinman [2].
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3 The nonlinear medium.

In the past, the scarcity of suitable nonlinear materials severely hampered the development
of the optical parametric oscillator (OPO) [1]. The majority of materials previously available
had either a prohibitively low damage threshold, nonlinearity, or both. As parametric
processes are only efficient at high pump intensities, this meant that damage was always a
p:)tential problem. Consequently, the practical exploitation of the OPO has so far been
minimal. Recently, however, materials have become commercially available with greatly
improved properties (e.g. barium borate [2] and potassium titanyl phosphate [3]). This is
only partly due to the development of new nonlinear materials; it is also because of a general
advancement in crystal growth technology. This has led to the availability of materials that
not only have higher nonlinearities and damage thresholds, but also have much higher optical

quality and homogeneity.
3.1 Crystal nonlinearity and symmetry.

Strictly speaking there is no separate class of ‘nonlinear crystals’, as all materials exhibit
‘nonlinear behaviour’ when exposed to an electric field of sufficient strength [4]. It is
therefore more correct to refer to ‘highly nonlinear crystals’. The parametric processes
encountered during the investigations described in this thesis—optical parametric amplification
and second harmonic generation—involve the coupling together of three fields, and are hence
mediated by the second order susceptibility ‘x®’ of a material. Therefore, in the following

discussion, ‘nonlinear’ will be taken to mean that the material possesses a large value of x2.

The nonlinear properties of a crystal—as characterized by the higher order
susceptibilities—are determined by its detailed electronic and molecular structure [5]. The
theoretical determination of the values of the susceptibilities involves the application of
quantum mechanics to determine the microscopic behaviour of the material [5]. Once this
is known, it is then possible to determine the macroscopic behaviour, and hence the values
of the susceptibilities. The complexity of these calculations limits the accuracy with which
the susceptibilities may be determined; it is therefore more usual for their value to be

experimentally obtained.

The symmetry of a material determines the number of independent, non-zero elements
of the third-order tensor used to describe the x® susceptibility. A prerequisite for any of the

elements to have a non-zero value is that the material must lack inversion symmetry (i.e. be
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‘non-centrosymmetric’). The crystal symmetry also determines the optical isotropy of the
material. As a nonlinear process is only efficient if phase-matched, which involves the
exploitation of crystal birefringence [6]. Consequently, a crystal is not usable as a nonlinear

medium unless it also possesses a high enough birefringence.

3.2 General considerations.

When deciding which nonlinear material to use as the parametric gain medium in an optical
parametric oscillator, there are two main points to consider: Firstly, can a high enough gain
be obtained to reach threshold? Secondly, over how wide a range of wavelengths can the

crystal be tuned?

The maximum parametric gain available from a given crystal is determined by its
nonlinearity, its length, and the incident pump intensity. The usable (‘effective’) nonlinearity
is determined by the intrinsic properties of the material, including the symmetry and the
values of the principle nonlinearities, and also the birefringence, as this determines the

direction of propagation through the crystal when phase-matched.

The usable length of the crystal is limited firstly by availability. Some crystals can
be grown with lengths of up to S0mm and more (e.g. lithium niobate) whereas others can
only be provided with lengths of up to a few millimetres (potassium titanyl phosphate is
currently limited to about 12mm; some organic materials are only available with lengths of
~{0.1lmm). The usable length of medium is restricted, in the critically phase-matched case,
by Poynting vector walk-off and angular acceptance, for a given focusing condition. The
length is also restricted—irrespective of whether it is critically or noncritically matched—by
spectral acceptance. The acceptance bandwidth of a crystal is inversely proportional to its
length; if the linewidth of the pump is significant, then only a short crystal length will be
efficiently utilised. In the case of transform limited mode-locked pulses, this may be
alternatively treated in terms of temporal walk-off. This occurs because the group velocity
at the pump and signal wavelengths differ, and hence the puises will only overlap over a
finite propagation length. The length over which the signal and pump overlap is the same
as the maximum length of medium which has a wide enough spectral acceptance to couple

the mode-locked radiation effectively.

Ideally a nonlinear material should be exposed to as high an intensity as is possible
without severe risk of incurring damage; the actual safety margin to be allowed depending,

in practice, on the stability of the laser being used. Therefore, a nonlinear material must
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have a high damage threshold (ideally ~1GWcm™ or greater). If only a limited amount of
power is available, then it may not be possible to achieve an intensity of even a few percent
of the damage threshold. This is particularly a problem when angular acceptance and walk-

off effects restrict the usable degree of focusing.

The tuning range of a parametric oscillator is firstly determined by the transmission
ringe of the crystal. This is ultimately limited by the ultraviolet and infrared ‘cut-offs’; vis.
the upper and lower wavelengths where the material sftops transmitting. This wide
transmission range may, however, not be exploitable in practice. The transmission
characteristics of many crystals in practice exhibit a degree of ‘roll-off’ at the extreme
wavelengths, which will be significant enough to terminate oscillation in a low-gain OPO.
An example of this is BBO: Chen et al [2] report the longest wavelength transmitted by BBO
to be 2.7um. The graph they publish, however, suggests that a device that can only suffer

a loss of 1-2% will only be able to operate out to 2, 1ym.

Given that the medium can transmit a wide range of wavelengths, it does not
necessarily hold that the tuning range is also wide. For the crystal to be of use it must also
have a birefringence that is sufficient to counter dispersion, and hence allow phase-matching.
The range over which phase-matching is possible may be significantly smaller than the trans-

mission range, or even nonexistent,

In the case of angle tuning, a wide tuning range requires a high birefringence. This
high birefringence will, however, give rise to a high Poynting vector walk-off and a low
angular acceptance. This will limit how tight a focusing scheme can be used with the crystal,
which will limit the parametric gain available with a given pump power. It is therefore a
matter of compromise; if a very wide tuning range is required from an angle tuned source,
it must be accepted that the gain available will be compromised by the various angular
effects., It does, however, make sense that having decided to utilise angle tuning, that the
crystal used has a birefringence with a low thermal dependency, so that temperature

stabilization is not needed in addition.

Alternatively, if temperature tuning is to be used, the birefringence of the material
must have a high thermal dependency, and hence allow a wide range of wavelengths to be
phase-matched for propagation in the same direction. There is, however, no advantage to
be gained in using temperature tuning unless non-critical (or nearly so) phase-matching is

possible. This allows the use of much tighter focusing, as in this situation the angular
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acceptance is wide, and the Poynting vector walk-off is non-existent. If matching is only
possible critically, then the attendant angular variation of birefringence—that leads to the
Poynting vector walk-off and a low angular acceptance—might as well be exploited to tune

the crystal.

The aim of this project was to investigate the possibility of developing a widely
tunable source of mode-locked pulses, and consequently a material was desired that could be
widely tuned. Alternative uses of nonlinear crystals involve a fixed triad of wavelengths, e.g.
to generate the sum frequency of two lasers. In this case, a crystal which is insensitive to
all the parameters normally used to tune a parametric interaction (e.g. temperature, angle)

would be ideal; assuming it could actually phase-match for the desired set of wavelengths.
3.3 The ‘Figure of Merit’.

To aid in choosing a nonlinear material it is common practice to define a ‘figure of merit’
based on the small-signal parametric gain coefficient [1]. This allows a semi-quantitative
comparison to made of the gain available from different crystals, without resort to lengthy
calculation. The actual form used has varied from author to author, depending on the
intended application; the one most commonly used being d%/n®. This does not, however, take
any account of angular, spectral or temporal limitations. Together, these effects determine
the usable combinations of crystal length and focusing. Furthermore, it takes no account of
the damage threshold of the material. Hence, when choosing a nonlinear medium for a

specific usage, it is necessary to modify the figure of merit accordingly.

The small signal parametric gain [1] depends on the refractive index and nonlinearity
of the nonlinear medium, the pump intensity, and the interaction length; which is not
necessarily as long as the physical length of the nonlinear medium: In the case of mode-
locked pulses, group velocity dispersion can limit the interaction length to only a few
millimetres (e.g. in KTP, ~2ps pulses at 0.532um and 1.064um only overlap over a
propagation length of ~5mm). Given these dependencies, it is possible to ‘construct’ figures

of merit that are applicable in different circumstances.

If the available pump power is sufficiently high that the damage threshold of the
material may be approached without resort to tight focusing, hence allowing walk-off and
angular limitations to be neglected, and also the linewidth of the pump radiation is
significantly below the acceptance bandwidth of the crystal (equivalent, in the case of

transform limited mode-locked pulses, to the requirement that the temporal walk-off be
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insignificant compared to the pump pulse duration) then the available parametric gain will be

proportional to,

_d
FoM, = — ¢*I, @3.1)
n

where ‘d’ is the effective nonlinearity (in pmV™?), for the interaction of interest,’n’ is the
refractive index, ‘I’ is the damage threshold of the material (in GWcem®), and ‘£’ is the
available length of the material (in mm). The subscript ‘I’ for the figure of merit is to denote

that this is the ‘intrinsic’ value; i.e. unlimited by temporal, spectral or angular effects.

If, however, the available power is limited, then focusing must be taken into account.
In the critically phase-matched case, the spotsize allowed is w ~ pf; where p is the Poynting

vector walk-off (in radians). In this case, a suitable figure of merit can be defined as,

FoM,

2
= % 1 3.2)

0?

where, again, the pump bandwidth has been assumed to be sufficiently narrow that bandwidth
effects will be insignificant. Note that there is no length dependency; varying the length of
the crystal will therefore not lead to a different parametric gain, as long as the spotsize is
varied proportionally. The only limit to the reduction of the crystal length being that damage
will eventually become a problem. It has, however, been assumed that the walk-off is
significant enough that tight focusing is precluded, and hence diffraction effects ignored.
This assumption is reasonably valid for crystal lengths of as short as ~1mm, and for

materials exhibiting Poynting vector walk-offs of up to ~50mrad,

In the noncritically phase-matched case, however, there is no Poynting vector walk-off
to determine the focusing. In this case, the optimal spotsize to use is that which corresponds
to the confocal parameter—in the medium—being around one third of the physical length of
the crystal (i.e. 3b~ £)[7]. In this case, the figure of merit FoM; becomes,

d2

FoM, = 18600 10— 3.3)
P

where A, is the pump wavelength in vacuo (in pm), and the scale factor of 18600 is to

preserve the dimensionality of FoMp when moving from the critical to noncritical case. It
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arises from the substitution of w=p¢ by 3b={ (equivalent to w*=\{/67n); i.e. p*is replaced
by A6wnf. In this case there is a length dependency, and it can hence be seen that it is

advantageous to use a long length of crystal.

If the linewidth of the pump is large, it is necessary to take account of temporal walk-
off and spectral acceptance; both of which originate because of group velocity dispersion.
As mentioned in Section 3, in the case of transform limited mode-locked pulses only one of
these effects need be considered for both to be accounted for. It can be shown that in the
case of a pump pulse duration ‘7’, that the propagation length over which the pump and
signal pulses overlap is approximately £ =7/« [8]; where « is the temporal walk-off coeffic-
ient (the difference between the reciprocal group velocities of the pump and signal fields).
In this situation, the figures of merit given above must be altered accordingly. The first

figure of merit ‘FoM;’ becomes,

d2 2
FoMyz = — [i] I, (3.4)

where ‘7’ is the pulse duration in picoseconds, and ‘e’ is the temporal walk-off in ps-mm.
The second figure of merit ‘FoM,;’ is unchanged for the critically phase-matched case, but
the length must be less than 7/«. In the noncritical case, the figure of merit becomes,

a2 «

FOMP,T = 18600711—2' 'Z (3.5)

The first two of these figures of merit were used at the beginning of this project to
compare the nonlinear materials that were available. The latter two have more recently been
used when considering the ultra-short pulsed operation of the OPO. A consideration of the
four different figures of merit is felt to give a better overall picture of the crystal, as together
they account for a wider variety of possible applications. It must be noted here that it was
not intended for the different figures of merit to be cross-correlated, but only for the values

of a given figure of merit to be compared between crystals.

The values of these figures of merit, and a summary of a few of the relevant crystal
properties, is given in Section 5, after a brief overview of the various nonlinear materials

considered.
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3.4 An overview of nonlinear materials for use in the near infrared.

In Section 2, the primary characteristics desired of a nonlinear medium were outlined; these
are a high damage threshold, a high nonlinearity, a wide transmission range, and a
birefringence that is sufficient to allow phase-matching. In addition, they must be obtainable

with long enough lengths to provide sufficient parametric gain.

The optical quality of the material must be high, as inclusions will lead to a reduction
in the damage threshold. This also affects the transmission of a material, as scattering from
optical inhomogeneities can result in a significant loss. Furthermore, if the material is not
sufficiently homogeneous, then the birefringence of the material may vary throughout the
material. In this case, phase-matching can not be achieved simultaneously over the full length
of the material, and hence the parametric gain available is greatly reduced. This requirement
that the crystals must be available with high optical quality and homogeneity dramatically

restricts the number of crystals that need be considered.

At the time that this project commenced, the only materials available that could meet
the requirements of size and homogeneity were potassium dideuterium phosphate (KD,PQO,,
‘KD'P’ [9]), lithium niobate (LiNbO, [10]), lithium iodate (LilO,) [12], urea [13], and
barium borate (BaB,0O,, ‘BBO’ [2]). During the duration of this project, however, other
materials did become available; e.g. potassium niobate (KNbO; [14]) and potassium titanyl
phosphate (KTiOPO,, ‘KTP’[3]). With the exception of KTP, a discussion of recent

developments in nonlinear materials is delayed until Chapter 8.

Potassium dideuterium phosphate [9] (KD,PO,, ‘KD P’) is a negative uniaxial crystal
of point group 42m. It is the deuterated analogue of potassium dihydrogen phosphate
(KH,PO,, ‘KDP’); deuterated to increase the infrared cut-off wavelength of the material from
=1.0umto =1.2um. It has found wide-spread use in the frequency doubling of ultra-high
power Nd:YAG lasers (as used in plasma fusion experiments), as it is one of the few
nonlinear crystal that can be grown to have a large enough aperture size that damage can be
avoided. While KD'P does possess a high damage threshold (~4GWcm? for 10ns pulses
at 1.064um), it has a nonlinearity of only ~0.5pmV"! [9](c.f. =6.3pmV™ of lithium niobate
[11]). Furthermore, as mentioned above, it can only transmit wavelengths shorter than
=1.2um. Consequently the tuning range of a parametric oscillator based on this material is

very limited in the near infrared part of the spectrum. This is the reason that while
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parametric oscillation has been demonstrated using this material, its use has not been wide-

spread.

Lithium niobate (LiNbO;)[10] is a uniaxial ferroelectric crystal of point group 3m.
It has a high nonlinearity (=6.3pmV~"' [11]), and in the case of a 0.532um pump may be
temperature tuned to noncritically phase-match for parametric oscillation about degeneracy
(from 0.7-2um for a variation of temperature of ~100°C). Unfortunately, while it does
possess an intrinsically high damage threshold (~ 100MWcm™ at 1.064um [1]), it is suscep-
tible to reversible photorefractive damage at very low incident intensities (~ 1Wcem? [15]) of
radiation in the visible part of the spectrum. Despite this it has received wide-spread use—the
majority of early work on parametric oscillation in the near infrared utilised this material
[16]—but it has prevented the effective exploitation of this material. Because of its otherwise
promising characteristics, much effort has been expended on eliminating the problem of
optical damage. More recently, a magnesium oxide doped variant has been developed, and

been found to possess superior damage resistance; this is discussed in Appendix Al.

Lithium iodate (LilO,) is a negative uniaxial crystal of point group 6. It has a high
nonlinearity (d;s=5.5+0.3pmV"*[12]), and is transparent from 0.3-5.5um [17]. LiIO, phase-
matches at 30° for the type I frequency doubling of 1.064um, where the corresponding value
of effective nonlinearity is =~2.8pmV™!, about half that of lithium niobate. Parametric
generation has been demonstrated—with a 0.53um pump—to tune from 0.68-2.4um for an
angular variation of 5° [18]. This material does have several disadvantages. Firstly, when
phase-matched for operation of a 0.532um OPO it presents a high walk-off (=75mrad).
Secondly, it has a prohibitively low damage threshold, of only =350MWecm™ (for 15ns pulses
at 0.532um)[19]. Thirdly, it can exhibit a high absorption; at 1.064um the loss coefficient

can be as high as =0.06cm!, corresponding to a loss over Smm of ~3%.

Urea is a positive uniaxial crystal of point group 42m [13]. It has a nonlinearity of
=~ 1.4pmV"', about 23% of that of LiNbO;, and a high damage threshold of up to 2GWcm2
(10ns pulses at 355nm). Its use in the infrared is limited as it can only transmit wavelengths
of up to =1.4um. It does, however, transmit wavelengths as short as 200nm, and is
consequently of use to those requiring wavelengths in the ultraviolet (e.g. can be used to
frequency quadruple the output of a Nd:YAG laser); Until barium borate became available,

it was the dominant material for this use.
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Barium borate [2] (BaB,O,4, ‘BBO’) is a recently developed material that is of great
utility in the ultraviolet, as it transmits wavelengths down to below 180nm. However, BBO
is also of use in the near infrared, as it can transmit wavelengths of as long as ~2,5um.
While it does not have a particularly large nonlinearity (=2pmV~™!) when compared to
lithium niobate, it does compare well against the other materials that transmit as far into the
ultraviolet (e.g. the nonlinearity of ammonium dihydrogen phosphate, ‘ADP’, is only ~25%
o% that of BBO). BBO possesses a very high damage thresholds, of ~13.5GWcm?; which
holds even for pulses of several hundred nanoseconds. The major disadvantage with BBO
is the large walk-off over the majority of its tuning range, making it unusable for low power

applications.

Potassium titanyl phosphate (KTiOPO,, ‘KTP’) is a negative biaxial crystal—of point
symmetry mm2—that has only become readily available in the last few years, even though
it was first developed several years ago [3]. This is because of the difficulty in scaling up
the growth technique developed in the laboratory to the point at which mass production
became economically viable. KTP has rapidly found wide-spread usage, as it has a high

nonlinearity (3.2pmV-!) and can quasi-noncritically phase-match for the doubling of 1.064um.

Until recently, the effective nonlinearity of KTP for the doubling of 1.064um was
believed to be =7.3pmV’!, giving this material a ‘figure of merit’ (d*/n’); twice that of
lithium niobate. As it also possessed a much higher damage threshold (~2GWcm™2 for
100ps pulses), it appeared to be significantly better. More recently, as the thresholds and
efficiencies calculated using the above value have proved over-generous, the effective
nonlinearity has been remeasured, and found to be =3.2pmV™'; less than half the previous

value! This puts the two materials on an even footing as concerns the ‘figure of merit’ d?/n’.

As far as tuning is concerned, KTP is not as well suited as lithium niobate. As
mentioned above, LINbO; can be temperature tuned; KTP can not. Consequently, quasi-
noncritical matching (i.e. propagation perpendicular to the z-axis) is only achievable for a
limited range of wavelengths (0.96-1.2um, for a 0.532um pump). If a wide tuning range is
required from KTP, then a high walk-off will be incurred (as propagation departs from being

perpendicular with the z-axis).

One property that has not been mentioned so far is resistance to atmospheric water
vapour. KD'P, LilO; and urea are highly hygroscopic, and must therefore either be

permanently heated, or mounted in index matching cells. BBO is slightly hygroscopic, and
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therefore should not be left exposed to the atmosphere for any appreciable length of time; if
this is necessary, then the crystal should be maintained at a temperature slightly above room
temperature to prevent condensation forming on the crystal faces. All the other materials
mentioned above are believed to be totally impervious to water vapour: there is, however,

no long term data on any of the newer materials.
3.6 Selection of the OPO gain medium.

As mentioned in Section 4, the only nonlinear materials available at the time that this project
commenced, that could meet the requirements of size and homogeneity, were potassium di-
deuterium phosphate (KD,PQ,, ‘KDP’), lithium niobate (LiNbQ,), lithium iodate (LiIO,),
urea, barium borate (BaB,0,, ‘BBQO’), and potassium titanyl phosphate (KTiOPO,, ‘KTP’).

The table on the following page compares the four figures of merit—as given in

Section 2—for these six crystals.

Potassium titanyl phosphate is considered for use in its quasi-noncritical (low walk-
off, and tuning) and critical (high tuning, and walk-off) cases. The potential tuning ranges
are also given, though at the initial stage of the project they were treated as less important

than the available parametric gain.

It can be seen from the values listed in the table on the following page, that if power
is not limited, then the best crystal to use is barium borate (this feature is characterized by
FoM;). BBO continues to be the clear leader, even when temporal walk-off is taken into

account (FoM; ).

In the case where power is limited, however, BBO does not figure so prominently.
It is lithium niobate, and to a lesser extent potassium titanyl phosphate—when quasi-
noncritically matched—that are most strongly featured. Even though KTP did not offer as
high a parametric gain as lithium niobate, it was judged to be sufficient for the planned
investigation of the OPO. Consequently it was chosen in favour of the lithium niobate, by
virtue of the fact that (a) it does not require heating to (quasi-) noncritically phase-match, and

(b) was known to be totally insensitive to photo-refractive damage.
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Table 3,1 Comparison of the relative merits of the nonlinear crystals that were
readily available from 1986-1989.

Material BBO | KDP | LiNbO,; | urea LilO, | KTP KTP
Point group | 3m 42m | 3m 42m 6 mm2 mm?2
Type I I I I I lxy Izy
I,/ 13.5 4 0.05 3 0.05 2 2

*| GWem™
Qege/ 2.0 0.4 6.3 1.0 2.8 3.2 2.5
pmV-!
n 1.6 1.5 2.2 1.6 1.8 1.8 1.8
An/n 75% [2.7% |3.7% 6.6% 8.2% 0.4% 5.9%
{/mm 7 30 50 12 10 5 5
p/mrad 50 29 0 45 74 5 32
6/deg 23 35 90 22 30 $=25 6=69

=90 ¢=90
af 0.08 0.03 0.54 0.10 0.26 0.43 0.40
ps'mm’!
FoM; 650 480 670 130 10 90 60
FoM, 390 60 4x10® 150 250 7x10* 1100
FoM;, 2x107 | 2x10% | 6400 9x10° | 1x10* | 2x10° 2x10°
7=100ps
FoM;, 2000 | 200 1 90 1 20 20
7=1ps
FoMy, 290 60 5x107 150 250 7x10* 1100
7=100ps
FoM,, 290 60 5x10° 150 250 7x10¢ 1100
7=1ps
Tuning 0.68 0.96 0.63 0.86 0.58 0.96 0.6
range/pm -2.5 -1.2 -3.2 -1.4 -3.2 -1.2 -4.0
Hygro- yes yes no yes yes no no
scopic?
Nate.

&y

(3).

The ‘figures of merit’ (FoM) are as defined in Section 3. Note that the only meaningful comparisons are
between values of the same figure of merit, for different materials.

The nonlinearity used for KTP here is the value published recently by Eckardt er al [24]. At the time that
it was decided to use KTP, its nonlinearity was taken to be 7.2pmV'!, after Zumsteg et al [3]. Even using
the newer, lower, value of nonlinearity, KTP still compares very favourably against the other materials.

The damage threshold for LiNDO, is the more optimistic value quoted after Byer [1]. However, values
of as low as ~ 1Wcem? have also been reported [15].
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3.5 Barium Borate (BaB,0,).

This section summarises the properties of barium borate that are relevant to its use as the
nonlinear medium in an OPO. The pump wavelength used during the investigation of the
barium borate OPO—as described in Chapter 6—was 0.532um. Consequently, all values

quoted in this section, of angular acceptance, etc., pertain to this (pump) wavelength.

3.5.1 Transmission.

Transmission

1.0

0.8 f ﬂ

\

0.4 \/\
0.2 \J\

0.0
0.0 0.6 1.0 1.5 2,0 2.8 3.0
Wavelength/pm
Fig. 3.1 Transmission of BBO as a function of wavelength; after Eimer! et al [20].

The transmission of BBO is shown as a function of wavelength in Fig. 3.1 [20]. Due
to the high electronegativity of the B-O bond the transmission of BBO extends all the way
down to 200nm [2], making this material of great interest to those working with wavelengths
in the ultraviolet region of the spectrum. It is, however, also of interest to those working in
the near infrared, as it can transmit wavelengths of up to 2.5um (or even higher if a
significant degree of loss (~20%) can be withstood). Given the upper wavelength cut-off,
this means that a parametric oscillator pumped at 0.532um can potentially tune from 0.68-
2.5pm (while a parametric oscillator pumped at 266nm can potentially tune from 0.3-2.5um;

which includes the whole of the visible region of the spectrum).

37



3.5.2 Birefringence and dispersion.

Refractive index

1.9

1.8

1.7

1.6
N n,

\.
\—-—
1.5
cut—-off
1.4
0.0 0.5 1.0 1.5 2.0 2.5
Wavelength /pm
Fig. 3.2 Refractive indices of barium borate as a function of wavelength. These

curves were generated using the Sellmeier’s equations after Kato [18].

The refractive indices of BBO are plotted as a function of wavelength in Fig. 3.2
[21]. As it is a (negative) uniaxial crystal there are only two values of principal index, of
which the extraordinary one is the smaller. The fractional birefringence of BBO is 7.0% at
1.064pum, and increases slowly with frequency up to a value of 7.5% at 355um. The
birefringence then increases more rapidly, reaching nearly 10% as the wavelength approaches
the ultraviolet cut-off. This means that even in the case of pump wavelengths as short as
0.355um, the degree of Poynting vector walk-off will be almost independent of wavelength.
From the fractional birefringence, it can be seen that the maximum walk-off will be
~75mrad. Few other nonlinear crystals have a walk-off this severe. Examples of those that

do are urea (=45mrad) and lithium iodate (= 75mrad).

An advantage of BBO having its ultraviolet cut-off at such a short wavelength is that
the dispersion is low even at 0.532um (i.e. dn/d\ =-0.08um™ c.f. dn/d\ =-0.25pm™ for KTP
[23]). This results in BBO having a wide spectral acceptance and a low temporal walk-off.

In the case of a 0.532um pumped, type I OPO matched at degeneracy, the corresponding
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values are 550GHz-cm and 0.08ps-mm™. This means that a Smm length BBO crystal can
effectively couple light between pulses of as short as =0.4ps (c.f. =2ps in the case of KTP).

3.5.3 Angular behaviour.

250 Wavelength/pum
2.25

2.00 \
1.75

1.50 \

1.25

1.00 \

7

/
0.75 T
0.50
20.5 21.0 21.5 22.0 22.5 23.0
theta/deg
Fig. 3.3 Type 1 phase-matching curve for a BBO OPO pumped at 0.532um.

Calculated using Sellmeier’s equations after Kato [18].

The high birefringence of BBO leads to a high Poynting vector walk-off and low
angular acceptance when the phase-matching angle departs from 90°. It does mean, however,
that the rate of angular tuning is also high, and consequently that even a crystal with a limited
aperture can tune over a wide range of wavelengths. This is the situation when BBO is
phase-matched for 0.532pum pumped parametric oscillation; in both the type I and type II

cases (see Fig 3.3 and 3.4 respectively).

It can be seen from Fig. 3.3 and Fig 3.4, that the angle tuning is more rapid in the
type I case, and that it also phase-matches at a smaller angle with the optic axis. This means
that the degree of walk-off is smaller (52-59mrad in the type I case, c.f. 60-85mrad in the
type 1I case). The only disadvantage of the type I case is the lower angular acceptance; at
degeneracy the angular acceptances are respectively 0.57mrad-cm and 0.41mrad-cm for the

type II and type [ cases.
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Fig. 3.4 Type II phase-matching curve for a BBO OPO pumped at 0.532um.

Calculated using the Sellmeier’s equations after Kato [18].
3.5.4 Nonlinearity.

Barium borate (BBO), being of point group 3m, has five non-zero nonlinear coefficients: d,,,
di;, dys, dis, and di;. Of these, two are very small (d,, and d,,) and one (d;;) makes no

contribution to either the type I or type II effective nonlinearity. These are given by,

dy = d8in0 + (d cos 3¢ —d, sin3¢) cos O
(3.6)
dg = (dy;sin3¢ +d,,cos3¢) cos?0

As BBO is uniaxial only the angle § is determined by phase-matching, and hence the
angle ¢ is free to be set to maximise the effective nonlinearity. As d,, is small enough to be

neglected [20], the optimised effective nonlinearities may be immediately written down as

df =d ,sin@ +d, cos0
7~ “13 1 3.7

dle=d, cos*8
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The values of the two sizeable coefficients have been determined by Chen er al [2]
to be d;;=+(1.6+0.49)pmV* and d;=+4(0.11+0.05)pmV"', using the Maker’s fringe
technique. The effective nonlinearity for the frequency doubling of 1.064um was also
determined from accurate measurements of the conversion efficiency. The value in this case
was determined to be +1.65pmV'!; in good agreement with the value calculated using the
nonlinear coefficients determined from the Maker’s fringe technique and the known phase-
I{latching angle. The other coefficients have not been determined with any degree of

accuracy, but are known to be <0.08pmV-! [20].

More recently, Eckardt e al [24] have determined the effective nonlinearity, for the
same harmonic process as given above, to be +2.2pmV~'. This suggests that the value of
d,, should be taken as +2.0pmV™, about 37% higher than the earlier value. This
remeasurement was made because experimentally determined thresholds were found to be
consistently lower than theoretically predicted using the values of nonlinearity after Chen er
al [2).

The effective nonlinearity for degenerate operation of an OPO is the same as that for
the frequency doubling of the degenerate wavelength. Consequently, the type I OPO will see
an effective nonlinearity of =2.2pmV', as determined for the frequency doubling of
1.064um. The value in the type II case, however, is ~1.4pmV!. Given the higher
nonlinearity, lower walk-off and greater rapidity of tuning, the type I interaction is therefore

preferred.
3.5.5 Thermal behaviour.

The birefringence of BBO has a low thermal dependency, making it insensitive to localized
laser-induced heating that can be encountered in high average power applications. This does,
however, preclude the possibility of temperature tuning, The temperature acceptance of BBO
has been determined to be 55°C-cm, which is almost an order of magnitude higher than the

corresponding value of =7°C-cm for KDP.

As mentioned in Section 3, BBO does exhibit a degree of deliquescence, and
consequently must be heated if left exposed to the atmosphere for any appreciable length of

time. The low temperature sensitivity of BBO means that only coarse stabilization is needed.
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3.5.6 Optical damage.

The one-shot damage threshold has been found to be as high as =13.5GWcm™2, for Ins
pulses at 1.064um [20]. This was found to be dependent on the crystal having a high optical
quality, and being free from optical inclusions. A ‘not-so-perfect’ crystal was also tested,

and found to have a damage threshold over a factor of two down on the above result.
3.6 Potassium Titanyl Phosphate,

Potassium titanyl phosphate (KTiOPQ,) is a negative biaxial crystal of point symmetry mm?2.
It has a nonlinearity of 3.2pmV'—around =7.5 times that of KDP—and offers quasi-
noncritical phase-matching for the doubling of wavelengths in the region of 1.064um at room
temperature. As with BBO, the birefringence of KTP has a low thermal dependence, making
it insensitive to temperature gradients in the crystal caused by local heating; but it does
preclude the efficient use of temperature tuning. While the damage threshold of KTP is not
as high as some materials (e.g. BBO [20]), it is—however—sufficient to permit exposure to

intensities high enough to give significant parametric gain.

3.6.1 Transmission,

‘o Transmission
0.8 (/ \V —
0.6 \

0.4 \
0.2 J

0.0

00 085 10 1.6 20 26 30 36 40 46 60 6.6
Wavelength/pm

Fig. 3.5 Transmission of KTiOPO, as a function of wavelength, after Zumsteg
et al [3]: no correction has been made for Fresnel losses.
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Fig. 3.5 shows the optical transmission of KTP as a function of wavelength over the entirety
of its transmission range. The curve shown is for a crystal grown by the hydrothermal
technique, The absorption feature at =2.8um most likely corresponds to an OH stretching
band, and suggests that H* has been incorporated into the crystal lattice. This feature should
be absent in the case of a flux-grown crystal, as should the broader feature centred around
3.8um. This indicates the presence of molecular H,O as an impurity trapped in the crystal

structure.

The absorption coefficients of KTP have been measured by Gettemy er al [22]— at
514.5nm, 660nm, 1.064um, and 1.320um—using crystals supplied by two different vendors.
They were found to exhibit significantly different losses, probably as a result of different
growth techniques. Unfortunately this information is not disclosed, so it does not provide
a guide to selecting a crystal with the lowest loss. Of particular relevance to this work, they
found the absorption at 1.064um for one of the crystals was found to be only 4 X107 %m,
giving a loss through a Smm crystal of 0.02%. The loss coefficient for the other sample was
over an order of magnitude higher (~3x10*m™), leading to a loss of 0.25%. In a linear
resonator this amounts to an extra loss of 0.5% over one round trip, which though small will

be significant in the case of a low gain system.

3.6.2 Birefringence and dispersion.

While KTP is more dispersive than some materials (e.g. BBO [20], KDP [9]), it does have
a high nonlinearity. Consequently the bandwidth acceptance of a crystal of a length required
to achieve a sizeable efficiency is larger than average. The calculated spectral acceptance-
length product for the degenerate interaction—for a 0.532um pump—is 0.28nm-cm (or
74GHz-cm). Consequently, a Smm long crystal has a bandwidth acceptance of 0.56nm
(150GHz).

The group velocity dispersion also determines the temporal walk-of, which is—for
near degenerate operation— = 0.4ps.mm™. This limits the usable pulse duration with a Smm
length to greater than 2ps. It is assumed here that the pulse is transform limited. The
bandwidth of a bandwidth limited pulse of 2ps is ~250GHz, which is the same as the value

determined from the consideration of the spectral acceptance.
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Fig. 3.6 Principle refractive indices of KTP as a function of wavelength:

generated using the Sellmeier’s equations after Fan et al [23].

3.6.3 Thermal behaviour.

The birefringence of KTP is very insensitive to temperature. Consequently, loss of uniform
phase-matching due to local heating of the crystal is only a problem when the material is used
in high average powers applications. The disadvantage of the small thermal dependence of
the birefringence is that temperature tuning can not be exploited to provide non-critical phase-

matching.

The temperature variation of the indices was briefly addressed by Zumsteg et al [3].
More recently Gettemy er al have measured the temperature dependence of the three principle
indices at four wavelengths between 0.532~1.320um [22]. The results are not of high enough
precision to be used for the accurate prediction of the tuning behaviour, but can be used to
estimate the rate at which tuning should occur with temperature. For the case of the
temperature tuning of a crystal cut for type II doubling of 1.064um, this rate is only

~0.1nm/°C, which is not high enough to achieve any practical tuning range.
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3.6.4 Angular behaviour.

As KTP is a biaxial crystal, phase-matching is dependent on both @ and ¢. The birefringence
between the x and y axes is, however, small compared to that between the x and z axes
(=0.5%, c.f. =5%). Consequently, phase-matching is much more strongly dependent on
f than on ¢. It also means that as long as the beam propagates orthogonally, or nearly so,
to the z-axis that the Poynting vector walk-off will be small (<6mrad, at 0.532um) and the
angular acceptance will be high (= 18mrad-cm in the critical direction (as ¢ varies), and
=59mrad-cm in the noncritical direction (as 6 varies). It does, however severely limit the
wavelength range over which phase-matching is possible. (Second harmonic generation is
only phase-matchable for fundamental wavelengths in the range 0.9-1.1pum, and an OPO
pumped at 0.532um can tune, at most, from 0.95-1.21um. See Fig. 3.7 and Fig 3.8).

If a higher walk-off can be tolerated, angle tuning about either the x or y axis will
give a much wider tuning range (see Fig. 3.9 and Fig. 3.10). In these cases the tuning range
is in principle only limited by the long wave-length cut-off of the transparency of the KTP
itself (i.e. =4.5um). However, as the goal of this work was to achieve continuous operation
of an OPO, the wide tuning range was sacrificed to minimise problems with angular

acceptance and walk-off.
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Fig. 3.7 Phase-matching curve for type II doubling in KTP. Propagation in the xy

plane. Calculated using Sellmeier equations after Fan ez al. [23]
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equations after Fan et af [19].
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Fig. 3.10 Generated wavelengths as a function of angle of propagation in the zx-plane,

for a 0.532um pumped OPO, using Sellmeier’s equations after Fan er al [19].

3.6.5 Nonlinearity.

Until recently, the values of the usable nonlinear coefficients have been taken to be
d,y=7.6pmV" and d,s=6.1pmV™" [3]. Fan er al [23] have shown that as the birefringence
between the x and y axes is a lot smaller than that between either of these with the z axis,

that the effective nonlinearity for KTP, in the type 1II case, is

dyge=(dyy~d,5) sin2¢sin20 - (d,sin’p+d,,cos’ ) sinf 3.8)

(the coefficient in the type I case is significantly smaller, i.e. <1pmV™") This predicts that
the effective coefficient for the type II doubling of the fundamental wavelength of 1.064um
when phase-matched normal to the z-axis, to be 7.2pmV'!. This value has been found,
however, to give theoretical efficiencies that are markedly higher than those found in

practice.
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Recent re-measurement [24] of the small signal doubling efficiency for, this same
interaction, has suggested that the effective nonlinearity should be only 3.2pmV!; less than
half the previously given value. The new value of the nonlinearity gives a ‘figure of merit’
d?/n’® of 1.8, compared with the value of 3.9 given using the old value. When compared with
the value of 2.0 for Lithium Niobate, it can be seen that KTP is in fact slightly worse, and
not twice as good as previously thought. KTP does, however, have the advantage in that

n;:arly non-critical phase-matching is possible at room temperature.
3.6.6 Optical damage.

The damage information on KTP is currently rather limited. The single-shot damage
threshold of XTP at 1.064um has been experimentally determined to be as high as
15GWem™2, for a 1ns pulse [23]. Unfortunately, this is not necessarily applicable in either
the case of trains of Q-switched, or mode-locked pulses. There are, however, there are
reports of intensities at which KTP has been safe operated, which are of some bearing.
Perkins and Fahlen [25] report generation of 20W average power utilising intracavity
doubling with a c.w. pumped, Q-switched Nd:YAG laser. Unfortunately, as they do not
provide information on the focusing used, it is not possible to obtain a ‘safe-to-use’ intensity

from this value of power.

Edelstein [26] reports that intensities of =10GWcm? can be safely, and routinely,
used with KTP in a continuous train of ultra-short (here =200fs) mode-locked pulses. In this
case, the KTP was intracavity pumped—to obtain optical parametric oscillation—by a
colliding pulse dye laser. The mode-locked pulse repetition rate being =100MHz, the
average intensity at the crystal was therefore ~200kWem™?, Care must be taken with this
result, as the KTP crystal used was hydrothermally grown. It has been reported that these
exhibit a single-pulse damage threshold of ~30GWcm2 at 1.064um, a factor of two higher
than the value given above for flux grown material. While both these results are of use,
before KTP can be effectively exploited in the case of trains of ultrashort pulses, a definitive

measurement of the damage threshold for this situation is required.
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4 Design considerations.

This chapter discusses the problems that must be considered when designing a synchronously
pumped parametric oscillator. It starts by briefly mentioning how the design is constrained
by the available nonlinear crystal and pump source, including the choice of pump wavelength.
’I:he greater part of this chapter is, however, concerned with the design of the resonator for

the parametric oscillator.

As was mentioned in the introduction, the aim of this project was to assess the
feasibility of continuous operation of a synchronously pumped parametric oscillator [1]
utilising a solid-state laser pump source [2]. It was decided that the parametric oscillator
would have to be singly-resonant, even though it would require around two orders of
magnitude more pump power to reach threshold than the-alternative-doubly-resonant case
[3]. This was because of the fact that, in the doubly resonant case, even a slight pump
frequency instability results in a large fluctuations of the OPO output [4]. As poor output
stability would severely compromise the utility of the OPO as a source of radiation (e.g. for
the purposes of spectroscopic investigations), the choice was made to utilise a single resonant

scheme at the expense of the significantly higher pump power requirement [3].

The design of a parametric oscillator is dependent on the choice of pump source and
nonlinear material. It had already been decided that the power available from a c.w.
flashlamp pumped mode-locked Nd:YAG laser would not be sufficient to achieve singly
resonant operation of a parametric oscillator, and that it would therefore be necessary to relax
one of the design requirements: i.e. to investigate either continuous operation of a doubly-
resonant OPQO, or pulsed operation of a singly resonant device. The latter choice was made,
as a Q-switched, mode-locked Nd: YAG laser was available for use as the pump source. With
amplification, this laser was able to supply peak intensities-whilst using a relatively large
pump spotsize (=0.5-1.0mm)—in excess of the damage threshold of most nonlinear
materials. This allowed problems such as angular acceptance and Poynting vector walk-off
to be ignored, thereby widening the choice of usable nonlinear materials. Furthermore, as
the laser could be operated without Q-switching, it could also be used to provide a long train
of mode-locked pulses. This would allow for the possibility of investigating quasi-continuous

operation of the OPQ, as an intermediate step between Q-switched and continuous operation.
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4.1 The gain medium.

As mentioned in Section 5, Chapter 3, at the time that this project commenced, the most
promising of the materials, that were readily available for use as the gain medium in a
parametric oscillator, was barium borate [5][6]. It offered both a high nonlinearity and
damage resistance. Though it also possessed a high Poynting vector walk-off, this was
uhimportant for the reason given in the previous section; namely, that there was sufficient
power available to provide a high intensity using a spotsize of up to =0.5-1mm. In the later
stages of the work, a crystal of the material potassium titanyl phosphate [7] was acquired to
replace the barium borate. Though the ‘merit’ of this material in the high power case (as
characterized by FoM;, as defined in Section 4, Chapter 3) was significantly lower than that
of barium borate, it did offer a much higher ‘merit’ in the situation where power was limited
(as characterized by FoMyp). This makes KTP the more suitable choice of gain medium in
the long term, as it offers a higher possibility of continuous operation being achievable with

the existing pump sources.
4.2 The pump wavelength.

It was decided to use a pump wavelength of 0.532um. This would, firstly, allow a wider
tuning range to be accessed, as compared to that available through the direct use of the
1.064pm output of the Nd:YAG laser. Secondly, as 0.532um is a visible wavelength, it
could be readily utilised for the purpose of aligning the OPO resonator (assuming, of course,

the use of a collinear pump geometry).

A shorter wavelength-that was still within the transparency region of the nonlinear
medium-would have offered an even wider tuning range. The two such wavelengths that are
available from Nd:YAG through the use of frequency conversion (namely, 0.355um and
0.266um), while they do fall outside the transmission range of KTP, could have been used
in the case of BBO to provide tunability throughout both the near infrared and visible regions
of the spectrum (as has already been shown for the case of an OPO pumped by a Q-switched
laser source [8]). The region of interest to this project was, however, the near infrared.
Furthermore, the 0.532um could be provided from the 1.064um using only one stage of
frequency conversion: this meant that the power available at 0.532um could be an appreciable
fraction (=40-50%) of that at 1.064um.
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4.3 Resonator design.

The resonator design for a synchronously-pumped parametric oscillator must satisfy three
main criteria. It must firstly have an optical length that is closely matched to that of the
pump source laser. Secondly, it must have a low loss. Thirdly, it must provide a stable
focus in the crystal; how tight a focus being determined by the available pump power and the
nonlinear crystal (i.e. angular acceptance, damage, etc.). In this context, ‘stable’ refers to
being insensitive to variations in the length of the resonator. In the case of high power
operation, the damage threshold of the nonlinear crystal and cavity optics must also be taken
into consideration. It is also not necessary to utilise a low loss resonator, as long as it has

a low enough loss.

It must be noted here that the case of high average power is not addressed. In this
situation, localized heating of the nonlinear medium would result in thermal lensing, thereby
modifying the behaviour of the passive cavity. This case was ignored during this project, as
firstly, a low repetition-rate pump system was used, and secondly, because neither BBO [5]

nor KTP [7] are particularly susceptible to thermally induced refractive index changes.
4.3.1 Pump synchronism.

Due to the instantaneous nature of the second-order nonlinear coupling, synchronous pumping
is the only efficient way to mode-lock an optica{ parametric oscillator [9]. A requirement for
its effective utilisation is that the optical length of the OPO resonator (at the signal
wavelength) must be accurately matched to that of the source laser (at the wavelength at
which it operates). This ensures that every incident pump pulse will overlap with the
circulating signal pulse in the nonlinear gain medium, and that as a result of this, that the
circulating pulse will see a net gain on each round trip of the cavity, If the optical lengths
are not accurately matched, then the overlap will lessen on each round trip, limiting the
number over which appreciable gain is available. By convention, a parametric oscillator
pumped by a pulsed laser source is only taken to reach threshold when the resonated signal
has been amplified up by =exp(30) times from the parametric noise level [3]. If the number
of round trips over which gain is seen is below that required for this degree of gain to be
accrued, then the OPO will not reach threshold.

In practice, perfect synchronism is not achievable. What is required, however, is that

the optical lengths are matched so that the length of the OPO cavity is within |AL| <c7/m
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(where L is the cavity length, m is the number of round trips needed to attain oscillation
threshold, 7 is the pump pulse duration, and c is the speed of light in vacuo). In practice,
however, optimally efficient operation requires the cavity lengths to match within =5% of

AL, as given above.

In practice, as alignment accuracy is limited, the length of the resonator must be
adjustable by some means. As mentioned above, the accuracy to which it need be adjusted
is determined by the duration of the incident pump pulses, and by how far above threshold
the OPO is being pumped (which determines how many round trips of the cavity are required
before the signal reaches the =~exp(30) threshold level). If only ‘coarse’ adjustment is
required (i.e. AL>0.01lmm), then the mounting of one of the OPO mirrors on a micrometer
driven translation stage will suffice. If more sensitive adjustment is required, then a piezo
adjustment must also be provided. Even if it was possible to set up the OPO with its
resonator length matched accurately to that of the pump laser, adjustment of the cavity length
must still be allowed for, as the variation resulting from tuning (by whatever means) can be

large enough to terminate oscillation.
4.3.2 On cavity loss.

The loss of the cavity is one of the factors that determines the intensity necessary to achieve
parametric threshold. The other factors being properties of the nonlinear gain medium, i.e.
refractive index, effective nonlinearity, and usable length (i.e. as limited by angular, spectral,

and temporal considerations).

In the case of a high power-pulsed-pump, where the available gain is also high, the
relatively high loss can be tolerated, provided that over the number of round trips within the
pump pulse, the net gain is sufficient for the OPO to reach threshold (i.e. for the signal to
be amplified up, from noise, by =exp(30) times). For efficient exploitation of the output,
however, the residual loss (i.e. not due to output coupling) must be significantly smaller than
the output coupling. In the case of a low gain system it is of paramount importance to
minimise the loss; a round trip loss of <1% being desirable in practice. If a low round-trip
loss is required, then a ring-cavity design should be considered. The main advantage of this
design is that there is only one transit of the nonlinear medium per cavity round trip. This
can amount to a significant reduction in the round-trip loss, especially if the crystal makes

a particularly large contribution.
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In the case of the parametric devices investigated so far (see Chapters 6 and 7), as
there has been no shortage of pump power, the cavity loss has not been a major concern.
In the case of continuous operation, however, it will be of utmost importance to reduce the
loss as far as possible, and what is more, for wide tunability, it is necessary for the various
coatings to perform well over a wide range of wavelengths. Dielectric mirrors utilising a
multi-layer stack design can in practice provide reasonably high reflectivity (>99.5%) over

a reasonably wide range (several hundred nanometres).
4.3.3 Pump geometry.

By ‘pump geometry’ it is meant the angle between the pump and cavity axes. There are only
two possible cases, those of collinear and non-collinear pumping. A collinear pump geometry
has two advantages over the non-collinear alternative. Firstly, it maximises the overlap
between the pump and resonated mode, and secondly, it allows the pump to be used to define
the cavity axis for alignment purposes (of particular use in the case of a visible pump). The
disadvantage of collinear pumping is that feedback from the OPO can be a problem in the

case of a linear cavity (as opposed to the ring cavity).

A non-collinear pump geometry does lead to an unavoidable reduction in pump-signal
overlap. This can, however, be minimised through the use of as small an angle as is possible
between the pump and cavity axis. An advantage of the noncollinear geometry is that it
offers the possibility of a loss-less pump launch. It also gives signal/idler discrimination [10],
as only the signal-propagating in the direction of the cavity axis-is resonant. The
idler-generally propagating off-axis—is nonresonant. It will be noted that the possibility of
double resonance has been ignored in the discussion so far. Not only is this possible in
principle, in fact the noncollinear geometry allows the use of independently adjustable cavities
for the signal and idler. This should allow the problem of clustering to be eliminated, but

in practice the tolerance to which the lengths must be matched is likely to be too demanding.

In the investigations described in this thesis, it was planned to use collinear pumping.
This was found to lead to the laser exhibiting sporadic relaxation oscillations due to feedback
from the OPO input mirror. Consequently, at the expense of alignment ease, a slight degree
of non-collinearity was introduced. This ensured that feedback was eliminated, without
resulting in significant loss of pump-signal overlap, but did require ‘through-the-mirror

pumping’.

55



4,3.4 To decouple length and spotsize.
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Fig. 4.1 A schematic diagram of the plane-curved resonator.
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Fig. 4.2 Plane-curved cavity incorporating lens.
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From the point of view of loss, stability and ease of alignment, the ideal cavity design
involves the minimum possible number of components. The two designs that fit this require-
ment are the concave-concave and plane-concave resonator designs. The problem with both
of these is the inter-dependence between the spotsize at the focus and the cavity length. As
an example, consider the plane-curved resonator (see Fig. 4.1). The waist at mirror ‘B’ is

given by,

Wy = ,/% VL(R-L) @.1)

where the length ‘L’ and curvature ‘R’ are as labelled in Fig. 4.1. When a large waist size
is required, the problem is not that the spotsize is too sensitive to length, but that a non-
standard mirror radius of curvature might be required. e.g. for a spotsize of w,=0.25mm
with a resonator length of L=1.1m, and AN=1.064um, a radius of curvature of =~1.13m is
required. A way in which the desired spotsize can be obtained from a standard mirror
curvature is to use a short focal length mirror in conjunction with a negative lens (see Fig.

4.2). In this case, through a suitable choice of lens and mirror, it is possible to get a range
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of possible waist-sizes without altering the length of the laser resonator, This is, of course,
not the only cavity design that exhibits this property. A few of the other designs will be

mentioned in the next two subsections.
4.3.5 The high power case.

In the case of pulsed, including Q-switched, laser pumped parametric oscillators, tight
focusing is generally unnecessary. The high peak powers available can readily produce
intensities far in excess of the damage threshold of any available nonlinear material. The
damage threshold of some nonlinear materials, however, is significantly higher than that
typical for dielectric thin-film coatings. It must therefore be ensured that in providing a high
intensity at the crystal, none of the optical components are exposed to intensities in excess
of their design limitations. One crystal that has a notably high damage threshold is barium
borate [11], which was used during the initial part of the investigation of the synchronously

pumped parametric oscillator as described in this thesis (see Chapter 6).

For a Q-switched pulse of a given duration and energy, the lowest possible threshold
is achieved with the shortest cavity length, as this maximises the number of transits possible
within the pulse envelope. As in this case the peak pump power available is high enough to
allow a loose pump focus, it is common practice (in the non-mode-locked case) to use a
plane-plane cavity design (e.g. [12][13]) , as the combination of a short resonator and a large
spotsize results in a minimal amount of diffraction loss. In the case of a Gaussian pump,
such devices have been shown to produce Gaussian signal and idler outputs {14]. This is due
to the constraining action of the parametric gain profile, which-being determined by that of

the pump-is also Gaussian [15].

In the case of the synchronously pumped parametric oscillator, the length is
constrained by synchronism (see Subsection 1). A typical flashlamp pumped, mode-locked
Nd:YAG laser, has a cavity length of =1-1.5m (both pulsed and c.w. flashlamp pumped
devices). This is far too long to utilise a plane-plane resonator design, unless a large pump
spotsize can be used (say, >5mm). It is therefore necessary to utilise a cavity design that
supports a stable Gaussian mode [16]. As discussed in the previous section, one way of
achieving any desired stable spot-size is through the use of a plane-concave cavity incorpor-
ating a negative lens. The disadvantage of this cavity design is that one of the mirrors
(mirror A in this case) is exposed to the same intensity as the nonlinear crystal.

Consequently, if the peak intensity required at the crystal is higher than the damage threshold
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of the mirror dielectric coating, a variant of the above cavity design must be used (see
Fig. 4.3). This design provides a focus in the centre, and larger spotsizes on the mirror.
Note that it is not a particularly low loss design, as neither the nonlinear crystal, nor the two

lenses—-being exposed to the same intensity as the nonlinear crystal-can be coated.
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Fig. 4.3 Schematic diagram of a symmetric telescopic resonator.

4.3.6 The low power case.

In the low power case, the problem of damage to the various elements in the QPO cavity is
not a cause for concern. What is required, however, is a tight focus that is unaffected by a
change in cavity length. The two simplest cavity designs that fulfil this need are the plane-
plane resonator incorporating a positive lens (Fig. 4.4), and the equivalent plane-concave
design (Fig. 4.5).

This advantage of the plane-plane variant is that with the use of suitable dielectric
coatings, the nonlinear crystal may be pumped readily through the plane mirror. The
disadvantage of this design is that the waist will be on the mirror and not in the centre of the
crystal. In the case of a ‘large’ spotsize this does not cause any problem, as the change of
spotsize across the crystal is minimal (i.e. ‘large’ means that the confocal parameter of the
beam is several times the length of the crystal). If an optimally tight focus [17][18] is
required, however, the position of the waist does make a significant difference. It has been
shown that when a beam is optimally focused with a waist at one end of the crystal, that the
average intensity of the beam, as it propagates through the crystal, is a factor of two down
compared to the equivalent case when the waist is centraily placed (note that the optimal
focus is not the same in each case). The difference in average intensity leads to a factor of
two difference in the oscillation thresholds [12]; the centrally focused case having the lower
threshold.
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Fig. 4.4 Schematic diagram of a plane-plane resonator incorporating a positive lens.
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Fig. 4.5 Schematic diagram of a plane-concave resonator design incorporating a

positive lens.

The concave-plane variant does provide a centrally placed focus. That makes this
cavity the preferred choice when using a tight focus (i.e. the confocal parameter of the beam
is comparable with the crystal length). The only ‘disadvantage’ is that to pump through the
mirror, its lensing behaviour must be taken into account. This is, however, a minor
inconvenience given the halving of the threshold that results from the use of a centrally placed

focus (as opposed to a focus at the input face of the crystal).
4.3.7 Mirrors instead of lenses.

In the above discussion, the cavity designs utilised lenses. All may, however, be realised
using mirrors instead. The advantage of using a mirror rather than a lens is loss. As the
mirrors are used in reflection, whereas the lenses are used in transmission, the loss due to

the impertect behaviour of the coatings is halved. With good coating this reduction in loss
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would only amount to =0.1% per lens replaced, but this would be significant if the available

gain was low.

A possible disadvantage of the mirror based designs is astigmatism. A mirror that
replaces a lens can not direct the beam back the way it came. If a standard spherical mirror
is to be used, any deviation from normal incidence results in astigmatic behaviour [19]. In
general this need not be a problem, however, as the angle between the incident and reflected

beams can be kept sufficiently small for the resultant astigmatism to be ignored.
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5 The pump system.

As the efficiency of parametric interactions is strongly dependent on the intensity of the
interacting fields [1], it was decided that the preliminary investigation of synchronously
pumped parametric oscillator would be made using a mode-locked and Q-switched Nd:YAG
1§ser system as the pump source (see Chapter 4). With amplification, the high peak powers
available would preclude the need for tight focusing, ensuring that any reduction in

parametric gain due to walk-off and angular acceptance effects [2] would be minimal.

The experience obtained from this investigation would then be applied to the design
of a quasi-continuously pumped system. This would initially be pumped with the amplified
output of a mode-locked laser—with a long enough pulse envelope that steady state conditions
could be reached—as this would give peak powers approaching those available from the Q-
switched system. With the extension to tighter focusing, and a reduction of cavity losses, the
threshold should then be reduced to a level that amplification was no longer needed. At that
point, the peak power necessary for the achievement of threshold should be available from
a c.w. flash-lamp pumped continuously mode-locked Nd:YAG laser. Work would then
concentrate on minimising the threshold for continuous operation of the OPO, so that

ultimately the power requirements could be brought in reach of a diode-pumped system [3].
5.1 The laser.

The pump source used in these investigations was a Lumonics AML 2000 Nd:YAG laser.
In its standard configuration it incorporates a Pockels Cell Q-switch and an acousto-optic
mode-locker in a plane-concave resonator. The laser can be operated at repetition rates of
up to 10Hz, and exploits prelase Q-switching [4] to allow stable mode-locking [5]. The laser
resonator had been modified to incorporate a beam expanding telescope [6], to allow it to be
operated under low gain conditions to provide long duration Q-switched pulse [7], without
a reduction in output energy. This modification also resulted in an improved amplitude

stability and spatial beam quality.
5.1.1 Cavity configuration.

The AML 2000 laser has a plane-concave resonator; the curved mirror having a radius of
curvature of Sm. The optimal output coupling, under normal operating conditions, is

between 50-70%. During the earlier work with Q-switched operation, the plane mirror had
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a transmission of 50% and the curved mirror 30%. The latter output was of no particular
use in this investigation: the configuration was a legacy of a past project. However, as there
was no shortage of power at this stage, it was decided to retain the second output as it could

be used to monitor the laser behaviour.

Mirror 1 Silica Mirror 2
R=70% Aperfure Pockel Cell  flats R=50%
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|
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Oscillator Expanding Acousto—optic
rod telescope mode—locker
Fig. 5.1 Schematic diagram of the Lumonics AML 2000 laser cavity.

When the laser was reconfigured for long pulsed operation, the mirrors were changed
so as to utilise all of the available laser output power. The plane mirror was replaced with
a high-reflector and the curved mirror with a 70% transmission output coupler, giving a total
output loss of a comparable value to the previous configuration. Finally, the Q-switch was
removed from the cavity, and then used as a shutter for the output beam. This necessitated
an increase in the physical length of the cavity in order to restore the optical length to the

value determined by the fixed frequency mode-locker.

Fig. 5.1 is a schematic diagram of the laser as configured for mode-locked and Q-
switched operation. The laser rod is located towards one end of the resonator, with the
mode-locker at the opposite end. The Brewster plates are included to provide the fine cavity
length adjustment necessary to synchronise the cavity round-trip frequency to that of the
mode-locker, which was essential in this case as the mode-locker used was a fixed frequency
device (see Subsection 4). The Brewster plates also perform a secondary role in that they
present a high loss to electric fields polarized perpendicularly to their plane of tilt.

Consequently, the resonated radiation has a well defined linear (in this case, horizontal)
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polarization. To their left is the Pockels Cell used to Q-switch the laser, which will be

discussed in Subsection 5.

Immediately next to the laser rod is an aperture of such a size that only the TEM,,
mode can resonate without incurring loss (i.e. ¢ =3w, where w is the 1/e radius of the E-field
profile—assumed to be Gaussian—in the plane in which the aperture is located). The laser
therefore runs on the lowest order spatial mode unless pumped at a lamp current approaching
the maximum available. This was no problem in the Q-switched and mode-locked case, as
the lamp current had to be kept low to prevent damage to the elements in the laser cavity.
It was found, however, that when the laser was operated as a long pulse device that higher
order modes occasionally reached threshold. This ‘break through’ led to sporadic relaxation

oscillations and generally poorer stability.

Then there is the beam expanding telescope: This will be discussed fully in the next

section.
Mirror 1 Silica Mirror 2
R=100% Aperture flats R=30%/50%
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Oscillator Expanding Acousto—aptic
rod telescope mode—locker
Fig. 5.2 Schematic diagram of the AML 2000 laser cavity configured for long-

pulsed operation.

The cavity configuration used during the work on the long-pulse pumped parametric
oscillator is shown in Fig. 5.2. As mentioned above, the Q-switch was removed from the
cavity and used as an output shutter. The cavity design is otherwise the same, as can be seen

from the schematic diagram.
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5.1.2 The intracavity telescope.

The telescopic resonator was developed for two main reasons. Firstly, the intracavity
telescope expands up the resonated TEMy, mode [10] in the laser rod, allowing high power
single transverse mode operation. Secondly, the telescope can be adjusted off collimation to
compensate for the thermal lensing of the laser rod [8]. A high TEM,, power is advantage-
olis for the investigation of nonlinear mixing processes, such as parametric oscillation, as this
lowest order mode has the greatest power density for a given power level [9]. The

compensation for the thermal lensing also leads to an enhanced output stability [6].

The telescopic resonator achieves high TEM,, mode output powers by expanding the
resonated mode to fill the entirety of the available gain volume [6], thereby allowing for the
optimal extraction of energy. In practice, the extraction can be ‘too optimal’, as the spotsize
at the contracted end of the cavity is no larger than in the case of a ‘normal’ resonator (e.g.
a stable plane-concave cavity of the same length). In the case of the telescopic resonator, as
power is being extracted from a larger gain volume, it is possible to extract more power than

can be safely handled by the output coupler at the contracted end.

The surfeit of available power was of great use in the investigation of the OPO.
From a consideration of losses, it can be shown that the overall Q-switched pulse energy
needed for an OPO to reach threshold is lower for a shorter duration Q-switched pulse [9].
Damage does, however, limit the safely usable peak power with a given nonlinear medium.
In this case it is advantageous to lengthen the pump pulse, as it makes available a longer
build up time for oscillation. As the Q-switched pulse energy available from the AML laser
exceeded the amount necessary to cause damage to the output couplers under normal
conditions (i.e. a Q-switched pulse duration of 30-50ns FWHM), it was possible to operate
the laser under low gain conditions, thereby broadening the Q-switched pulse duration, while
still obtaining a peak powers limited by the damage threshold of the output couplers. In this
case, the safely extractable energy in the Q-switched pulse, from both output couplers, was
limited to around 3 —4mJ—up to 2mJ] being available from the 50% output coupler. Though
insufficient to achieve parametric oscillation threshold of the devices investigated, it did
represent a larger fraction of the required energy than would have been available from a
similar laser with a conventional resonator. This reduced the requirement for amplification,

thereby minimising the beam distortion that would result from this process.
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As mentioned above, the intracavity telescope allows for compensation of the thermal
lensing in the rod, thereby resulting in a more stable output. Expanding the TEM,, mode to
fill the entirety of the gain medium also results in a high quality output mode profile, as little
gain is available for the higher order modes to extract. In this case, the telescope was
initially aligned adjusted to its collimated length (using a visible auto-collimator). The lens
separation was then varied—under normal operating conditions—while both the lamp current
f<;r oscillation threshold and the shot-to-shot stability were monitored. The telescope was
then adjusted to the separation that corresponded to both minimum threshold (see Fig 5.3)

and maximum stability.

. Threshold lamp current/A
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Fig. 5.3 Laser threshold as a function of the variation in the separation of the

telescope lenses.
5.1.3 Output divergence.

As mentioned above, to ensure that the laser oscillated on only the lowest order transverse
mode, a circular aperture was incorporated into the cavity. It has been shown [6] that its
position in the cavity is unimportant, so long as the size is chosen accordingly: i.e. the
aperture size ‘¢’is chosen such that it transmits 99 % of the lowest order (TEM,,) mode. This
is given by ¢=3w, where ‘w’ is the 1/e beam radius. The aperture was placed in the
expanded beam end of the cavity. This was, firstly, because the intensity at the perimeter

of the aperture was lower, and therefore the likelihood of damage smaller, and secondly, as

66



the larger dimension allowed for greater ease of fabrication. The aperture size needed in this

case was =3.3mm.

Normalised intensity
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Fig. 5.4 Intensity profile of TEMg, output of AML 2000 laser, with Gaussian fit
superposed.

To confirm that the laser was actually operating with a TEM,, mode, two tests were
made. Firstly, the spotsize at the laser output, and at a distance of several metres away trom
the output (in the ‘far field”), were measured with a diode-array. Knowing the far-field
spotsize, and the distance at which the measurement was made, it was possible to deduce the
divergence, In this case it was found to be =0.75mrad (half-angle). This agrees to within
5% of the value calculated using the measured output spotsize of 0.45mm [10]. Secondly,
the beam profile was characterised using a scanning slit—after it had been expanded by a

lens—and found to closely fit a superposed Gaussian (see Fig. 5.4).

5.1.4 Mode-locking.

The AML 2000 laser is actively mode-locked [5] using an acousto-optic amplitude modulator
[8] located at the contracted beam end of the resonator. This was driven by a fixed
frequency power oscillator, and so had to be tuned onto resonance by adjusting the
temperature of the quartz block. The r.f. drive of the mode-locker was at a frequency of

67.1MHz, giving a corresponding mode-locked pulse repetition rate of 134MHz, equivalent
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to a round-trip duration of 7.45ns. Acousto-optic mode-lockers amplitude modulate the
cavity loss by Bragg diffracting the cavity mode into higher order diffracted beams [8]. A
high diffraction efficiency is desirable to ensure reliable, stable mode-locking. The measured

values for this device, of typically 45-50%, were sufficient for this purpose.
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Fig. 5.5 Autocorrelation trace of mode-locked output of AML 2000 Nd:YAG
laser.

The duration of the mode-locked pulses was measured by non-collinear background-
free [11] second-harmonic autocorrelation [12] using a device built by Pointer and Bromley
[13]. Such measurements usually represent an average over many mode-locked pulses. In
this case the pulse duration obtained also represents an average over the Q-switch train.,
While the process of Q-switching does generally lead to broadening of the mode-locked
pulses across the train, it was thought that this was unlikely to be significant in the low gain
conditions used; especially as the pulse duration was given adequate time to fully stabilized
before the Q-switch was opened. To confirm this, the pulse duration was also measured

while the laser was running under quasi-continuous conditions. The result obtained in this
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case was found to agree—within experimental error—with the result obtained when the laser

was Q-switched, suggesting that any broadening that did occur was negligible.

The use of a slow detector (~ 1us rise-time) meant that the harmonic pulse energy
was automatically integrated over the Q-switched train. The autocorrelation was found to
best fit a Gaussian envelope corresponding to a pulse duration (FWHM, I(t)) of =85ps on

the various occasions that it was measured during the course of the project (see Fig. 5.5).
5.1.5 Q-switching.

The laser was Q-switched using an Electro-Optic Pockels cell [14] based on a Brewster
angled KD'P crystal. The device used was trigger-synchronised to the mode-locker driver
to ensure locking of the relative position of the mode-locked pulses with respect to the Q-

switch envelope.

As the Q-switch was designed for use in a non-telescopic resonator, where the
problem of damage was less acute (see Subsection 2), it had far too high a hold-off to be
safely used as originally configured. To reduce the hold-off, modifications were made to the
switching electronics, but as this alone did not lead to a sufficient reduction, the Pockels Cell
was detuned slightly by tilting off axis. After adjustment, the Q-switch energy from both
output couplers was measured using a cone calorimeter, and found to total =3ml]: safely
below the damage limit of =4mlJ. This corresponded to an energy available from the 50%

output coupler of =2mlJ.

Under typical operating conditions, the train had a FWHM of I(t) of 150-200ns. As
the round-trip duration of the laser was 7.45ns, this meant that there were between 20-27
pulses within the FWHM; the most energetic pulse in the train having a peak power of
=1.1MW. The Q-switch duration was found to be stable on the short term, but due to
cavity alignment drift was found to vary over the duration of the project by around 10%.
The variation in the output energy was also determined by the computer acquisition over
several hundred shots. When fully optimised, the r.m.s. fluctuation in output energy was
found to be ~3%.

At the onset of this project the KD*P crystal in the Q-switch was both unheated and
open to the atmosphere. This resulted in a gradual degradation of the optical surfaces,
eventually necessitating repolishing at the half way stage of this project. Since then, the

mounting has been modified to incorporate a heater, so this problem is unlikely to recur.
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5.1.6 Feed-back prevention.

To prevent feedback from optical elements further on in the set-up, a second Pockels Cell
shutter outside the laser was used to block the laser output during the prelase. It was
designed originally to be triggered sequentially with the Q-switch Pockels cell and mode-
locker so as to switch out a single pulse from the Q-switch train. For these investigations
thie whole of the train was required, so the circuitry responsible for the closing of the aperture
was disabled. As a result of this the shutter was open long enough for the passage of the Q-
switched train. This took advantage of the fact that the voltage supply to the Pockels Cell
was pulsed; switching on slightly before, and off slightly after, the laser flashlamp pulse.

Hence it was reset in time for the next laser shot.

During the work with the long pulsed oscillator, the Q-switch Pockels cell was used
as the output shutter instead. This was because the shutter used in earlier work could only
function in two ways. It could switch out just one mode-locked pulse, as it was designed to
do, or it could be partially disabled such that it transmitted everything after it was triggered.
The Q-switch, on the other hand, was designed to operate in such that way that a train of
adjustable duration could be switched out. Unfortunately, as it was intended for use as a Q-
switch, it only acted as a quarter-wave plate when switched on. Consequently, when
configured to give maximum attenuation during the time it was on, it could only transmit

50% of the incident intensity when switched off.
5.1.7 Long-pulse operation.

During the last stage of this work the laser was operated without the Q-switch installed. The

resultant laser output was therefore a S5ms train of mode-locked pulses.

In the long-pulsed case the laser cavity Q was not suppressed at the onset of the
flashlamp pulse. This resulted in there being large output intensities during the first ~0.5ms
due to relaxation oscillations. Since it was intended to operate at high conversion
efficiencies, and hence high intensities, during the steady state part of the pulse train, the
significantly higher intensities during the relaxation oscillations posed a risk of damage. The

laser output was therefore shuttered to block the first part of the output train.

The laser output was shuttered using a Pockels Cell. This necessitated the use of the

laser Q-switch extra-cavity, and resulted in a 50% loss of the available laser output.
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However, as this initial stage of the investigation was making use of amplification, this did

not cause any problems.

A pulse train of up to = 150us was available after amplification (as limited by the
amplifier flash-lamp pulse duration). As this was much longer than necessary to establish
quasi-continuous operation of the OPQO, it was decided to further shorten the train using the
Pockels cell shutter. This was done mainly to further reduce the possibility of damage: the
damage behaviour of KTP being unknown for the case of a long train of intense mode-locked
pulses. The Pockels cell shutter was therefore used to reduce the duration of the pulse train
by around an order of magnitude, to 20us. While somewhat shorter than the maximum
available duration, it still corresponded to ~2500 pulses; over two orders of magnitude

higher than available in the Q-switched case, and was therefore felt to be sufficient

The output extracted from this laser for this stage of the work was only =0.3mJ, in
a pulse of 20us duration, corresponding to an average power (averaged over the train) of

15W, and a peak mode-locked power of =1.25kW,
5.2 Amplification.

Up to two stages of amplification were used (see Fig. 5.6). The first stage involved a
double-pass through a 3"x1/4" Nd:YAG rod, the second a single pass through a 3"x3/8" rod.
Expanding telescopes were used before each stage of amplification, which not only made for
efficient use of the available gain volume, but aiso enabled compensation of the thermal

lensing in the amplifiers.

To achieve a double pass through the first amplifier stage, a quarter-wave plate
isolation scheme was used (see Fig. 5.7). Thermally induced birefringence in the amplifier
rod resulted in a degree of depolarization of the returning beam, which necessitated tilting
the beam slightly off the amplifier axis to prevent any chance of feedback into the laser when
the Pockels cell shutter was open. This tilt was not, however, sufficient to cause significant
reduction in the available aperture. Fig. 5.8 shows the single- and double-pass output
energies for a =~2mJ input Q-switch train energy. The maximum obtainable energy in this
case was limited by damage to about 65mJ, which also corresponded to the point at which
unwanted effects started to occur (the amplifier gain was found to saturate at a lamp current
just above that necessary to achieve this energy. It is now believed to have been due to a
fault in the amplifier drivers, as opposed to the occurrence of parasitic laser oscillation, as

first suspected). In the long-pulse pump case, the maximum energy extracted was = 39m]
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Fig. 5.6 Schematic diagram of pump scheme used during the investigation of the
BBO parametric oscillator. H = half-wave plate, P = polarizing beam-
splitter, Q = Quarter-wave plate, S = Pockels cell shutter,

Telescope

.

>

<

U

A

1 O
>
]

<_-———————_-_‘____

Fig. 5.7 Schematic diagram of the double-pass amplifier arrangement. Q
quarter-wave plate, P = polarizing beam-splitter.
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Fig. 5.8 Energy of Q-switch train after double- and single-pass amplification, as

a function of lamp drive-current.

in 20us, corresponding to an equivalent average power of =2.0kW, and a peak mode locked
power of = 165kW,

The second amplifier stage was only ever used with the Q-switched laser, and then
only in a single-pass configuration. This is because the three-fold increase in intensity it gave
was sufficient to reach the safe operating limit of the rod’s anti-reflecting coatings. The
energy available from this stage was 180mJ, in a Q-switched train of 160ns. The

corresponding peak power of the peak mode-locked pulse was ~ 100MW.

Between amplifier stages, and between the final stage and the frequency doubling
crystal, the beam was propagated freely to allow diffraction to remove some of the higher
order structure accrued from the passage through the amplifiers. There were no major
features, but the beam quality was noticeably degraded relative to the output of the laser
oscillator itself. This would have been caused partially by the thermal lensing and birefri-
ngence of the rod, and partially by the amplification process itself. Another cause of

distortion may well have been the previously caused damage to the rod’s AR coatings.
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5.3 Frequency doubling.

In the earlier two stages of this work, when the laser’s Q-switch was utilised, the frequency
doubling was done using a 3cm long, type II potassium dihydrogen phosphate (KD"P) crystal
[15]. The high Poynting vector walk-off in KD'P (=28mrad) limits the smallest usable
spotsize—with a 3cm crystal—to =0.5mm. However, as high peak powers were readily
available there were no problems in achieving the large intensity required for efficient

frequency conversion.

5 Efficiency

b
0.4 -
0.3 -
T
0.2 -
0.1 -
0.0 ¢ T T T T T
0.0 0.2 0.4 0.8 0.8 1.0 1.2
Peak incident intensity/GWem
Fig. 5.9 Second harmonic efficiency (overall energy) as a function of incident

energy for a train of mode-locked pulses.

The conversion efficiency was found to saturate at between 40-50% (see Fig. 5.9).
This maximum value is markedly lower than the theoretically predicted value of 80%, calcu-
lated using the analysis after Sawyer [16]. The reason for this discrepancy is unknown, but
most likely suggests that there is temporal substructure on the pulse which is leading to
greatly reduced phase-matching. It does, however, agree with the results found by others
when doubling beams of small cross-section [17]. Good agreement has been found, however,
between theory and experiment when the energies used are high enough that sufficient

intensity can be achieved with a spotsize of 5mm or larger [18].
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In later work the doubling was done using a Smm long uncoated, type II potassium
titanyl phosphate crystal [19]. This material has two big advantages over KD'P. It exhibits
a much smaller walk-off, and has a nonlinearity of nearly an order of magnitude higher. The
optimal focusing for a Smm long crystal, after the theory of Boyd and Kleinman [20],
corresponds to a fundamental spotsize of =15um. With the peak powers available, the use
of this focusing would have exceeded the damage threshold of the KTP by several times. In
p}actice, focusing down to a spotsize of =50um was found to give a conversion efficiency
of ~20%, which provided sufficient power at 0.532um for pumping the OPO whilst ensuring

that the intensity that the KTP was exposed to was well below the damage threshold.

In the Q-switched case, the harmonic energy available after using one stage of
amplification was 25-30mJ. After two stages, however, this was more than doubled to
=70ml]. In the long pulse case, as said above, no attempt was made to optimise the doubling
efficiency. A doubling efficiency of ~20% provided up to 7.5mJ of 0.532um in 20us,
corresponding to an equivalent average and peak harmonic power of 375W and 30kW
respectively. In practice, however, the maximum harmonic train energy used to pump the

OPO was only 0.5mJ, corresponding to an average powers of 25W; peak power of ~2kW.

5.4 Summary. ~

By way of a summary, a list of the powers and energies that were available during each stage

of the work carried out so far.
Q-switched, mode-locked, two stages of amplification.

After two stage of amplification, 180mJ of 1.064um was available in a 160ns Q-switched
pulse. The corresponding peak power of the peak mode-locked pulse is ~100MW. After
doubling in KD'P, with a conversion efficiency of 40%, 75ml] of 0.532um was available,
with a peak power of ~38MW.

Q-switched, mode-locked, one stage of amplification.

After one stage of amplification, =65mJ of 1.064um was available in a 150-200ns Q-
switched train of pulses. The corresponding peak power of the peak mode-locked pulse in
this case was ~33MW. After doubling in KD'P, with a conversion efficiency of 40-45%,
~=~29mlJ of 0.532um was available, with a corresponding peak power of ~ 15MW.
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Long-pulsed, mode-locked, one stage of amplification.

Note. this case, unlike the other two, is not fully optimised. At the very least higher

doubling efficiencies could be achieved to increase the available power at 0.532um.

After one stage of amplification, at least 39mJ of 1.064um are available in a long-
pulse train of 20us. The corresponding peak power is 160kW, with an equivalent average
(i.e. only over the train) of 2kW. Operating at average powers of 125W, doubling at 20%
efficiency gave 0.5mJ of 0.532um. This corresponds to peak and average powers of 2kW

and 25W respectively. This last value can, in particular, be increased significantly.
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6 Parametric oscillation in BBO*.

This chapter describes the experimental investigation of a synchronously-pumped parametric
oscillator which utilised the material barium borate (‘BBO’)[1] as the gain medium. At the
time that this project commenced, BBO was almost unique in offering both a high damage
resistance (=12.5GWem™, 1ns pulses at 1.064um [2]) and a large nonlinearity (=~2pmV*
[11[2][31, i.e. a factor of ~5 larger than that of KD'P [4]). The only other materials that
were then readily available were deuterated potassium dihydrogen phosphate (KD'P)[4],
lithium niobate [5], and urea [6]. Of these, only the latter possessed a damage threshold and
nonlinearity comparable with those of BBO. Urea does, however, have a much shorter
infrared cut-off wavelength than BBO (= 1.4um [6], as opposed to =2.7um for BBO [1]),
and consequently a relatively small tuning range when pumped at 0.532pm. Furthermore,
it is hygroscopic to such a degree that it must by necessity be permanently housed in an index
matching cell [7][8], whereas BBO was believed at the time to be immune to attack from

atmospheric moisture [1].

Pumping of either BBO or urea at a shorter wavelength would have offered tuning
over the entirety of the visible and into the near infrared, as has been demonstrated in the
case of pulsed lasers [8][9][10]{11]. The additional frequency conversion processes needed
to obtain such a pump wavelength from the fundamental of a Nd: YAG laser would, however,
have resulted in a substantial reduction in the available pump energy. This was unacceptable
at the initial stage of the investigation when, to ensure that oscillation would be readily
achieved, it was desired to have at least an order of magnitude more pump power in hand

than the theoretically predicted threshold [15].

The highly birefringent nature of BBO [1] results in rapid angular tuning, so even a
crystal with a small angular aperture can be used to generate a wide range of wavelengths.
Unfortunately, it also leads to a large value of Poynting vector walk-off for wavelengths that
are critically phase-matched [2]. In this case the use of a tight pump focus is precluded, and
consequently, to achieve the intensities necessary for an OPO to reach threshold, a pulsed

laser must be used as the pump source. Type I parametric oscillation in BBO using a

*With the exception of the work on bandwidth reduction using the grating resonator
(Section 4), the main results of the work described in this chapter was published in the
journal Optics Communication (Vol. 67, pp316-320, 1988).
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0.532pum pump—the interaction investigated in this case—suffers from this limitation over the

entirety of its tuning range.

6.1 The pump scheme.

@-—Amp@ . T

532nm

Fig. 6.1 Schematic diagram of pump system used during the investigation of the
BBO parametric oscillator. S = Pockels’ cell shutter, Q =quarter wave
plate, P = polarizing beam spiitter, H = half wave plate.

The pump scheme used for this investigation is shown in Fig. 6.1. The flash-lamp
pumped Nd:YAG laser [12] was configured for prelase Q-switched [13] and mode-locked
operation [14], as described in Chapter 5, Section 1. It was operated at a repetition rate of
5Hz, and produced trains of mode-locked pulses with an overall duration of 160-200ns
(FWHM) and a total energy of =2ml]. The mode-locked pulses were separated by 7.45ns,
and had a duration of =85ps (FWHM), which meant that there were 22-27 pulses within the
Q-switch envelope, and that the corresponding peak power (of the most energetic mode-
locked pulse) was = IMW. To further increase the available power, two stages of amplificat-

ion were employed (see Chapter 5, Section 2). The output of the final amplifier consisted

79



of Q-switched trains with an overall energy of =180mlJ, corresponding to a peak power of
=~ 100MW.

The resulting fundamental was frequency doubled with an energy conversion
efficiency of 40-45%, using an uncoated 3cm long type II KD'P crystal [4], to give up to
=~75m]J of 0.532um (see Chapter 5, Section 3). The generated harmonic was then separated
from the fundamental using a dispersing prism which was orientated at minimum deviation.
This ensured that, with a suitable choice of polarization for the harmonic, a minimal amount

of the generated radiation was lost during this process.

As optics with high-power anti-reflection coatings for 0.532pym were not available,
a power loss was incurred in focusing the light into the cavity. There were also losses of
power due to the residual reflectivity of the input mirror of the OPO cavity at the pump
wavelength, which had been primarily designed to provide a high reflectivity from
0.7-1.0pm, and due to Fresnel reflection from the intracavity optics (see Section 2). As a
result, the maximum energy available incident on the entrance face of the BBO crystal was
limited to =40mJ. This was, however, still in excess of the amount of energy required to
reach threshold [15].

6.2 The cavity design.

)

PUMP

Mz

Fig. 6.2 Schematic diagram of cavity used for the preliminary investigation of the
BBO parametric oscillator. M,, M, = plane mirrors (HR 0.70-1.0um, HT
0.532um), L;, L, = +50cm lenses, L,, L; = -25cm lenses.
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The resonator used for the BBO parametric oscillator is shown in Fig. 6.2. At the
onset of the project, as the financial resources available for expenditure on optics were
limited, and as the optimal cavity design was then unknown, a ‘flexible’ resonator was
desired. Consequently, plane mirrors—with a suitable reflectivity—were acquired, and
intracavity lenses used to constrain the cavity mode, as this offered easy reconfiguration of
the resonator. It was planned that at a later time, when the optimal focusing and output

coupling were known, that appropriate mirrors would be procured.

The mirrors used had a high reflectivity (R =99.5%) over the entirety of the signal
region of 0.700-1.0um, whilst having a reflectivity of only 10-20% over the corresponding
idler range of 1.0-2.2um. This meant that less than ~4% of the idler was fed back after one
round trip, ensuring that the oscillator would operate, essentially, as singly resonant. The
coatings used were designed for high power operation, but their damage threshold of
~1GWcem™* was over an order of magnitude lower than that of the BBO crystal. Hence, they

acted to constrain the design of the OPO resonator.

To maximise the probability of reaching threshold, it had been decided to operate the
OPO with the BBO crystal exposed to an intensity approaching, but not exceeding, the
published damage threshold (= 13.5GWcm2 for 1ns pulses at 1.064um [2]). Poynting vector
walk-off (of =55mrad [2]) prevented focusing the pump to below =0.45mm in the BBO
crystal, which corresponds to a confocal parameter of several times the length of the OPO
resonator. Consequently, to avoid an excessive intensity at the mirrors, it was necessary to
incorporate lenses into the cavity to expand the beam up on the mirrors. The focal lengths
of the lenses used were chosen to minimise the change in spotsize as the separation of the
innermost pair was varied. The accuracy with which it was necessary to position them was
readily achievable during the initial alignment, and so there was no need to provide for the

possibility of fine adjustment (e.g. micrometer driven translation stages).

Neither of the lenses nearest the BBO crystal nor the crystal itself could be anti-
reflection coated, as the intensity they were exposed to exceeded the damage threshold of
available dielectric coatings. Though this did lead to a high cavity loss, preliminary
calculations did suggest that there would still be more than sufficient power available to
achieve threshold even if all the cavity elements were uncoated. It was therefore decided to

carry out a preliminary investigation of this cavity design using solely uncoated optics.
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The barium borate (‘BBO’) crystal used was grown at the Fujian Institute of Research
on the Structure of Matter, Fuzhou, People’s Republic of China. It had a length of
=~7.2mm, uncoated faces of =~4.5x4.5mm?, and was cut at an angle of 31° to the optic axis,
to phase-match for type I tripling of 1.064um radiation, i.e. 1.064um + 0.532um -
0.355pm. To facilitate angle tuning, the crystal was mounted on a rotation stage which could
be set to an angular accuracy of 0.02°% equivalent to setting the angle of propagation inside

tfle crystal to =0,013°.
6.3 A note on the hygroscopic nature of BBO,

At the time that this project began, it was generally believed that BBO was totally impervious
to attack from atmospheric moisture [1]. Unfortunately, this was found to be untrue. The
first BBO crystal used suffered from slight fogging of the surface, which resulted in it
incurring a significant amount of surface damage. To remove the damage ‘pit-mark’, it was
found necessary to polish away over 2mm from the length of the crystal: this represented an
unacceptably large reduction in the available gain length, and consequently it was necessary

to replace the crystal.

To avoid a recurrence of this problem with the replacement crystal it was mounted
in a windowless oven, and held at a constant temperature of 50+1°. This was found to
prevent surface degradation, and no further damage was incurred over the remainder of the
duration of the investigation (> 300 hours). The low thermal dependence of the birefringence
of BBO [2] did not necessitate the stabilization of the temperature to any greater degree of

accuracy than +1°.
6.4 Performance details.

This section gives the results of the experimental investigation of the BBO parametric
oscillator described in Section 2. The main features of the device’s performance were
investigated, including pulse duration and spectral behaviour. The experimental results were

found to be in reasonable agreement with the theory available.
Oscillation threshold.

The oscillation threshold was found by monitoring both the pump, with a vacuum photodiode
(response time ={0.3ns), and the generated idler, with a high gain detector (integrating time

~10us). The response of the vacuum photodiode was fast enough to allow the undistorted
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observation of the Q-switched envelope. It was consequently possible to detect the onset of

depletion, which was taken to correspond to the point at which threshold was reached.

The lowest energy at which oscillation threshold was achieved was 124+ 1mJ (incident
on the BBO crystal) in a = 160ns duration Q-switched train, which corresponded to a peak
pump power, of the most energetic mode-locked pulse, of =5.6MW, and a peak intensity
(2P/ww?), again of the peak mode-locked pulse, of =1.8GWcem™2, Accounting for Fresnel
losses, this meant that the threshold energy internal to the crystal was =11.5mJ, which is
about 20% higher than the value of =9.0mlJ predicted by the theory after Brosnan and Byer
[8]—where the more recent value of d g (=2pmV! [3]) for BBO was employed (seé
Appendix A4 for details of the calculation). This was felt to be good agreement, particularly
given the somewhat arbitrary way in which the experimental and theoretical thresholds were
related. Following Brosnan and Byer [15], the theoretical threshold was taken to be the Q-
switched train energy which led to a cumulated signal gain of =exp(30). In practice, the
actual gain necessary for observable pump depletion was unknown. A simple consideration
of the small-signal gain coefficient [16] did suggest that a pump depletion of 2-10% would
require a cumulative signal gain of exp(29)-exp(31)—which leads to an uncertainty in the
threshold energy of ~5-10%. Given additional unquantifiable effects, such a beam quality,

and the error in the launched pump waistsize, etc., it is easy to account for the 20% error.

An energy threshold of =14m]J for a =200ns FWHM train was also observed. The
corresponding internal energy in this case was = 13mJ, which is again 20% higher than the

theoretically predicted value (this time = 10mJ).
Conversion efficiency.

The conversion efficiency—or more correctly, the ‘pump depletion’—of the OPO was found
by measuring the amount of pump energy transmitted by the cavity when oscillating, and
when ‘detuned’ by rotating the crystal to an angle at which oscillation could not occur. As
the interaction in this case was type I, oscillation only occurred when the crystal was rotated
to one side of the degenerate phase-matching angle. It was therefore possible to ‘detune’ the
OPOQO without causing significant misalignment, by setting the crystal at an angle just beyond
degeneracy (i.e. with reference to Fig. 6.5, at a positive angular displacement from

degeneracy).

The energy conversion efficiency was also deduced by measurement of the areas

under the oscilloscope traces corresponding to the Q-switch envelopes of the depleted and
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Fig. 6.3 Double exposure photograph showing the depleted pump train superim-
posed over the undepleted train.

undepleted pump trains (see Fig. 6.3), of which the latter was also acquired by ‘detuning’ the
pump. In this case it was also possible, by measuring the heights of the depleted and
undepleted mode-locked pulses, to make an estimate of the peak pump depletion. The overall
energy conversion efficiency was found, by both techniques (within experimental error), to
be around =28-32%. The corresponding peak efficiency, which occurred slightly after the

peak of the Gaussian envelope of the mode-locked pump train, was found to be =37-42%.

A rigorous treatment of the mode-locked pumped parametric oscillator, as would be
required to accurately estimate conversion efficiencies, has so far not been published. It
would involve the consideration of saturation effects due to pump depletion, and also of the
spatial and temporal behaviour of the mode-locked pulses. While the results of such an
analysis would have been of great use, in view of its complexity, it was felt to be beyond the
scope of this investigation. It would have necessitated a major numerical treatment of the

problem.

To get some idea of how well the OPO was performing, the results of the one
situation that has been theoretically studied in some detail were considered—that of the steady

state operation of an OPO pumped by a Gaussian beam [16][17]. It must be noted that this
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model makes the further assumption that the amplitude of the resonant field varies slowly
through the nonlinear medium [16]. In the case of the OPO described here, this assumption
is not strictly valid: The round-trip loss is significant enough that quite a high single-pass

gain is required just to balance the loss.

Bjorkholm [17] predicts that in the case of a singly-resonant parametric oscillator
pumped by a c.w. Gaussian beam, the pump depletion at an incident (pump) power of three
times the threshold value should be =55%. This is not that much higher than the value of
~40% found for the peak depletion in practice—particularly given that the model does not
account for the temporal behaviour of the pump in any way. Firstly, the fact that a mode-
locked, rather than a c¢.w., pump was used will lead to some degree of reduction of the
efficiency. Secondly, the build-up time (or rise-time) of the oscillation [18]—in conjunction
with the finite duration of the experimental pump train—makes it possible that the OPO will
not have had sufficient time to reach its steady-state operating condition before the

termination of the pump train.
Output characteristics.

The signal spotsize was measured at the OPO output, and also in the far-field, using a
photodiode array. At a signal wavelength of =680nm, the output spotsize was found to be
~1,1mm, and the far-field divergence determined to be =0.20mrad. This is essentially

diffraction limited, and in agreement with the value predicted using Gaussian optics [19].

The pump was launched into the cavity such that the confocal parameter at the crystal
matched that of the resonated signal, this being—according to the theory after Boyd and
Kleinman [20]—the situation that will give the most efficient coupling of power into an OPO.
At 0.532um, the waist at the crystal was set to be =0.45mm, which corresponded to a spot-
size at the output mirror of 0.94mm. The corresponding values at 0.68um were 0.49mm and
1.Imm respectively, giving an output divergence of 0.20mrad, agreeing well with the

experimentally determined values.

The energy in the output idler train (see Fig. 6.4) was also measured. The maximum
energy available, at a wavelength of = 1um, was ~2mJ. This corresponds to the energy of
the peak mode-locked pulse being = 130uJ, and the peak power =1.6MW. The OPO output
energy was sampled over several hundred laser shots and was found to fluctuate by ~20%
(r.m.s.). This was over twice the amount of fluctuation found for the 0.532um pump, which

was, in turn, a factor of two higher than that found for the laser (generally between 3-5%).
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Fig. 6.4 Photograph showing output idler train.

This factor of two increase in instability due to each of the parametric processes was
unexpected, as it is the behaviour predicted for operation under unsaturated conditions (i.e.
when the pump is not significantly depleted). In this case, both parametric processes were
definitely operating under saturated conditions—in particular the frequency doubling, which
had been found to saturate at 45% efficiency—and was therefore expected to only exhibit
instabilities comparable to the pump laser. The origin of this increased instability has not so
far been identified. The unstable behaviour of the parametric oscillator may well be
attributable to a small amount of feed-back at the idler wavelength [21], but no corresponding
effect could be found to account for the increase resulting from the frequency doubling

process.
Pulse duration,

The idler output pulse width was measured using background-free second-harmonic
autocorrelation [22]. Assuming a Gaussian pulse shape, the duration (FWHM) of I(t) was
found to be 75+5ps. This is consistent with the value obtained using the analysis after
Becker et al [23], if it is assumed that the pulse duration of the 0.532um radiation is
approximately the same as that of the pump source laser. The analysis of Becker er al [23]

shows that when operating at three times the threshold pump intensity, the pulse duration of
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the idler field is =90% of that of the pump. In this case the pump pulse duration was taken
to be =85ps, which suggested that the idler pulse duration should be =73ps—within 5% of

the experimentally found value.

The assumption that the duration of the pump pulses would have broadened to a value
comparable to that of the output pulses of the Nd: YAG laser source was made knowing that
the frequency doubling efficiency saturated at ~45% for ~50% of the available fundamental
power. This suggested that all the pulses within the FWHM of the pump train—which
account for the bulk of the energy—would have broadened out to the same duration as the

fundamental 1.064um from the source laser.

A value of =75ps, for the resonated signal, is also consistent with the observed cavity
length sensitivity. Oscillation was found to occur over a variation in cavity length of ~2mm.
As it is expected that the cavity length can be mismatched by approximately one pulse-width
‘7’ over the number of round-trips available to reach threshold ‘m’ [24], a cavity length
variation of +c¢7/m is allowed. In this case there were m=25 pulses in the train, which had
a duration of 7=75ps, so the cavity length was allowed to vary by approximately +1mm:

i.e. over a range of =2mm, as found in practice.
Tuning behaviour.

The tuning behaviour of the parametric oscillator was characterized using a 1/3m grating
monochromator in conjunction with a Ge detector. The response of the detector limited the
longest observable wavelength to = 1.8um, and consequently all longer idler wavelengths had
to be inferred from the value of the corresponding signal wavelength by the application of

energy conservation.

The OPO idler was found to tune all the way out to the cut-off of the Ge detector at
1.8um. The signal, however, tuned from degeneracy—at 1.064um—to 660nm, implying that
the idler must be tuning all the way up to 2.7um; a value well into the infrared roll-off of
BBO [1]. This starts at =2.2um, and by 2.7um around 50% of the idler will have been
absorbed over a path length of =7mm. Tt is thought that this tuning range was only possible
because: (i) it was the generated field with the lower—unabsorbed—wavelength that was

resonated, and (ii) that the available parametric gain was extremely high.

Fig. 6.5 shows the experimental tuning data plotted against the theoretical curve

calculated using the set of Sellmeier’s equations after Kato [28], the experimental values
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Fig. 6.5 Plot of signal and idler wavelengths as a function of angular deviation

(internal) from degeneracy.

having been corrected for refraction on entering the BBO crystal. As the exact angle at
which the crystal was cut was not known, it was decided to compare only the rate of tuning,
and not the absolute values of angle at which a given signal-idler wavelength occurred. The
graphs therefore show signal-idler wavelength as a function of angular deviation from
degeneracy. The other available sets of Sellmeier’s equations, after Chen er al [1] and

Eimerl er al [2], were found to give noticeably poorer agreement (see Appendix A2).

To extend the range of wavelengths available from the OPO, the idler output was

frequency doubled using a second type I BBO crystal. This allowed the generation of
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To extend the range of wavelengths available from the OPO, the idler output was
frequency doubled using a second type I BBO crystal. This allowed the generation of
wavelengths in the range 0.53-0.6um with efficiencies—with respect to the infrared OPO
output—of up to =3%. If the signal range of wavelengths (0.7-1.0pm) had been available.
this technique could have been used to extend the overall tuning range down into the

ultraviolet; probably to a wavelength of =350nm.,

Spectral behaviour.

Idler bandwidth/GHz

2.0
1.5
1.0 +
0.5 -

1.064um =

0.0 —T T T T = T T -

1.0 1.1 1.2 1.3 1.4 1.8 i.8 1.7 1.8

Idler wavelength/um
Fig. 6.6 Plot of experimentally determined idler bandwidth as a function of

wavelength. The continuous line is an arbitrary fit to the data.

The bandwidth of the idler output was measured as a function of wavelength (see Fig. 6.6).
As expected, the bandwidth showed a marked increase as degeneracy was approached [16].
This is due to fact that at degeneracy, as the signal and idler wavelengths are identical, there
is no group velocity mismatch between the generated fields. The bandwidth at this point is
therefore only constrained by the mismatch between the dispersion at the pump and signal (or
idler) wavelengths. This behaviour is unique to type [ interactions. The necessary disappear-
ance of the group velocity dispersion between the signal and idler fields does not occur in the
alternative type II situation. In that case the two fields are orthogonally polarized, and hence

see different indices and dispersions even when they have the same wavelength.
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6.5 Bandwidth control,

In an attempt to reduce the bandwidth of the OPO output to the value corresponding to the
transform limit of the known mode-locked pulse duration (see Section 4), the cavity was

modified to incorporate a diffraction grating (see Fig 6.7).

) Tw]
1Tl

Fig 6.7 Schematic diagram of the cavity incorporating diffraction grating that was
used to investigate bandwidth control of the parametric oscillator. M;, M, =
plane mirrors (HR 0.7-1.0um, HT 0.532um), L,, L,, Ly = 50cm lenses, L,,
L, = -25cm lenses, G = 1800¢/mm diffraction grating.
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A 1800¢/mm aluminium coated sinusoidal holographic grating, which had an
efficiency—relative to aluminium (=90% at 0.7um, =93% at 1.0um)—of 85% at 0.7um and
43% at 1.0pum, was used at Littrow orientation [29] in place of one of the resonator end
mirrors. To facilitate pumping, the cavity was re-aligned with a ‘dog-leg’ configuration (see
Fig. 6.7), using a mirror (M, in Fig. 6.7) that had the same reflectance characteristic as the
plane mirrors referred to in Section 2 (e.g. M, in Fig. 6.7), but optimised for use at a 45°
angle of incidence. With the grating in situ, it was found that the OPO would only operate
at, or very close to, degeneracy. This implies that the singly-resonant threshold of this
system was too high, whereas the doubly resonant behaviour at degeneracy made it possible

to just obtain oscillation.

The pulse duration of the output idler was unaffected by the addition of the grating
to the resonator (i.e. still =75ps), but the bandwidth had been reduced to =0.3nm. This

corresponds to a time-bandwidth product of ~ 6, which while still far from the transform
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limited value of =0.44 (expected for an unchirped Gaussian pulse), was a factor of ~200

times down from the value of = 60nm obtained from the resonator without spectral selection.

In principle, the signal bandwidth could have been further reduced by expanding up
the beam incident on the diffraction grating—the grating resolution increasing with the
number of rulings utilized [29]. This could have been accomplished by the incorporation of
a’ prism-pair beam expander (or telescope) into the cavity. In this case, however, the
additional intracavity losses would have made it impossible for the OPO to reach threshold,

and consequently it was not pursued.
6.6 Conclusion.

Barium borate [1] was demonstrated to be a viable gain medium for use in a synchronously
pumped optical parametric oscillator [24], but the high Poynting vector walk-off [2] in this
material does limit its utility to the case of systems pumped by puised lasers. The use of
anti-reflection coated optics within the cavity would have led to a significant reduction in the
threshold, but not one that was sufficient to reduce the power requirements to a level
attainable by a c.w. pumped mode-locked laser. A parametric oscillator based on BBO does
offer the possibility of wide tunability across the visible and near infrared, as has been
demonstrated in the case of systems pumped by pulsed (i.e. Q-switched or similar, but not
mode-locked) lasers at 266nm [26] and 308nm [11]. Recently, a synchronously-pumped
optical parametric oscillator based on BBO has been operated, with a 355nm pump, over the
signal-idler range 0.4-3.2um [27]—the idler wavelength range extending even further into
the infrared roll-off of BBO than in the work described herein.

At the conclusion of this stage of the project, it became possible to acquire the
nonlinear material potassium titanyl phosphate (‘KTP’)[30]. This offered both a high
nonlinearity and a low walk-off, and while it was not as damage resistant as BBO [2], it did
have a high enough damage threshold to allow pumping at an intensity sufficient to achieve
appreciable parametric gain. It was decided that, together, these properties offered the
highest probability of achieving continuously mode-locked operation in the near future, and
to eventually allow parametric oscillation to be achieved using a laser-diode pumped mode-

locked miniature solid-state laser [31] as the pump source.
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7 Parametric oscillation in KTP*,

As was mentioned in the introduction to Chapter 6, when this project began the most suitable
material available for the investigation of the synchronously-pumped optical parametric oscil-
lator (‘OPO’)[1] was barium borate (‘BBO’)[2]. BBO does, however, exhibit a large
Ppynting vector walk-off [3], precluding the use of a tight pump focus [4]. Consequently,
the threshold power requirement for a singly-resonant OPO based on this material is beyond

the current capability of c.w. flash-lamp pumped, mode-locked lasers.

The initial plan had been to optimise the performance of the 0.532um pumped BBO
parametric oscillator (see Chapter 6), and then go on to extend the tuning range over the
whole of the visible part of the spectrum by exploiting a shorter wavelength pump (e.g.
0.355pum). This has since been demonstrated for both pulsed [5][6] and pulsed, mode-locked
[7] BBO devices. When ¢.w. pumped, mode-locked lasers could supply sufficient power,
or a nonlinear crystal appear with a sufficiently high nonlinearity and damage threshold, work
could then proceed on the realization of continuous operation of a singly-resonant
synchronously-pumped optical parametric oscillator. However, by the time that the initial
investigation of the BBO device had been completed, it had become possible to obtain the

nonlinear material potassium titanyl phosphate [8].

Potassium titanyl phosphate (‘KTP’) was first proposed for use as a nonlinear crystal
in 1976 by Zumsteg et al [8], but it had then taken several years of research to develop the
techniques needed to grow it in a quantity sufficient to make its production commercially
viable. In the interim period, KTP had been shown to possess properties that offered a real
possibility of achieving continuous operation of a synchronously pumped parametric
oscillation with existing laser sources [8][9][10][11]. The decision was therefore made to
pursue this possibility, and a KTP crystal acquired for use as the gain medium during the

following stage of the investigation.

The main attractions of KTP are its high nonlinearity [8][10][12], and the fact that

‘quasi-noncritical’ phase-matching—for want of a better name—is possible for near-degenerate

*The work on the mode-locked and Q-switched parametric oscillator (Section 1) was
published in the journal Optics Comwmunication (Vol. 70, pp350-354, 1989). With the
exception of the unconcluded work on the utilization of a pulse-compressed pump source
(Section 3), the work in this chapter was presented at CLEO’89, Baltimore, Maryland,
U.S.A., 24-28 April, 1989 (CLEO‘89 Technical Digest, Abstract FK3, 1989).
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operation of an OPO pumped at 0.532um [8][9][10]. ‘Quasi-noncritical’ phase-matching is
possible in biaxial crystals that exhibit a low birefringence between two of their principal
indices, and occurs when the direction of propagation is perpendicular to the dielectric axis
which corresponds to the most disparate value of refractive index. In this case, the
interaction is noncritically phase-matched with respect to the ‘disparate’ axis, and hence
exhibits a very wide angular acceptance and low walk-off in this direction. As the
b}refringence between the other two axes is small, the walk-off will be low for all directions
of propagation that lie within the plane they define; it also follows that the corresponding
angular acceptance will be high. This allows for the use of a tight focus, for the interacting
fields, in the nonlinear medium [4]—even if the crystal used is several millimetres in length.
The focusing allowed is almost, but not quite, as tight as that allowed in the case of
noncritical phase-matching (e.g. in the case of KTP, when quasi-noncritically phase-matched
to frequency double 1.064um, the walk-off at 0.532um is = Smrad—Ilimiting the focusing to
~15um in a Smm long crystal [4]. If even this walk-off was absent, a confocal focus of
~ 13um would have been allowed [4]. If this tighter focus was permitted, it would amount
to a =40% increase in small-signal doubling efficiency [4]). There is, however, one major
disadvantage exhibited by quasi-noncritical phase-matching; it does severely limit the tuning

range.

In KTP, quasi-noncritical phase-matching is preserved only as long as the angle ‘0,
between the propagation vector and the dielectric z-axis, does not depart significantly—say
+3°—from 90°, The potential tuning range of a parametric oscillator pumped at 0.532um
based on KTP is 0.6-4.5um, as has already been demonstrated in the case of parametric
generation [13]—but this requires the phase-matching angle ‘6’ to vary continuously over the
range 45°-90° [13]. At an angle of =45° the Poynting vector walk-off is at its maximum
value, which can be shown to be (in radians) roughly equal to the fractional birefringence
between the appropriate pair of axes. In KTP, the fractional birefringence between the z and
x (or y) axes is =5% [8][10], and so the Poynting vector walk-off at §=45° will be
= 50mrad—comparable to that exhibited by BBO [2] when type I phase-matched to frequency
double the same fundamental wavelength [3]. The tuning range available with a 0.532um
pump in the quasi-noncritical case is, however, a rather limited 1.00-1.12pm—much less than

the total phase-matchable tuning range, as given above.

Even though the utility of the device would be initially limited, it was decided to
concentrate on the quasi-noncritical case until the oscillation threshold had been reduced to

a value low enough to enable continuous operation. At that time it would then be appropriate
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for work to commence on the extension of the tuning range, as this, along with the
implementation of bandwidth control and active stabilization, would be necessary to make the
device a viable research tool. Work would also continue on reducing the power necessary
to reach oscillation threshold, until it eventually reached a level that would allow pumping
by a mode-locked, diode-pumped miniature Nd:YAG laser [14]. The high spatial quality,
amplitude, and frequency stability of the output of these devices makes them ideally suited
t(; this task.

The remainder of this chapter describes the experimental investigation of
synchronously pumped optical parametric oscillation [1] in potassium titanyl phosphate [8].
Two devices were demonstrated; the first using a frequency doubled [15], prelase Q-switched
[16], mode-locked [17] Nd:YAG laser [18] pump source (see Section 1). The second device
was pumped by the same laser, but operated to generate a long-pulsed, rather than a Q-
switched, mode-locked output, to achieve quasi-continuous operation of the parametric
oscillator (see Section 2). In both of these cases amplification [19] of the Nd:YAG laser’s
1.064pm output was required to supply—after frequency doubling—the necessary 0.532um
pump power. An attempt was made to exploit pulse compression [20] as a means of
eliminating the need for amplification (see Section 3), This technique was found to enhance
the peak power, available from the long-pulsed output of the laser, to a level comparable to
that which had been required to achieve threshold when utilising amplification (Section 2).
Unfortunately, due to the unstable behaviour of the flashlamp-pumped laser source, resulting
from feedback from the fibre-grating compressor [21][22], and the necessity to operate close
to the damage threshold of the KTP frequency doubling crystal [23][24] to obtain efficient
harmonic generation [24], it was decided that the risk to the nonlinear medium was too great.
It was therefore decided that the next stage of the investigation would have to await the

development of a more stable pump source.
7.1 The mode-locked and Q-switched oscillator.

It was decided to first investigate parametric oscillation in KTP [8] using a Q-switched and
mode-locked pump source [18], as this would take advantage of the experience gained during
the development of the barium borate [2] device (see Chapter 6). At that time, the effective
nonlinearity of KTP, for the quasi-noncritically phase-matched frequency doubling of
1.064pm radiation, was believed to be =7.2pmV~! [8]. Preliminary calculations, using the
analysis of Brosnan and Byer [25], suggested that with the available pump powers, the

threshold intensity for parametric oscillation could be surpassed by well over an order of
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magnitude—even if the resonator used was very lossy. It was found, however, that the
experimental threshold was more than a factor of 5 times higher than the theoretically
predicted value. This was far too large a discrepancy to be accounted for by the known
uncertainties in the cavity loss and the pump waist size. The only factor remaining was the
nonlinearity of the parametric gain medium. The higher than expected threshold was initially
thought to be due to an abnormally low nonlinearity for the KTP crystal, resulting from it
n;)t being a single domain crystal [26]. This did, however, turn out to be an unnecessary,

and erroneous, conjecture.

Recently, Eckardt ez al [12] have re-measured the nonlinearity of a limited range of
nonlinear crystals, including BBO [2] and KTP [8]. The results of these re-measurements
were found to agree well with the values that had been previously published for the majority
of the materials, the exceptions being BBO and KTP. BBO was found to have a higher
nonlinearity [2][12], whereas the value for KTP was found to be less than half that of the one
previously accepted (i.e. dz=3.2pmV ™! [12] c.f. d=7.3pmV~! [8]). Use of the new value
of nonlinearity when calculating the threshold was found to give much better agreement with

the experimental results, and was consequently utilized in all subsequent calculations.
7.1.1 The pump system.

The schematic diagram of the pump system used for this stage of the investigation is shown
in Fig. 7.1. The laser used was a Q-switched and actively mode-iocked flash-lamp pumped
Nd:YAG laser [18], as is described in Chapter §, Section 2. The laser was operated at SHz,
and its output consisted of 150ns (FWHM) Q-switched trains of mode-locked pulses, with an
overall energy of = 1.5mJ. The mode-locked pulses had a duration of 85ps (FWHM, I(t) ),
and were temporally separated by 7.45ns. Consequently there were =21 mode-locked pulses
within the FWHM of the Q-switched envelope, and the peak power, of the most energetic
mode-locked pulse, was =770kW. The output of the laser was amplified by a double-pass
through a flash-lamp pumped, 2"X %" Nd:YAG rod [19], to give a final train energy of
65m], corresponding to a peak power of =33MW,

The output of the amplifier was focused into a 3cm long, type I KD*P [27] crystal to
generate the second harmonic of Nd:YAG at 0.532um. The conversion efficiency was
typically between 40-45%, which corresponded to harmonic energies of up to =29mJ. A
prism was used to separate the fundamental from the harmonic, as this ensured that any

1.064pm that reached the cavity would be sufficiently non-collinear with the 0.532um pump
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that unwanted parametric interactions (e.g. parametric amplification [28] of the 1.064um)
could not take place. The low divergence of the beam through the prism, and the fact that
the path-length in glass was kept minimal, limited the amount of astigmatism introduced by
the prism to less than 5-10%, which corresponded to the accuracy at which the spotsizes

could be determined.

Laser -
QP
HAmplES

532nm é§>

<>
[~

Fig. 7.1 Schematic diagram of the pump system used during the investigation of the
Q-switched and mode-locked pumped KTP parametric oscillator. S =
Pockels Cell shutter, Q = quarter-wave plate, H = half-wave plate, and
P = polarizing beam splitter.

7.1.2 The cavity design.

The parametric oscillator was constructed using a flux-grown KTP crystal [10] from Anhui
Institute of Optics and Fine Mechanics, Hefei, People’s Republic of China. It was 5.8mm
long, with uncoated faces of 5.1 x 5.4 mm?, and was cut for type II phase-matching—in the
xy-plane—for the quasi-noncritical frequency doubling of 1.064um radiation (i.e. at ©=90°,
¢ =25° [8]191[10D).
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The OPO resonator design that was used during the investigation with the Q-switched,
mode-locked pump source is shown in Fig. 7.2, The cavity mirrors were the ones that had
been previously used during the work with barium borate (see Section 2, Chapter 6). The
mirror reflectivity was high (>99.5%) over the entirety of the signal wavelength range of
1.040-1.064pm, but fell to ~85% at the extreme of the idler tuning range (1.09um). The
mirror coating had also been designed to have a high transmission (of =80%) at 0.532um,

so that it would be possible to utilize a collinear pump geometry.

Legw=1.1m
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flats
Fig. 7.2 Schematic diagram of the resonator design used during the

investigation of the Q-switched and mode-locked OPO. L,, L,
= +1m,-1m lenses respectively, M,, M, = plane mirrors
(HR 0.7-1.0pum, HT 0.532um). The silica flats, orientated at
Brewster’s angle, are each lcm thick.

To ensure that the round-trip time of the circulating signal pulses accurately matched
the separation of the incoming mode-locked pulses, the optical lengths of the laser and OPO
had to be closely matched. The necessary length adjustment of the OPO resonator was
achieved by mounting mirror M, on a micrometer-driven translation stage. This allowed the

mirror to be positioned reproducibly to within +10um of the required value,

The high reflectivity at both the signal and idler wavelengths would normally have
led to doubly-resonant operation of the OPO. This was undesirable as it would have led to
a very poor output stability, due to the clustering effect [29][30]. Consequently, in an
attempt to prevent doubly-resonant operation, two fused silica flats were introduced into the

cavity at Brewster’s angle. This scheme took advantage of the fact that—as it was a type II
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interaction—the signal and idler were orthogonally polarized. The plates therefore presented
an additional =66% round trip power loss to one of the fields, but only near-negligible
scattering losses to the other. This was judged to represent a high enough loss to the idler

to prevent, or at least severely suppress, doubly-resonant oscillation.

To eliminate the small possibility of light generated by the OPO feeding back to the
laser, which could have led to gross output fluctuations or disruption of the mode-locking
[31], a slightly non-collinear pump geometry was used. The angle between the cavity axis
and pump beam was =0.3°; small enough that it could be neglected when comparing the
experimental tuning behaviour with that which was theoretically predicted [32][33][34]. This
simplified the phase-matching calculations as it could be assumed that the interacting fields
were, in fact, collinear. It also acted to further ensure that the oscillator could not operate
doubly-resonantly, as the generated idler would be slightly off-axis and consequently

improperly resonated.

The inclusion of two intracavity lenses (see Fig. 7.2) allowed the diameter of the
beam at the plane mirror to be varied independently of the cavity length. This contrasts with
the case of the plane-concave resonator, in which the resonated spotsize is determined, for
a given mirror radius of curvature, by the cavity length. In the case of the synchronously
pumped OPO, the length of the cavity is constrained to match that of the pump source laser.
As it had been decided to use a large spotsize in the KTP, to minimise alignment and spotsize
tolerances, it was found that a non-standard mirror curvature would be required (or rather
lens focal length, as a mirror/lens combination would have been used in place of a concave
mirror). Given that the cavity was ~1.1m long, a signal spotsize of 0.25-0.35mm—as
desired—would have required a ‘mirror curvature’ of =1.2-1.3m. The nearest values of
focal length readily available were 1.5m, which would have given a spotsize of ~0.5mm (too
large), and 1m, with which the cavity would have been unstable. The two-lens configuration
allowed the desired spotsize to be attained with standard lens sizes—in this case focal lengths

of +1m and a ~1m were required.

As was mentioned in the introduction to this section, there was believed to be more
than an order of magnitude more power available than needed to reach threshold [25], even
in the case of a lossy resonator. It was therefore decided to implement the above cavity
design using uncoated lenses, and an uncoated crystal. This did, of course, result in there
being a high cavity loss (~50% round-trip power loss), but then no attempt was made to

couple out any of the generated light. If the lenses had been replaced with anti-reflection
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coated equivalents, or curved mirrors, then it would have been possible to reduce the

reflectivity of one of the mirrors to provide a substantial output.
7.1.3 Performance details.

This subsection summarizes the resuits of the investigation of the Q-switched and mode-
locked pumped optical parametric oscillator. The experimental results were compared with

the corresponding theoretical predictions and found to give reasonable agreement.

The operation of the parametric oscillator was observed by monitoring both the
infrared output train and the transmitted pump; both a high gain detector and a vacuum
photodiode were available for this purpose. The former had a slow response (~ 10us), and
was therefore useless for observing the transient behaviour of the OPO. It was employed to
detect the presence of the idler at the onset of oscillation, and hence for the determination of
threshold. It was also of use during alignment as it could detect oscillation at a level slightly
below that at which pump depletion became noticeable (there was less background
illumination in this case, compared to during the investigation of the BBO device, and hence
lower level infrared signals were observable). Conversely, the vacuum photodiode, having
a =0.3ns rise-time, was fast enough to just resolve the mode-locked pulses in the pump train,

and was therefore readily able to follow the temporal response of the OPO.
Oscillation threshold.

The oscillation threshold was taken to be the point at which an idler output could just be
detected; this was generally found to occur at powers slightly lower than those that resulted
in discernible pump depletion. It was determined by slowly reducing the output of the laser
amplifier with a variable optical attenuator. This avoided the change in thermal lensing—and
hence focusing into the OPO—that would have resulted had the pump energy been varied
through altering the amplifier flash-lamp current. Having adjusted the pump level until
parametric oscillation was just occurring on every laser pulse, the energy incident on the KTP
crystal was measured using a pyro-electric calorimeter. Threshold was found to be achieved
at an incident energy (in the Q-switched train) of 2.0mJ+10%, which—accounting for
Fresnel loss—is equivalent to 1.8+0.2mJ actually entering into the KTP crystal. This
corresponds to a peak power, of the most energetic mode-locked pulse, of 920+90kW, which
is equivalent to an intensity of 870+ 1 LOMWcm2—where the experimentally determined pump

spotsize of 0.26+0.02mm was used in the calculation of the last value.
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The experimentally found threshold was compared with the value predicted using the
theory after Brosnan and Byer [25] (see Appendix A4 for further details). For the purposes

of the calculation, the following values were used.

(2). The round-trip duration of the cavity was 7.45ns, and the mode-locked
pulse duration was 85ps. This meant that there were =21 cavity transits
during the =150ns intensity FWHM, I(t) of the Q-switch train, and that the
ratio of peak to average power was =82. From this, and the Q-switched and
mode-locked pulse durations, it can be shown that the most energetic pulse in

the Q-switched train will contain =4.7% of the overall energy.

(b). The Fresnel losses due to transmission through a single surface at
1.064pum were 4.1% and 7.4% for BK7 Schott glass and KTP respectively.

The fractional power feed-back over one round-trip was therefore =0.53.

(c). The pump spotsize—in the KTP crystal—was measured using a photo-

diode array and found to be 0.26+0.02mm.
(d). The signal spotsize was also measured, and found to be 0.37+0.02mm.

(¢). The more recent, and lower, value of nonlinearity for KTP, of
d=3.2pmV~" [12].

(f). The Poynting vector walk-off in KTP is =4.5mrad [9]. Note that as KTP is
type II phase-matched, both the signal (or idler) and pump walk off the idler (or
signal). Here it has been treated as if it is the pump that walks away from the other
two fields—as assumed by Brosnan and Byer’s model [25]. Furthermore, the pump

and signal walk-off by different amounts; the largest value has been taken.

(g). That a net gain of =exp(30) would be required for the signal to build up to an
appreciable strength [35] from the parametric noise level [36]. Assuming that the
initial signal bandwidth was the same as that experimentally determined for the OPO
output (Av =250GHz), the noise power would have been ~50nW [36]. This suggests
that with a gain of exp(30) = 10, the final resonated signal power would have been
~0.5MW, which would have been detectable outside the cavity. In addition, from
an elementary consideration of the single-pass parametric equations [35], it can be

shown that this signal level would lead to a pump depletion of 3-5%. This is
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comparable to the pump fluctuation, and therefore corresponds roughly to the point

at which depletion would have become observable.

Before commenting on the value of threshold predicted using the analysis after
Brosnan and Byer [25], it must be noted the major uncertainties in this calculation were the
pump and signal spotsizes in the KTP crystal. Threshold was predicted to occur at a train
ehergy of 1.7+0.1mlJ, corresponding to a peak power of 880+60kW, of the most energetic
mode-locked pulse in the crystal, and a peak intensity (2P/7w?) of 830+60MWcm?2,
Comparing these values with the experimental results, given on the previous page, shows
good agreement—the experimental results coming towards the tops of the ranges of the

predicted values.

The earlier value of d.=7.2pmV'! [8] had been used to estimate the oscillation
threshold before the work on the KTP oscillator commenced. Using this value, the predicted
threshold was at an energy of 0.35+0.05mJ in the Q-switch train, equivalent to a peak power
of 1804+20kW, and a peak intensity of =170MWcm2—a factor of =5 times smaller than
the experimentally found values. As mentioned in the introduction to this section, this was
far too large a discrepancy to be accounted for by the known uncertainties in the cavity loss
and the pump waist size. The only factor remaining was the nonlinearity of the parametric
gain medium. The higher than expected threshold could have been due to an abnormally low
nonlinearity for the KTP crystal, suggesting that it was not a single domain crystal [26]. This

did, however, turn out later to be an unnecessary conjecture.

With the maximum available pump energy, of 5.0+0.2mJ], the OPO could be run
with approaching three times the threshold intensity incident on the crystal. As the relative
stability of a parametric oscillator improves the further above threshold it is operated, the
majority of the measurements were taken when running at this uppermost level. The peak
intensity seen by the crystal was therefore 2.4+0.1GWcm2, which is well above the earlier
more pessimistic damage thresholds of =400MWcm? (r=10ns, A=1.064um)[23] and
~650MWcm? (r=30ns, A=1.064um)[24] quoted for KTP, but around an order of
magnitude below the single-shot values found for short (i.e. ~1ns, and below) pulses of
=15GWem™2 (r=1ns, A=1.064pm)[10] and =30GWcm™2 (7=30ps, A=0.532pm)[13]. It
was decided, however, to exercise caution. No measurement of the damage threshold of a
train of mode-locked pulses has been reported at that time, but it was felt that it was likely
to be somewhat lower than in the case of single mode-locked pulses. As there was no

occurrence of damage even after several hundred hours of operation at =2.4GWcm?2, it
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appears that the damage threshold in this circumstance must be an appreciable fraction of the

single-shot value [10][13].
Conversion efficiency.

The OPO conversion efficiency was determined indirectly by measuring the depletion of the
pump. As in the case of the BBO parametric oscillator (see Chapter 6, Section 4), the
depletion was measured in two ways. The first technique involved the measurement of the
amount of pump energy transmitted by the OPO cavity when oscillating and when ‘detuned’.
In this case, the interaction being type II, the tuning is continuous through degeneracy (c.f.
type I, where tuning is only in one possible direction from degeneracy), and hence one of the

mirrors had to be very slightly misaligned to achieve the detuning.

The second method used was photographic. A double-exposure photograph of the
intensity envelopes of the depleted and undepleted (when the OPO was detuned) pump trains
was obtained (see Fig. 7.4). Care was taken to ensure that the two images were of the same
relative amplitude, as can be seen by the fact that the leading edges of the trains coincide.
For the lower trace this corresponds to an undepleted part of an otherwise depleted train, and
was therefore adjusted to follow the equivalent portion of the upper, undepleted pump train.
An estimate of the overall energy conversion efficiency could then be obtained from a
measurement of the areas of the two trains—the depletion efficiency being ascertained from
the difference of the two. In a similar way, it was also possible to determine the peak
depletion efficiency from a measurement of the heights of overlapping pairs—one from each

train—of mode-locked pulses.

In both cases the total pump depletion was found, when three times the threshold
energy was incident on the KTP crystal, to be =30%. The peak conversion efficiency,
occurring just after the peak of the Q-switched envelope, was found to be up to =45%.
From it was deduced that the internal energy conversion efficiency to the signal, and also to
the idler, was = 15% overall and =23 % peak (as the device was operating near degeneracy,

the depleted pump is partitioned almost equally between the two generated fieids).

As the transmission of the OPO cavity mirrors was too small to be accurately
determined, it was neither possible to determine an external conversion efficiency, nor to
meaningfully compare the energy of the output pulse with the value predicted from the known
internal conversion efficiency and cavity loss. With suitably coated optics, however, it would

have been possible to couple out a high fraction of the signal and idler fields. Given that the
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Fig. 7.3 Double exposure photograph showing the depleted 0.532um pump train
superimposed over the undepleted train, for the case of the Q-switched
and mode-locked pumped KTP parametric oscillator.

round-trip cavity loss was 47 %, solely due to Fresnel reflection, if all the lenses had been
anti-reflection coated, or replaced with equivalent mirrors, and then one of the HR mirrors
had been replaced with an output coupler of ~47% at the signal wavelength, and ~100%
at the idler wavelength, the net round-trip loss would be virtually unchanged. In this case,
the output idler pulse train would have contained ~0.7mJ, which corresponds to a peak
power of ~500kW. In estimating the peak power, it was assumed that the idler output train
would be approximately Gaussian, with a FWHM, I(t) of =110ns, as shown for the output
idler in Fig. 7.4. The other information used, that the signal pulse duration was approximate-
ly equal to that of the 1.064um output from the Nd:YAG source laser, was later confirmed

by autocorrelation measurements [37] of the signal and idler outputs.
Output behaviour.

The waistsize of the pump at the cavity mirror near the KTP crystal V\;as found, using a
photodiode-array, to be 0.2640.2mm. The waistsize of the signal/idler output was similarly
measured, and found to be 0.37+0.2mm. The signal/idler spotsize was also measured in the
far field, and the angular divergence of the output deduced. At a wavelength of 1.075um,

the half-angle diffraction was found to be =0.9mrad, agreeing well with the value expected
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from a TEMy, mode [38] having a waistsize of the experimentally determined value. This

suggests that the OPO output was essentially diffraction limited.

Note that the signal/idler spotsize agrees well with the value pre-selected during the
cavity design stage, using Gaussian optical analysis [38], and also that the pump waistsize is
a factor of =~+/2 smaller. For near degenerate operation, this is the condition that is

supposed to result in optimal coupling of pump energy into the signal mode [4].

BLY AVERAGING

Fig. 7.4 Photograph showing idler output train from the Q-switched and mode-
locked KTP parametric osciilator.

The stability of the output of this device was also measured. The energy of output
signal was sampled for several hundred laser shots, and found to have an r.m.s. variation of
16%; slightly over twice the fluctuation that was exhibited by the 0.532um pump. This effect
was also noticed while working with the BBO parametric oscillator, but had not been
accounted for. Unfortunately, the cause has still not been determined. The two-fold increase
in fluctuations is characteristic of a parametric interaction operating in the small-signal
regime, whereas with the high degree of depletion a reduction in the instability had been

expected.
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Pulse duration.

The signal and idler pulse durations were measured by second harmonic autocorrelation [37].
At zero cavity length detuning (corresponding to optimum amplitude stability of the output
pulses), the signal and idler pulse durations were both measured to be 75+10ps. Within
experimental error, this value remained constant across the OPO tuning range. The pulse
duration of the 0.532um pump was not measured due to the lack of a suitable nonlinear
crystal for the purpose of autocorrelation, but due to the high doubling efficiency was

expected to have saturated out to a value approaching that of the pump (i.e. 80-835ps).

Harmonic intensity/arbitrary scale

0 I 1 1 T
0 50 100 150 200 250
Relative delay/psec
Fig. 7.5 Second-harmonic autocorrelation trace of the Q-switched and mode-

locked OPO idler output. Assuming a Gaussian fit, as shown, the
FWHM of I(t) is =75ps.

Becker er al [39] have theoretically predicted that when a parametric oscillator is
operated many times (say > 10) above threshold, the resonated signal pulse duration wiil
broaden to be +/2 longer than that of the pump pulse. This same model predicts that when

an OPO is operated at three times the pump threshold level, the duration of the resonated
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pulse will be =90% of that of the pump (see Fig. 7.6). If it is assumed that the 0.532um
pump pulses had broadened to approach the duration of the 1.064um output from the
Nd:YAG source laser (i.e. =85ps), Becker et al’s model suggests that the signal duration

would have been =72ps, which is consistent with the experimental result.

The argument that the 0.532um puises would have broadened out to approach the
duration of the pulses from the Nd: YAG source laser is borne out by the observed saturation
of the doubling process used to generate the pump wavelength. The second harmonic
conversion efficiency was found to saturate at =45 %, at a 1.064um intensity of less than half
the operating value. This suggested that the pulses within the FWHM of the Q-switched
train, which contained the bulk of its energy, would have all broadened out to the same

duration as the fundamental 1.064um input.

R
1.5
J2
1.0 A
0.5 1
0.0 T T T T T T T

Fig. 7.6 Graph showing ratio of the signal to pump pulse duration as a function of the
square-root of the number of times above threshold (R = 7,/75, N = P,/P,th;
71, 73 = signal, pump duration, P; (P,,) = (threshold) pump power). Based
on the analysis after Becker er al [39].

Oscillation was found to occur over a cavity length range of =2.5mm. As found in
the case of the BBO parametric oscillator, this agrees well with the approximate value given

by considering the pump pulse duration and the number of pulses available to achieve
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threshold. i.e. If there are ‘m’ pulses in the FWHM of the Q-switch train, and each pulse
has a duration of 7, then a departure of up to +cr/m is allowed [40]. In this case there are
=21 pulses, and the pump pulse duration is = 85ps, so the operational range of cavity length
is 2¢c7/m=2.4mm. As the OPO cavity length was adjusted off synchronism with the source
laser, the output pulses were found to exhibit a slight decrease in duration (~5-10ps). The
maladjustment of the length did, however, also lead to a reduction in OPO output stability,

making an accurate determination of the magnitude of this effect impossible.
Tuning behaviour.

The signal and idler tuning range was measured with a am monochromator, using a
600¢/mm grating blazed at 1um, and a silicon photo-diode at the exit slit. In this case, the
tuning range was limited enough that the problem of detector cut-off—as had been
encountered with the BBO device (see Chapter 6, Section 4)—would be no problem; even in
the case of a silicon detector. The parametric oscillator was only tuned such that propagation
was perpendicular to the z-axis—to preserve quasi-noncritical phase-matching—and so the
potential tuning range was already fairly limited. In practice, it was further limited by the
angular aperture of the KTP crystal, and so the tuning range achieved was only 1.04-1.09um
(see Fig. 7.7).

As the angle at which the crystal had been cut was not known to a sufficient degree
of accuracy, the generated wavelengths were measured as a function of relative angle.
Having determined the relative angle at which degenerate oscillation occurred, the wavelength
dependency was then re-expressed as a function of the angular deviation from degeneracy.
The experimental points were then fitted to the theoretical curves [34], generated using

various sets of Sellmeier’s equations [10][41][421[43], relative to the degenerate point.

Reasonable agreement was found between the experimental values and those calculated
using four of the available sets of Sellmeier’s equations [10][41][42][43]. This was not
unexpected, as when used to calculate the phase-matching angles for near degenerate
operation of a 0.532um pumped OPO, they had been found to generate very similar phase-
matching curves (see Appendix A2). Therefore, the choice of Sellmeier’s equation used to

generate the theoretical curve given in Fig.7.7 (after Fan er al [10]) was somewhat arbitrary.

To investigate the possibility of temperature tuning, the KTP crystal was mounted in
a temperature stabilised oven. The temperature could only be adjusted over a rather limited

range (25-50°C), and was accurate to +1°C. No variation in the wavelength at which the
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OPO operated could be discerned over this range, which put an upper bound on the rate of
tuning of = Inm over 25°C (i.e. <0.04nm/°C).

Wavelength/pm
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Matching angle/©
Fig. 7.7 Type II, KTP parametric tuning curve for 0.532um pump, and propagation

in the xy-plane. The experimentally determined points have been plotted
against a curve calculated using the set of Selimeier’s equations after Fan ez
al [10].

At the time the work on the Q-switched and mode-locked OPO was in progress, the
information necessary to predict the thermal tuning behaviour was not available, Zumsteg

et al [8] had published a graph of refractive index variation with temperature, but only at one
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(undisclosed) wavelength. The only other information then available was the fact that KTP
had a high thermal acceptance (=25°Ccm [44][10]).

More recently, Gettemy ez al [45] have published experimentally determined values
of dn/dT for the principal indices at 0.532um, 0.660um, 1.064um, and 1.320um. This
allowed for a theoretical estimation of the rate of tuning with temperature for near degenerate
operation. The predicted value was found to be ~0.1lnm/°C, corresponding to a change of
wavelength of =2.5nm over 25°C (see Fig. 7.8), which should have been just discernible.
However, as the values of dn/dT used were only quoted to an accuracy of +20% [45], the
tuning rate could lead to a change of anywhere between 0.05-0.20nm°C*. To agree with the

experimentally found result, the smaller value is probably correct.

] Wavelength /um
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Temperature/°C
Fig. 7.8 Signal/idler wavelengths as a function of temperature for propagation at

8=90°, ¢=25°.

Spectral behaviour.

The bandwidth of the OPO output radiation was measured using a plane-plane Fabry-Perot
interferometer, and found to be Ay=260+40GHz (FWHM, I(»)) for both the signal and idler
outputs. It was constant, within experimental error, across the whole of the demonstrated
tuning range, and is only slightly smaller than the =300GHz spectral acceptance of the
(5.8mm long) KTP crystal [10]; this is the characteristic of a high gain system [25].
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The linewidth of the output radiation from a parametric oscillator is determined by
the acceptance bandwidth of the crystal, and how far above threshold the OPO is operating
[25]. This is because the nearer to threshold the OPO is operating, the higher the number
of crystal transits required for the signal to build up from parametric noise [36].
Consequently, the gain length seen by the signal field can be considerably longer than the
physical length of the crystal. As the bandwidth acceptance of a parametric process is
iﬁversely proportional to its gain length [35], this results in a corresponding reduction of the
bandwidth. In the high gain case, however, the number of passes needed for a sizeable signal
to be built up from noise can approach unity, and hence the linewidth can broaden to that of

the acceptance bandwidth of the crystal [25].

This lack of variation in the linewidth, as the OPO was tuned, is predominantly due
to the limited range over which tuning was achieved. It is also due, in part, to the fact that
the parametric interaction was type II. Type II interactions do not exhibit the marked
broadening near degeneracy [46] as seen in the type I case (e.g. the BBO parametric
oscillator described in Chapter 6). This is because the signal and idler fields are orthogonally
polarized, and hence see a different value of group velocity even when they have the same
wavelength. Consequently, a type II OPO can never actually be ‘degenerate’: this term
should really be reserved for the case when the two interacting fields are identical in
frequency and polarization. In the type II case, as there is no degeneracy to be approached,

there is consequently no variation in linewidth as ‘degeneracy’ (i.e. Agjer =Asipma) 1S Neared.

signa)

7.2 The long-pulse mode-locked OPO

The next stage of work involved a brief investigation of a long-pulse mode-locked pumped
OPO, also based on the material KTP [8]. Unfortunately, the output stability was poor, and
consequently few meaningful results were obtained. This was, however, only seen as an
intermediate step between the Q-switched, mode-locked device, and the continuously mode-

locked device that would be subsequently developed.

It was decided that only when continuous operation of a synchronously-pumped
parametric oscillator was achieved would it be possible to carry out a proper investigation of
the gain dynamics. The behaviour of the Q-switched mode-locked system is complicated by
the fact that it operates under high gain, transient conditions. The continuously mode-locked
system would, conversely, be operating under low gain, steady-state conditions. In this case,

the temporal behaviour resulting from the synchronous pumping can more easily be studied.
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Once the steady state operation of the mode-locked system was understood, it would then be
possible to address the problem of the transient, Q-switched and mode-locked system having

already gained some understanding of the mode-locking process.

To achieve long-pulsed, mode-locked operation of the OPO, two major modifications
had to t;e made to the experimental set up. Firstly, the pump source laser had to be
réconfigured to operate with a long pulsed, as opposed to a Q-switched, mode-locked output.
Secondly, the OPO cavity had to be altered to markedly reduce the round-trip power loss,
and also to provide a tighter signal focus in the KTP crystal, This was because the pump
power available was significantly lower than in the Q-switched case, and consequently a
tighter pump focus was required for the intensity to exceed the threshold value—even having
reduced the cavity losses. To maintain efficient power coupling into the signal mode, it was

therefore necessary to reduce the signal waist-size (proportionally) as well.

7.2.1 The pump system.

Laser > %

Fig. 7.9 Schematic diagram of pump layout used during the investigation of the long-
pulse mode-locked laser pumped KTP parametric oscillator. S = Pockels cell
shutter, Q = quarter-wave plate, P = polarizing beam splitter, H = half-
wave plate.
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The pump laser used during this stage of the work was the same one as had been
employed in the demonstration of the two Q-switched, mode-locked pumped optical
parametric oscillators (see Section 1 and Chapter 6 for the KTP and BBO devices
respectively). In this case, the Nd:YAG laser was operated without Q-switching to provide
an output consisting of Sms long trains of mode-locked pulses, at a repetition rate of SHz.
The majority of the Sms train was not usable, however, as it took over 2ms for the stable
buuild-up of the mode-locked pulses [47]. Also, it was found that operation of the laser
without the Q-switch resulted in substantial relaxation oscillations at the onset of each laser
flash-lamp pulse [48]. As a tight focus in the doubling crystal was required to achieve the
necessary harmonic conversion efficiency, the exposure of the crystal to this highly energetic
spikes would have probably caused it severe damage. To eliminate the chance of damage due
to the relaxation oscillations, and also to give the laser mode-locking a chance to properly
stabilize, a Pockels cell shutter [49] was used at the laser output. This opened towards the
end of the Sms flashlamp pulse for =20us. Though this is not that long a duration when
compared to the flash-lamp pulse (of Sms duration), it does correspond to ~2700 cavity

round-trips. This was felt to be sufficient for quasi-c.w. operation to be achieved.

Due to problems with the Pockels cell shutter used in the previous stages of this
work, it was necessary to utilize the laser’s Q-switch Pockels cell as the shutter during this
investigation. This resulted in a =50% loss of laser power, as the Q-switch Pockels cell
could only supply a quarter-wave polarization rotation, and not the half-wave available from
the shutter used previously. The laser could be operated stably at ‘equivalent average
powers’ (i.e. averaged over the duration of the pulse train only) of up to ~70W, which
meant that output powers of ~35W were available, This corresponded to an energy—in the
20us train—of =0.75mJ. As it was already known that amplification would be necessary to
attain the required train energy, it was decided to reduce wear on the flash-lamps by running
the laser at a level below this maximum value—the deficit being made up by using slightly
higher amplification. Consequently the laser was run to give an output power of ~45W,

leading to a usable output of ~22W, equivalent to a train energy of =0.3ml.

The output of the Pockels cell shutter was amplified by a double pass through a flash-
lamp pumped Nd:YAG rod, to give an energy of up to =39ml, corresponding to an
equivalent average power of =2.0kW. The output of the amplifier was then frequency
doubled using an uncoated type II KTP crystal [8]. The KTP crystal utilized was the one that
had been used during the investigation of the mode-locked, Q-switched device—as described

in Section 1—and had a length of =6mm and uncoated apertures of 5XS5Smm?,
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In practice, the 1.064um energy available after amplification was far in excess of that
needed to operate the parametric oscillator. The OPO required only =0.35ml to reach
threshold, and so the amplifier was usually run at a power level that provided an output of
150-200W. With this 1.064um power, a doubling efficiency of 15-20% was all that was
needed to provide the required 0.532um pump radiation. After separating the 0.532um from
the residual fundamental using a dispersing prism, and the losses incurred on entering the

OPO cavity, an equivalent average pump power of up to =30W was available.
7.2.2 The cavity.

The mirrors used for the long-pulsed, mode-locked pumped OPO resonator were the same
as used for the previous two—Q-switched, mode-locked pumped—OPO resonator designs (see
Section 1 and Chapter 6 for the KTP and BBO devices respectively). To reduce the
intracavity power loss, a coated KTP crystal, and coated lenses, were acquired. The round-
trip power loss of this modified resonator—resulting from Fresnel reflections—was estimated
to be ~5%. This was an order of magnitude smaller than in the previous case (see
Section 1). There was, however, still the possibility of loss due to small angle scattering by
inhomogeneities in the KTP crystal. This was assumed to be less than ~ 1%, and hence
could be neglected in this case. It would, however, be a significant problem in the low loss

resonator that would be needed for efficient operation of a continuously pumped OPO.
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Fig. 7.10 Schematic diagram of the cavity design used during the investigation of the

long-pulsed, mode-locked pumped KTP parametric oscillator. M,, M, =
plane mirrors (HR 0.7-1.0um, HT 0.532um), L,, L, = +13cm lenses.
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The cavity design used in this oscillator is shown in Fig. 7.10. The two +13cm
lenses are positioned equidistant from the KTP crystal—which was 5.5mm long, and had an
aperture of =5X5mm*—to give a central focus of =65um, The large spot-size outside of
the two lenses allows the cavity length to be adjusted by several millimetres without
perturbing the focus in the crystal by more than +5%. Allowance was made for the need
to adjust the cavity—to achieve synchronism with the pump laser—by mounting mirror M,
011 a micrometer driven translation stage. Finally, as with the previous KTP parametric
oscillator, a pair of Brewster flats was introduced into the cavity to prevent doubly-resonant

oscillation.
7.2.3 Performance details.

As mentioned in the introduction to this section, the output of the long pulse, mode-locked
pumped OPO exhibited poor amplitude stability. It was therefore decided not to investigate
it in any detail, other than to verify that the power levels needed to reach oscillation threshold
could be reduced by the reduction of cavity losses to a level available from a c.w. flash-lamp
pumped mode-locked Nd: YAG laser.

The threshold energy for this system was found to be 0.35+0.05mJ. This
corresponded to an equivalent average power (averaged over the FWHM I(t) only) of
=~11.5W, with a peak mode-locked intensity of =2.2kW. The corresponding peak pump
intensity was found to be =25MWc¢m™?, Here it has been assumed that, as the harmonic
conversion efficiency was low (<20%), the pump pulses would be a factor of 4/2 shorter in
duration than the output 1.064um from the source laser. If this was not the case, then the

threshold peak power would—in fact—be lower.

More importantly, the beam quality of the 0.532um pump was very poor. Therefore,
to avoid the possibility of damage, resuiting from too small a spotsize, the pump beam was
focused more loosely than optimal [4]. The measured spotsize was estimated to be ~75um;
somewhat larger than that of the resonated signal. This is almost a factor of two larger than
the optimal focus of ~45um, which would have possessed the same confocal parameter as
the signal [4]. However, if the optimal focusing had been used, the fractional error in the
spotsize would then have been far too large—the spotsize of 45um having been found to be
too small to accurately characterize with the diode array, or with a scanning slit on the
micrometer stages available (accurate to +10pum). Furthermore, the beam quality was found

to be too poor to allow the waist size to be deduced from the beam divergence.
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Fig. 7.11 Double exposure photograph showing the depleted 0.532um pump train
superimposed over the undepleted train, for the case of the long-pulsed
and mode-locked pumped KTP parametric oscillator.

Using the estimated pump spotsize of ~75um, and the design spotsize of the
resonated signal of =65um, the analysis after Brosnan and Byer [25] predicted that the
threshold energy would be ~0.15-0.20mJ. The agreement is not as good as in the previous
two cases; here the experimental value is a factor of 2-\2.5 times higher than the theoretical

one.

The efficiency of the long-pulse, mode-locked pumped OPO was found in exactly the
same way as described in the case of the Q-switched and mode-locked device. At a pump
level of three times the threshold value, the overall efficiency was found to be =20%, while
the peak efficiency was found to be =30%—only slightly lower than in the case of the Q-
switched, mode-locked pumped device. It was found, however, to be a lot more sensitive
to length adjustment than the previous devices—a cavity length mis-adjustment of 10-20um
being sufficient to terminate oscillation. This is believed to be solely due to the fact that the
single-pass power gain was significantly smaller than in the Q-switched case, and that it
consequently takes an order of magnitude more cavity transits until the parametric threshold

is reached (From the fact that depletion had reached the same level as obtained in the Q-
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switched, mode-locked case, the signal pulse duration was expected to have broadened to a

width comparable with the pump).

W2538234x

Fig. 7.12 Photograph showing idler output train from the long-pulsed and mode-
locked KTP parametric oscillator.

The tuning behaviour of the oscillator was found to agree well with that measured in
the case of the Q-switched and mode-locked pumped parametric oscillator (see Section 1),
The use of a smaller spotsize did, however, allow the tuning range to be extended slightly

(to 1.0-1.13um), as a greater angular aperture was exploitable.

Unfortunately, neither a value of pulse duration nor bandwidth was determined for
this device. An attempt was made to measure these factors, but the instability and low signal
level caused severe problems. It was therefore decided that all efforts should be directed to
the realization of continuous operation of a parametric oscillator in the near future. When
that had been achieved, a more complete study of the synchronously-pumped parametric

oscillator would then have been carried out.
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7.3 Implementation of a shorter pulse duration pump.

As had been determined from the brief investigation of the long-pulse, mode-locked pumped
system, the singly-resonant operation of a parametric oscillator would require a higher peak
power than was currently available from c.w. flash-lamp pumped mode-locked Nd:YAG
lasers. However, the use of pulse compression [20] offered the means of increasing the peak
power—for the same average power—to a level above that needed for the OPO to achieve
threshold. A preliminary investigation was therefore initiated using the long-pulse pumped
laser, with the plan to implement the scheme with a c.w. flash-lamp pumped laser in the near

future, if it was determined that sufficiently efficient pulse compression was achievable.

The technique employed to temporally compress the output pulses from the mode-
locked Nd: YAG laser was self-phase modulation in a single-mode optical fibre—in the regime
of positive group velocity dispersion [50][21][51]—followed by de-chirping with a diffraction-
grating-pair delay line [22].

At a sufficiently high intensity, propagation through an optical fibre results in the
broadening of the frequency linewidth of the mode-locked pulses [52] due to self-phase
modulation [50], resulting from the optical Kerr effect [53](the intensity dependent refractive
index that arises due to the third order susceptibility, x)[28]). The output pulses not only
have a bandwidth several times wider than that of the input, but are also frequency chirped
due to group velocity dispersion [51]. This chirp can be removed through the use of a
diffraction-grating pair delay line [22], resulting in output pulses with a significantly shorter
duration than were incident on the optical fibre (single-stage compressors have reduced pulse
durations by as much as =80 times [54]). However, as the delay due to the grating pair is
linear—to first approximation—with respect to frequency, it can only compensate for a linear
frequency chirp [20]. If the chirp is not linear, it will not be fully removed, and
consequently a smaller fraction of the input energy will be compressed into the output pulses.
The energy that does not follow the linear chirp will, instead, appear - after the grating pair -

in the form of a pedestal; a longer duration, frequency chirped pulse upon which the desired

short pulse is superposed.

If the propagation length in the fibre is sufficiently long, it has been shown that the
group velocity dispersion acts to almost completely ‘linearize’ the chirp [51]. In this case,
almost all of the energy can then be compressed into the output pulse. However, if the

power launched into the fibre is high enough, stimulated Raman scattering (‘SRS’)[55] can
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lead to a significant loss of power (80-90%)[56]. As the threshold for SRS is dependent on
the intensity-length product in a given case, it can therefore be avoided by using a short
enough length of fibre. This does result in a lower degree of compression, but the final peak

power is greater as less of the input energy is lost through SRS.

The practical set-up is shown in Fig. 7.13. M,, M, are 10X microscope objectives,
and P,, P,, Py are 90° prisms. P, and P, were used as roof-prism retro-reflectors, P,
displacing the beam horizontally and P, displacing it vertically, so that four passes of the
grating were possible. Each pair of passes did half the work of removing the chirp, while
countering the frequency dependent transverse spreading of the other [54]. The Grating used
had a pitch of 1700¢/mm, and was optimised for the Littrow reflection of 1.064um, having
an absolute efficiency [57] of 90%.

The fibre used had a large core diameter, and a high birefringence. It was chosen
for the former characteristic as this would minimise the probability of damage—the output
of the laser already being at quite a high peak power level—and for the latter as this would
ensure that the compressor output would have a well defined linear polarization, and could
therefore be used efficiently in any subsequent nonlinear processes. The relevant
specifications of the fibre used [58]—which was fabricated from undoped silica—are as
follows:- (i). 115um core diameter, (ii). numerical aperture of 0.14, and (iii). cut-off
wavelength of 1000nm. Using this information the effective area of the fibre, at 1.064um,
was calculated to be =~2.3x10'm?, The high birefringence of the fibre was achieved by the

use of a ‘bow-tie’ construction.

The bandwidth acceptance of the KTP crystal used—having a length of =Smm-—was
Av, =200GHz, so the 0.532um pump pulse was required to have a duration of greater than
=2ps (assumed to be transform limited, and have a Gaussian shape). As the input pulse
duration was = 85ps, the largest usable compression factor was therefore =25. It was
decided to operate the pulsed laser at a level that provided =~ 1ms long pulse trains with an
overall energy of =20mlJ, to give an equivalent average power of =20W (averaged over the
train), and a peak power of =1.65kW (pulse duration 85ps, and separation 7.45ns). This
is somewhat higher than is available from most c.w. lamp-pumped Nd: YAG lasers, but it can
be provided by the higher power variants such as the Coherent Antares (=25W at 1.064um).
With this peak power, the longest length of fibre that could be used before any loss was
incurred from Raman scattering [56] was ~ Sm, depending on how efficiently the light could

be launched into the fibre. Using the theory after Tomlinson er al [51], the predicted
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Fig. 7.13 Schematic diagram of the fibre-grating pulse compressor., M;, M, =
10X microscope objectives, P, P,, P; = 90° prisms.

compression factor was found to be 20-25, resulting in an output pulse duration of
~3.5-4,5ps. If Raman scattering had not been a problem, a fibre length of ~400m would
have led to optimal linearization, and an output pulse duration of ~0.15ps [S1]. This would,
of course, have been too short to have been of any use with the crystal available, as the

bandwidth acceptance would have been exceeded by over an order of magnitude.

The optimal performance was experimentally obtained with a fibre length of =7.4m,
and a fibre launch efficiency of =55%. In this situation the Raman threshold [56] was found
to be just exceeded—resulting in a loss of 5-10% of the available power—but the additional
pulse compression obtained more than compensated in terms of peak power. The grating
compressor was optimised by varying the position of prism P, with respect to the grating,
while monitoring the harmonic generation efficiency obtained when frequency doubling the
output pulses. The pulse duration of the compressor output was then measured using back-
ground free second-harmonic autocorrelation [37]. The resulting curve was found to show
best agreement with a Gaussian fit (see Fig. 7.14) which suggests that the puise duration is
3.0+0.3ps—FWHM, I(t).

The output 1.064um average power was measured to be =5.5W. From the
measurement of the areas of the pedestal and pulse on the autocorrelation, it was estimated

that 50-60% of the output power was compressed into the pulses. This suggested that the
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peak power, after compression, should be =7kW. It must be mentioned here that all the
prisms used at this point of the investigation were uncoated. If anti-reflection coatings
(having, say, R<0.5% at 1.064um) had been applied, then the available average power
would have been increased to =7.4W, corresponding to a peak power of =9.5kW.
Assuming a modest conversion efficiency of ~30%, this would have resulted in =2.2W of
0.532um. If the harmonic pulses were as broad as the fundamental pulses, this would have
b;en equivalent to a peak power of 5.1kW; if the harmonic pulses were a factor of /2
shorter again, however, this would have been equivalent to a peak power of 7.2kW. This
means that up to 2-3 times the power needed to achieve threshold in the long-pulsed OPO

could have been made available.
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Fig. 7.14 Second-harmonic autocorrelation of compressor output train. The

autocorrelation FWHM of the pulse was =4.3ps, corresponding to a
FWHM for I(t) of =3.0ps.

Unfortunately, the subsequent investigation of the OPO pumped by these compressed
pulses was not made, due to severe problems with feedback to the laser. When the fibre was
aligned to give an efficient launch, the Fresnel reflections from both its end were found to
be sufficient to upset the laser mode-locking. This resulted in the regular occurrence of noise
bursts. It was felt that these noise bursts could have led to the occurrence of severe damage
to the harmonic doubling crystal, given the tight focusing needed to achieve the necessary

doubling efficiency.
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Various attempts were made to eliminate the feedback. Misalignment of the fibre
launch was found to eliminate feedback, but only when sufficient to lead to an unacceptably
high reduction in the launch efficiency. Index matching fluid was used to match the fibre
ends to anti-reflection coated windows, but the high average power, unfortunately, led to
breakdown of the index matching fluid and this had to be abandoned. Finally, the fibre was
glued into glass capillary tube with a high temperature epoxy (Epo-tek 353ND, manufactured
bny Epoxy technology Inc.) and polished at an angle of 30°. This complicated the launching
of the laser light, but efficiencies approaching those obtained with the unwedged launch were
achieved (45~50%). This did, however, also fail because of the high powers used. In this
case it was the epoxy that broke down when the incident intensity approached the required

power level (=20W).

The use of a polarization isolation scheme (quarter-wave plate and polarizing beam-
splitter) would have been possible if the fibre used had not been birefringent. In this case,
however, randomly orientated, stress induced birefringence in the fibre would have led to
depolarization of the fibre output. This would, in turn, have resulted in an unacceptable
reduction of the efficiencies of the later parametric processes. Furthermore, the depolariz-
ation would have rendered the isolation scheme ineffective as far as the reflection from the
far end of the fibre was concerned. The only practical way of achieving isolation in this
circumstance would have been through the use of a Faraday isolator [59|[60]. Unfortunately,
the only Faraday isolator then available was uncoated, and therefore would have introduced
severe loss (possibly as much as 50%, including Fresnel and absorption losses), and hence

reduced the power available to below the level needed to achieve parametric oscillation.

The continuation of this investigation would have required the acquisition of a high-
power, low-loss (i.e. <5%) Faraday Isolator and anti-reflection coated prisms. After
demonstration with the pulsed Nd:YAG laser, it would then have required the use of a high
power c.w. lamp-pumped Nd:YAG laser. At the time, however, Goodberlet et al [61]
reported a technique for producing pulses as short as 2ps directly from Nd: YAG lasers using
passive mode-locking [62]. These potentially offered the same peak powers as the high
power flash-lamp pumped Nd:YAG laser system, as the inherent loss due to the compressor
would be avoided. It was decided that such a source offered the optimal route toward
continuous operation of a singly-resonant OPO, and further work on compression was

therefore suspended.
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7.4 Conclusion,

The primary aim of this work was to assess whether it would be possible to achieve
continuous operation of a singly-resonant, synchronously-pumped optical parametric oscillator
(‘OPQO’) utilizing the material potassium titanyl phosphate (‘KTP’)[8] as the nonlinear gain
medium. The longer term objective was to reduce the threshold power to a level that would
allow operation with an actively mode-locked, laser-diode pumped miniature Nd:YAG laser

pump source [14].

With this aim in mind, two devices were investigated: a Q-switched, mode-locked
pumped, and a long-pulsed, mode-locked pumped OPO. In the case of the Q-switched and
mode-locked pumped OPO, good agreement was found between the calculated and
experimental values of threshold [25], bandwidth [25], and tuning behaviour [34][10].
Rotation of the KTP crystal about its dielectric z-axis, such that the propagation vector always
lay within the xy-plane, gave a tuning range of 1.04-1.09um, which was limited by the
angular aperture of the crystal. The tuning behaviour of the long-pulse pumped device agreed
with that found for the Q-switched, mode-locked pumped device, but the experimental
threshold was found to be at variance with the theoretical prediction [25]. The threshold
power was, however, three orders of magnitude lower than that for the Q-switched and mode-
locked pumped OPO.

It was found that pulse compression {21][22][20] could be exploited to obtain the
necessary peak powers from a high power c.w. flash-lamp pumped mode-locked Nd:YAG
laser. However, to eliminate problems with feed-back, it would have been necessary to
acquire a high-power low-loss Faraday isolator [59][60]. This step was not taken, as a
passive mode-locking technique had just been reported that offered =2ps pulses directly from
a Nd:YAG laser source [61][63]. It was decided that this offered the best route towards
continuous operation of a synchronously-pumped, singly-resonant parametric oscillator, and

further work on the OPO was suspended until such a laser could be constructed.
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8 FKurther work.

This chapter starts by summarising the recent developments in the areas relevant to
synchronously pumped parametric oscillators; namely those of nonlinear materials, laser
sources, and of the parametric oscillators themselves. It then goes on to outline the general
direction in which the investigation of the synchronously pumped optical parametric oscillator
ié currently proceeding, and—under the heading of ‘Further extensions’—to consider the
problems that will have to be resolved to make the OPO an exploitable source of tunable

mode-locked pulse.
8.1 Recent developments.

This section discusses the recent developments of direct relevance to this project. Though
only limited progress has been made in the area of nonlinear materials, major advances have

been in the other two areas of interest; laser and parametric oscillator development.
8.1.1 The nonlinear material.

Development of nonlinear materials for use in the near infrared part of the spectrum over the
last few years has been limited. Only one new material of merit has actually become
available; lithium borate (LiB,Os ‘LBO’)[1]. The only other new material of interest

reported—potassium titanyl arsenate (KTiOAsQ,, ‘KTA’)[2]—is not yet readily available.

LBO is related to—but not isomorphic—with the material BBO [3]. It has a slightly
more limited transmission range (200nm-2.5um [1] c.f. 180nm-2.5um of BBO [3]), and a
smaller nonlinearity (~60% of that of BBO). It does, however, possess a remarkably high
damage threshold for Q-switched pulses (=25GWcm™), and can also be quasi-noncritically
phase-matched—like KTP—for the frequency doubling of a fundamental wavelength of
1.064pum at room temperature. Unlike KTP, it has a sufficient thermal variation of the
birefringence to enable it to be temperature tuned to achieve noncritical phase-matching for
the aforementioned process (at = 150°C [4]). This, along with the high damage threshold,
allows high conversion efficiencies to be achieved despite the small nonlinearity. As it does,
fike BBO, only have a limited transmission range in the infrared, the longest wavelength

available from an OPO based on this material is =2,6um [5].

KTA [2] is an isomorph of KTP [6]; it has almost identical dispersive properties,

transparency and, probably, damage threshold; it is, however, reported to have a nonlinearity
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twice as large as that of KTP [2]. Based on the limited information so far available, it is
likely that an OPO based on this material will have a potential operating range comparable
to that demonstrated using KTP; i.e. wavelengths 0.6-4.5um. Unfortunately, it is not yet
commercially available, but when it does become so it is likely to completely supersede the

older material: KTP.

- Organic nonlinear materials, such as NNP [7], MAP [8] and MNA [9] have
attracted a lot of attention due to their high nonlinearities (e.g. d.;~85pmV! for type [
harmonic generation of a 1.5um fundamental in NNP [7]) and damage thresholds (e.g.
=~3GWem? for MAP [8]). They do, however, only offer limited tuning within the near
infrared, as the longest wavelength that any of them transmits is ~2pum. Moreover, the
majority of these materials are only now becoming available in sizes large enough to provide
sufficient parametric gain at safely usable intensities. One exception is that of the material
urea, which has been available with crystal lengths of up to ~20mm for some time [10];
it does, however, have an even more limited infrared transmission range (the longest
wavelength transmitted is =1.4um), Though the limited transmission ranges of these
materials does preclude their use as the gain medium in a widely tunable infrared OPO, when
fully developed they will no doubt—because of their high nonlinearities—be widely exploited

for use in the ‘very-near infrared’ and visible regions.

KTP [2] and BBO [3] are currently the most commonly used nonlinear materials for
frequency conversion processes; others that find application are urea [10], KD*P (11], and
LiNbO; [12]. As BBO offers a larger nonlinearity than urea, can transmit further into the
ultraviolet, and is markedly less hygroscopic by nature, urea is now used to a much smaller
extent. KD'P still finds wide application in ultra-high power applications, as it is still one
of the few nonlinear materials which can be grown to a large size. This allows the
fabrication of crystals with a large enough aperture size that damage free operation is
possible. Lithium niobate is now being increasingly utilised due to the development of an
magnessium oxide (MgO) doped variant [13](see Section 3, Appendix Al). The MgO has
been found to increase the photorefractive damage threshold by up to two orders of magnitu-

de as compared with the undoped material [13].

Another material that has recently attracted a lot of interest is potassium niobate
(KNbO;). This was first demonstrated to have an exceptionally high second harmonic
coefficient—using the powder method—in 1969 [14]. Tt did, however, prove awkward to

grow routinely with high optical quality, and was hence marketed at a prohibitively high
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price, which led to the limited application of this material. It is attracting attention now as
it noncritically phase—matches—at room temperature—for the frequency doubling of 860nm;
a wavelength that is directly available for laser-diodes. This technique offers an efficient
source of blue light, and is therefore of much current interest. It is hoped that the increased
demand for this material will lead to the development of more efficient growth techniques,
and that this will—in turn—lead to the availability of KNbQO; crystals with a higher optical
qilality, at a lower price. Especially as, with its high nonlinearity and wide infrared

transmission range, it will also be of great utility for infrared generation.

Barium sodium niobate (Ba,NaNb;O,s, ‘BNN’ or ‘BSN”) was, like potassium niobate,
developed several years ago [15], and it, too, proved difficult to grow with a high enough
optical quality for use in parametric devices. It does, however, have a nonlinearity
comparable to KNbO;; can also be noncritically phase-matched, through temperature tuning,
for parametric oscillation with a 0.532um pump; and is also unaffected by photorefractive
damage. The ‘only’ disadvantage of BNN compared to KNbQ, is a low surface damage
threshold (~10MWcm™2, 10ns pulses at 1.064um [16]). Its high nonlinearity does mean
that the low damage threshold does not preclude its use as the gain medium in an OPO;
BNN has, in fact, been recently used as the gain medium in a continuously pumped doubly
resonant optical parametric oscillator (see Subsection 4)[17]. It is, however, likely that
KNbO,, when more readily available, will be used in favour of this material, as not only does
it match BNN in terms of nonlinearity and walk-off (or rather, lack of walk-off), does also

have a higher damage threshold.
8.1.2 Laser sources.

Within the last few years, there have been three advances in the field of laser development
that are of importance to this project. The first is the development of a new passive mode-
locking technique, the second the application of resonant enhancement to the frequency
doubling of mode-locked pulses, and the third, the demonstration of a high power diode-

pumped laser source.

The new mode-locking technique developed is known as ‘additive pulse mode-locking’
(‘APM’)[18]. Tt is a passive mode-locking technique that achieves short pulse operation
through the use of a nonlinear external cavity. When the length of the external cavity is
accurately matched to that of the laser resonator (or to a multiple thereof), it has been found

that stable mode-locked pulses rapidly build up from the small inherent fluctuations in the
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initial c.w. lasing level. Furthermore, the pulse duration reached appears to be determined
solely by the gain bandwidth of the lasing transition. QOutput pulses of as short as = 2ps have
been obtained directly from a Nd:YAG laser; the shortest duration ever obtained from a

system based on this material.

In Section 4, Chapter 7, it was mentioned that while a c.w. pumped solid state laser
could not directly supply the peak powers necessary to pump a singly-resonant OPO, through
the use of compression it would be possible to enhance the peak power to the required level.
The disadvantage of pulse compression is that it is inherently lossy, and much of the benefit
of pulse compression is wasted due to this loss. What was therefore really required was a
technique for providing short pulses directly from the laser, with negligible loss of the

available average power.

In the case of active mode-locking using a sinusoidal loss modulation, the pulse
duration is inversely proportional to the square root of the mode-locking frequency [19].
The energy per pulse, however, varies inversely to the mode-locking frequency itself, so that
the net effect is that the peak power available is also inversely proportional to the square root
of the mode-locking frequency. It can therefore be seen that as the pulses get shorter, the
peak power available also reduces. What is needed is a technique for providing short
duration pulses from a long resonator, such that the pulse duration can be reduced without

affecting the pulse energy.

The method most commonly utilised for this purpose in the case of the dye-laser, that
of passive mode-locking with a saturable absorber, has been applied to solid state lasers in
the past; when used with a Nd: YAG laser it was demonstrated to give pulses of as short as
=~3ps [20]. It is, however, only generally applicable in the case of a pulsed flash-lamp
pumped solid state laser as the high powers needed to saturate the dye are otherwise
unavailable. Furthermore, the dyes also lead to Q-switching, so this technique can not be

exploited to generate a continuous train of mode-locked pulses [21].

Additive pulse mode-locking (‘APM’), however, has been demonstrated to be able
to achieve short pulsed operation even with the low powers currently available from diode-
pumped solid-state laser systems, This technique was derived from the use of nonlinear
external cavities with mode-locked colour centre lasers, which was found to result in dramatic
shortening of the circulating puise. The technique involves the coherent addition of pulses

from a nonlinear external cavity back into the laser resonator. The technique has more
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recently been applied to Ti:sapphire and Nd:YAG laser systems using a fibre external cavity.
A fraction of the laser output is propagated through the optical fibre, and then fed back into
the laser. When the laser and external cavity lengths are accurately matched, and the power
incident on the fibre sufficiently high, this technique has been demonstrated to self-start from
fluctuations on the initial c.w. lasing level. As was mentioned above, the process has been
found to exploit the entirety of the available gain bandwidth of the lasing transition. This has
r;sulted, in the case of Nd:YAG, in output pulse durations of as short as =2ps. So far, the
average output powers that have been obtained from these systems are quite low (=60mW
[18]), as a significant amount of power is lost to the external cavity for purposes of mode-
locking, With the implementation of a higher power laser-diode pump for the miniature
solid-state laser, however, these systems should be able to offer sufficient peak powers to

readily pump a synchronously pumped parametric oscillator (see Section 2).

As diode-pumped lasers have so far only been able to offer relatively low output
powers, the harmonic conversion efficiencies achievable—via direct doubling of the
output—have been limited. A way to circumvent the shortage of power is through the use
of resonant doubling. Resonant optical harmonic generation was first proposed by Ashkin
and Boyd in 1966 [22]. They exploited both harmonic and fundamental resonance to
achieve enhancements of around an order of magnitude in the available harmonic (compared
with that available from single-pass schemes). This technique has since found extensive
application in the doubling of low power c.w. lasers, To achieve efficient conversion, a
stable laser source, and also a low loss nonlinear material, is required. Fundamental
enhancements of around ~ 10 are now readily achievable, and lead to an enhancement in the

available harmonic of around two orders of magnitude.

Recently, the technique of resonant doubling has been applied to the case of mode-
locked pulses [22][23]. Efficiencies of =53% have been achieved for incident average
powers of 66mW. As the incident radiation consisted of 12ps pulses at a repetition rate of
366MHz, the corresponding incident peak power was = 15W. The output pulse duration was
found to be down to =9.5ps, so the average output power of 35mW corresponded to a peak
power of 10W. The peak conversion efficiency was therefore ~70%. When this technique
is applied to the output of a higher power diode-laser pumped system, (average) doubling

efficiencies of as high as 80-90% could be achievable.

The final development of interest in the field of laser development concerns average

power. While passive mode-locking techniques offer the highest peak-to-average power ratio,
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their peak output power is still quite low (c.f. flash-lamp pumped systems). To achieve
higher peak powers from these systems, a higher average power is going to have to be made
available. To achieve a higher average power from a laser, a higher pump power is required.
It is only within the few years that the 1W diode array has become widely exploited; both
singly and in multiple (polarization coupled) schemes. The power available from arrays is

limited by considerations of heat dissipation.

To provide higher powers still from laser-diode sources, the solution has involved the
modification of the design used. Instead of trying to push up the power available from a
small area device, the area has been increased commensurately with the power to form a
longer structure. The resultant ‘diode-bars’ can provide powers of up to 10-11W, but due
to their extended length can not be used efficiently with an end-pumped geometry, as is
widely used in the case of the smaller diode array. These devices have, however, been used
to side-pump a variety of laser devices. By far the most impressive application has been the
side-pumping of tightly folded resonator (‘TFR’) lasers. In the TFR laser, the resonated
beam is folded between two mirrors such that it makes multiple passes through a Nd:YAG
slab. The diode-bar is orientated so that each of its elements effectively end-pumps the
individual passes. Using this technique with a Nd:YAG slab and a 11W diode-bar, Baer et
al [24] have achieved c.w. output powers of 3.6W at 1.064pm. Ultilising APM with such
a system could potentially provide peak powers of up to 18kW; consequently, when this
technology becomes more readily available in the near future, the powers available from

diode pumped systems will far exceed those required to pump a parametric oscillator.
8.1.3 Synchronously pumped optical parametric oscillators.

In the last few years very little work has been published on the synchronously-pumped
parametric oscillator. The work that has been published, however, represents important
advances towards the goal of this project; the utilisation of a laser-diode pumped miniature
solid state laser to achieve continuous operation of a singly-resonant synchronous pumped

optical parametric oscillator.

The first demonstration of continuous operation of a synchronous pumped optical
parametric oscillator was reported by Piskarskas et al in 1989 [17]. The gain medium
utilised in this device was a lcm long barium sodium niobate crystal, and it was pumped by
the frequency doubled output of a c.w. flash-lamp pumped Nd:YAG laser. To achieve

threshold with the peak powers available, double resonance of the parametric oscillator had
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to be exploited. This did lead to a low oscillation threshold, of 28mW average power, but
also resulted in a wildly fluctuating output due to clustering and the related gain competition
effects., The laser pump source was mode-locked at a repetition rate of 140MHz, and the
0.532um pump pulse duration was determined to be 40ps. The corresponding peak power
at threshold was therefore =5W. The tuning range of this device was limited, by the

reflectivity of the cavity mirrors, to 0.96-1.19um.

The first demonstration of synchronously pumped operation of an OPO using the
output of a frequency-doubled diode-pumped miniature Nd: YAG laser was reported by Maker
and Ferguson in 1989 [25]. To provide the necessary peak power from the actively mode-
locked laser, Q-switching had to be exploited. Even then it was only possible to achieve near
degenerate operation of a doubly resonant device. Oscillation threshold was reached for an
incident energy (at the OPO crystal; 3mm long, MgO:LiNbO;) of 7.5¢]. The Q-switched
train at 0.532um had a FWHM of 65ns, and consisted of =7.5ps pulses at a repetition rate
of 360MHz. The peak power at threshold therefore corresponds to 18-19kW. The tuning
range of this device, like the previous one, was limited by the cavity mirror reflectivities to

0.98-1.12um. It also suffered from poor stability due to the fact that it was doubly resonant.

The most impressive result attained within the last few years has been the continuous
operation of a singly-resonant synchronously pumped optical parametric oscillator [26].
It is also the first OPO to operate within the femtosecond time domain. To achieve
oscillation threshold, however, advantage had to be taken of the high intracavity powers
available within a colliding puise mode-locked (CPM) dye-laser. The OPO cavity was
interlinked with that of the CPM dye-laser at the position of the 1.4mm long KTP crystal.
The device was pumped at 620nm, and could be tuned from 820-920nm (signal), 1.90-2.54
(idler); as limited by the cavity mirrors. With replacement mirror sets, the available tuning
range should be =0.7-4.5um. The OPO resonated in two counter propagating directions,
leading to two outputs of 2ZmW each. The output pulse duration was found to be =220fs in
the uncompensated case, and when intracavity dispersion compensation was added to the OPO

cavity, the pulse duration was reduced to 105fs.

More recently Laenen er al [27] have managed to achieve even shorter pulses from
a parametric oscillator. The parametric oscillator was based on a 6mm long BBO crystal,
and pumped by the amplified and frequency doubled output of an actively mode-locked pulsed
flash-lamp pumped Nd:glass laser. Pulse durations of as short as 65fs were achieved for near

degenerate operation. Though this system does not represent a step towards continuous
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operation with a diode-laser pump source, it did exploit one usable technique; that of double-
pass pumping. This can reduce the power required to reach oscillation by ~2 times, and is
therefore a technique that will no doubt find further usage. In this case it was also exploited
to partially compensate for group velocity mismatch between the pump and signal, which
allowed short pulse operation without recourse to the utilisation of a prism compensation

scheme.
8.2 Future directions.

Work is now in progress towards the realization of continuous operation of a singly-resonant
synchronously pumped optical parametric oscillator using a laser-diode pumped, mode-locked
miniature Nd:YAG laser. The results reported in the last few years, and contained within
this thesis, suggest that the stage has now almost been reached where this is a readily

achievable goal.

The pump system currently under development is based on an additive pulse mode-
locked Nd: YAG laser. With the exploitation of a diode-laser pump power of 2W or higher,
it should be able to supply =500mW (average power) of 1.064um output. If the cavity
length used is =1.5m, and the pulse duration achieved is =2ps, then the corresponding
available peak power will be =2.5kW. The exploitation of resonant doubling should be
capable of converting at least 50% of the (average) power to 0.532um. Assuming a factor
of «/2 due to the frequency conversion process, the available peak powers could be as high
as =1.8kW. The experimentally obtained threshold, in the case of the long-pulse, mode-
locked OPO as described in Section 2, Chapter 7, was a peak power of =25MWcm?, If a
pump focus of =30um is used, the peak power needed to achieve this intensity is =350W.

This is a factor of ~35 lower than the power that should be available.
8.3 Further developments.

Once continuous operation of a singly-resonant parametric oscillator has been achieved, work
will then commence on improving the performance of the device to a level at which it could
be usefully exploited as a research tool. The ultimate goal of this project was to produce a
widely runable source of mode locked pulses, and so extension of the tuning range is a major

priority. The possibility of extension to ultrashort operation is also considered.
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8.3.1 Extension of the tuning range.

The material potassium titanyl phosphate has one major disadvantage; to access a wide tuning
range the crystal must be tilted significantly off-normal with the z-axis. As the predominant
birefringence is between the z and x (or y) axes, this results in a large Poynting vector walk-
off. When phase-matched for degenerate operation at 1.064um for propagation in the zy-
plane, the Poynting vector walk-off at 0.532um is =32mrad. This limits the minimum
focusing in a Smm long KTP crystal to =0.16mm, which is ~95 times larger than the
spotsize utilised in the estimation in Section 4. It therefore needs a power of ~25 times
higher to achieve the same intensity. The required peak intensity is known to be
~=25MWcm? (Section 2, Chapter 7), which could be achieved with a =30um spotsize
through the use of a peak pump power of =350W. In the case of a 0.18mm spot size,
however, the pump power requirement is increased to = 10kW. While this can in principle
be provided by a 10W diode-bar pumped TFR laser (see Subsection 2, Section 1), it is a
factor of ~35 times more than the power available with a conventionally pumped (e.g. 2x1W

diode arrays) miniature laser system.

One way in which the tuning range could be extended without incurring the problem
of walk-off would be through the exploitation of a nonlinear material that can be temperature
tuned for noncritical phase-matching (NCPM). Two nonlinear materials of interest that can
offer NCPM with a 0.532um pump are KNbO; and MgO:LiNbO; (see Subsection 1,
Section 1). Both of these materials can be tuned over—at least—the region 0.68-2.5um.
MgO:LiNbQO; has in its advantage the fact that it phase-matches for degeneracy at = 110°C
[28], as opposed to the higher temperature of =180°C [29] for KNbO;. Even MgO
doped LiNbQ,, however, is prone to optical damage, whereas KNbQO, is unaffected by this

Process.

Angle tuning does, however, generally offer a wider range of accessible wavelengths.
It also allows for the more rapid adjustment of the operating point of the OPO. Consequent-
ly, there is sufficient reason to develop a technique that will allow the exploitation of angle
tuning with the pump powers that are currently available. This will necessitate a reduction
in the level of peak pump power required to reach threshold (see Subsection 2). Though not
strictly necessary in the case of the TFR laser systems, it would allow the OPO to be
operated at powers of more than (the readily achievable) two times the threshold value (see

Section 2). This is preferable, as it offers higher conversion efficiencies and amplitude stability.
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Before going on to discuss possible ways of increasing the margin between threshold
and available power, a brief note on the extension to wavelengths outside the near infrared.
To achieve longer wavelengths, materials such as AgGaS, and AgGaSe, could be utilised with
direct pumping by the output of the miniature solid state laser. These materials have been
demonstrated to be capable of generating wavelengths of as long as =11um in the case of
Q-switched operation, but as they exhibit significant absorption (~0.1lcm™, equivalent to a
1(;ss of ~5% over a propagation length of Smm) are not suitable for use in a continuously
operated OPO. This is one area of materials research where there is much scope for the

development of new materials.

To achieve shorter wavelengths from a solid state laser pumped OPO, multiple
frequency conversion processes will be necessary in addition to that of the parametric
oscillator. With the exploitation of resonant doubling, the overall efficiency of the multiple
process should be independent of the order in which the processes are performed. The
argument for performing all up-conversion processes prior to pumping the OPQO, is that the
OPO would then be the only stage required to be tunable. If the OPO output is to be

doubled, however, then a tunable frequency conversion stage would also be necessary.
8.3.2 Techniques to reduce the power requirement.

The first thing that must be done in order to reduce the power required for an OPO to reach
threshold is to minimise the cavity losses. The cavity loss in the OPO described in Section
2, Chapter 7, was =5% (round trip power loss). As the threshold in the case of the singly
resonant OPO scales proportionally to the ioss, a reduction of its value to =1% (about the
lowest practically feasible value) can offer a five-fold reduction in threshold. This is a
reasonably significant amount. In the case of the TFR laser, it would then be able be
possible to operate the OPO at about an order of magnitude above threshold. In the case of
the 2x1W diode array pumped source, however, it is still not sufficient to allow threshold to

be achieved.

One way to achieve oscillation at lower powers would be to exploit double resonance.
This does offer a reduction in threshoid of up to two orders of magnitude, but is undesirable
from the point of view of stability. As mentioned in Section 1, Chapter 2, the instability of
the doubly resonant OPO arises from the requirement to simultaneously resonate both signal
and idler wavelengths. If the mode spacing is not identical for both signal and idler,

oscillation can only be achieved at discrete clusters of frequencies that correspond to the pairs
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of available signal and idler modes that are most nearly phase-matched. As the relative gain
seen by each pair of signal and idler modes is sensitively dependent on the cavity length and
pump frequency, even a slight variation in these quantities can lead to a significant frequency
and amplitude excursions of the OPO output. [f the cavity length at the signal and idler
frequencies could be accurately matched, however, it would be possible to virtually eliminate
clustering. In the case of a type II phase-matched OPO, this could potentially be achieved
ﬂ;rough the insertion of a variable wave-plate into the OPO resonator. With the
synchronously pumped system, the length matching needs to be accurate enough that all
modes across the acceptance bandwidth are accurately phase-matched. This would require
interferometric stabilization of the relative lengths of the signal and idler cavity lengths,

which while feasible, would result in a considerable complication in the design of the system.

Another way to reduce the threshold of a parametric oscillator is by the use of double-
pass pumping. This can take two different forms. The first, and potentially most beneficial
case, is when all three of the interacting field are totally reflected, and make a second pass
through the crystal in synchronism. This is, however, only optimally efficient if the relative
phase on re-entrance to the crystal is the same as on exit (which leads to a threshold of one
quarter of that obtainable in the case of the equivalent single-pass pumped device)[30]. If
the relative phase is not preserved, then the threshold is not significently different to that in
the single pass case. The alternative case is when only the resonated wave and pump are
reflected back through the crystal. In the case of total reflection, this provides a two fold
reduction in the parametric threshold of the device, which is insensitive to the relative phase-
lag between the pump and idler fields. This scheme also has the advantage that it can be
readily adapted for use in a non-collinear pump scheme. In the case of a synchronously
pumped parametric oscillator, the ability to adjust the round trip path-lengths travelled by the
signal and pump independently allows for compensation of the group velocity mismatch in
the crystal [28].

A third way to obtain the high intensities necessary for oscillation is via the utilization
of intracavity pumping. Synchronous pumping—at = 830nm—of an intracavity parametric
oscillators has been demonstrated with a continuously mode-locked dye-laser [31]. At this
time, however, all efficient solid state lasers operate in the near infra-red region of the
spectrum, and consequently this technique is only applicable to parametric oscillators
operating at wavelengths of ~1.5um and longer. While possible in theory, the inclusion of
a frequency doubling crystal and a parametric oscillator in the same cavity is not likely to be

viable in practice. The gain competition between the various nonlinear effects would lead to
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frequency and amplitude instabilities. It is possible, however, to frequency double the output
of the intracavity pumped OPO to achieve shorter wavelength as required. If correctly
optimised, the total tunable output power (signal and idler) available from an intracaviy OPO
approaches the amount which is available from the same laser if optimally output coupled

(note. signal and idler energies are partitioned according to frequency)[32].

The techniques developed for the resonant enhancement of the fundamental
wavelength in resonant doubling [23][24] could potentially be exploited in a similar way for
the pumping of a parametric oscillator. As neither the resonated pump or signal can afford
the degree of loss that would be incurred by passage though a mirror, this would involve the
use of a non-collinear pump geometry comprised of two interlocking cavities. It is conseque-
ntly only practically applicable to singly-resonant devices; the exploitation of this technique
in the case of the DRO would involve the synchronism of three separated cavities. In the
case of resonant doubling, enhancements of ~20 times have been achieved using
conventional cavity designs. Applied to the OPO this would lead to ~20 times the available
small-signal parametric gain, and a corresponding effective reduction in threshold. Though
not as significant as the reduction achieved in exploiting double-resonance, it does avoid the

problem with clustering effects, as the idler is non-resonant.
8.3.3 Ultrashort pulse operation,

The inherently wide bandwidth of the parametric interaction allows operation of parametric
devices using ultrashort pulse durations. The first demonstration of parametric oscillation in
the femtosecond regime was reported by Edelstein er a/ [26], where 105fs pulses were gener-
ated by an OPO—based on KTP—pumped intracavity by a colliding-pulse dye laser. More
recently, Laubereau et al [27], have achieved even shorter duration pulses of 85fs from a
BBO parametric oscillator pumped by the amplified and frequency doubled output of a flash-
lamp pumped Nd:Glass laser.

There are two advantages of utilising ultrashort duration (~ 1ps, and under). Firstly,
for many materials, the damage threshold has been found to be dependent on energy—not
power-—density [33] in this situation. It is therefore possible to increase the peak intensity
beyond the value that would cause damage in the case of a Q-switched puise, as long as the
total energy is kept low (The use of a low pulse repetition rate ensures that the average power
corresponding to a given peak value is also kept low, which should minimise problems

relating to average power). Secondly, the spectral aperturing of the crystal can be exploited
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to limit the oscillation bandwidth, hence avoiding the need for additional linewidth control

elements—and hence additional loss—in the cavity.

As mentioned before, the usable gain length for a given pulse duration is limited by
dispersion. It can be shown that the acceptance bandwidth of a nonlinear crystal—for a given
process—is inversely proportional to its length. Consequently, a reduction in pulse duration
will necessitate a proportional reduction in crystal length to avoid a reduction in efficiency
due to spectral aperturing. If the focusing, and hence intensity, is left unchanged, this would
lead to a reduction in the available parametric gain. However, if the pump spotsize is
reduced with the square-root of the pulse duration, then the parametric gain can be preserved.
This does, however, ignore damage. The energy density can be shown to increase inversely
to the pulse duration., Consequently, it is not possible to make the pulse duration, and

therefore crystal, arbitrarily short and still maintain a given level of parametric gain.
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Conclusion.

This work was aimed at the eventual development of a stable source of mode-locked pulses
that could be tuned throughout the near infrared. The continuously operated, synchronously
pumped, singly-resonant optical parametric oscillator offered the wide tunability [1], but for
stable operation placed considerable demands on the frequency and amplitude stability of the
pllmp source. The laser-diode pumped actively mode-locked miniature solid-state laser [2]
possesses both of these properties, but at the time that this project commenced could not
provide the high peak, output powers required for a parametric oscillator (based on one of

the currently available nonlinear materials) to reach threshold.

It was therefore decided to first investigate the feasibility of achieving continuous
operation of a singly-resonant optical parametric oscillator with the higher pump powers
available from a c,w. lamp pumped mode-locked Nd:YAG laser. The experience gained
from these investigations would be directly applicable to the planned work with the laser-
diode based system. Consequently, when miniature lasers could offer the required powers,
the majority of the necessary development of the OPO design would already have been

completed.

To this end, three synchronously pumped optical parametric oscillators were
investigated. The first, utilising the material barium borate (‘BBO’)[3], and the amplified
and frequency doubled output of a Q-switched, mode-locked laser as the pump source, was
found to provide a wide tunability (=0.66-2.7um). The high Poynting vector walk-off in
BBO did severely limit the possible reduction in threshold, precluding the possible use of this
material as the gain medium in a continuously mode-locked system. The experience gained
with this system was valuable, however, as it provided an appreciation of the requirements

of synchronously pumped parametric oscillators.

At the point that the initial investigation with BBO was coming to completion, it
became possible to obtain the nonlinear material potassium titanyl phosphate (‘KTP’) [4].
While this material does not possess as high a damage threshold as BBO, its nonlinearity is
somewhat larger. Of more importance, quasi-noncritical phase-matching of this material is
possible for near degenerate operation of an OPO when pumped at 0.532um. While this
condition severely limits the tuning range, it does allow the use of a very tight pump focus.

This material therefore offered a far better chance of achieving continuous operation than
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BBO, as the intensity required for threshold would be available with a much lower pump

power,

The second OPO investigated therefore utilised KTP - rather than BBO - as the gain
medium. Instead of directly implementing a tight focus in an attempt to achieve operation
at the power level that would be available from a c¢.w. pumped mode-locked laser, it was
decided to first gain familiarity with KTP using a pump configuration that was similar to the
one used with the BBO device; thus taking advantage of the experience already gained. This
was to be a useful preliminary stage before moving to a configuration in which one could get

a more direct measure of the power requirements for a continuously pumped system.

The final OPO investigated was also based on the gain medium KTP, but used the
amplified and doubled output of the pulsed laser as pump source. In this case, threshold was
obtained at an incident, peak power of =2kW, which in this case corresponded to an average
0.532um power of 11.5W. Though this peak power was still in excess of that directly
available from a c.w. lamp-pumped laser, it was potentially achievable through the exploita-
tion of pulse compression [5]. An initial investigation of pulse compression was therefore
made using a pulsed Nd:YAG laser; if the required degree of compression was found to be
achievable, it was then planned to utilise this technique with a ¢.w. flash-lamp pumped laser
to synchronously pump an OPO based on the material KTP. The pulse compressor was
found to provide the necessary enhancement of peak power, but it was also found to cause
gross fluctuations of the laser output. This was due to feedback from the ends of the optical
fibre that was being used to frequency-broaden the mode-locked pulses. The fluctuations
were large enough that, to avoid damage to the KTP crystal used to generate the 0.532um
pump, the degree of focusing usable was limited to such an extent that the efficiency
necessary to provide the required pump power could not be achieved. The problem of
feedback could in principle have been eliminated, by the utilisation of a low loss Faraday
isolator. However, this step was not taken as, in the course of this work, it was reported that
additive pulse mode-locking could provide pulses with a duration of under 2ps directly from
a Nd:YAG laser [6]. This eliminated the necessity for pulse-compression, thereby avoiding
the power loss inherent in that process. It was concluded that the exploitation of such a
source offered the best possible route towards continuous parametric oscillation, and hence

the work on compression was terminated.

The output pulse duration from an additively mode-locked laser is—unlike its actively

mode-locked counterpart—solely determined by the gain bandwidth of the gain medium
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utilised. This allows pulses of a short duration to be generated by a laser with a long
resonator. In the actively mode-locked case, the pulse duration has been coupled to the
cavity length, due to the sinusoidal nature of the loss-modulation used to achieve mode-
locking. Consequently, in the additively mode-locked case, a higher peak power is available
for the same average power. It is this technique that makes it possible for a laser-diode
pumped miniature Nd:YAG laser to now offer the peak powers required for the operation of

a synchronously pumped OPO.

The use of a short pulse duration pump source to pump an OPO has other advantages
aside from the provision of an intensity sufficient to achieve oscillation, The damage
threshold of many materials has been found to be dependent on the energy density when the
incident pulse duration is of short enough duration (~ Lps)[7]. This allows high peak power
densities to be used—and hence high parametric gains to be achieved—without the occurrence
of damage. Furthermore, if the crystal length is chosen such that the acceptance bandwidth
of the parametric process is comparable with the pump pulse, the requirement for line-width

control is eliminated.

The conclusion reached is that operation of a singly-resonant optical parametric
oscillator is possible with the peak powers now available from laser-diode pumped Nd:YAG
lasers; but only when the technique of additive pulse mode-locking [6] is used to provide
short pump pulses from a long resonator. In the future, with the development of more
powerful laser-diodes, and the use of side-pumped, multi-pass slab geometries [8], the
necessary peak power will be available even in the case of longer mode-locked pulse
durations, The use of short pulse durations does, however, offer better damage resistance

and also eliminate the necessity for linewidth control, and is therefore likely to be the norm.

Finally, with the achievement of lower thresholds and improved efficiencies, the
stability and reliability offered by the solid-state laser pumped optical parametric oscillators
will find wide application in the research environment. Not only does the OPO offer wide
tunability; it offers tunability in regions of the spectrum where none was available before.
In particular, the ability to supply wavelengths within the mid-infrared makes these systems
attractive to those working in the fields such as biochemistry and solid state physics, where
there are currently few sources of radiation that can supply the ultrashort pulses necessary
for the investigation of transient events. It is even possible that the synchronously pumped
parametric oscillator will eventually become the most widely utilised source of mode-locked

pulses.
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A1l Nonlinear materials.

The purpose of this appendix is to give further information on the various nonlinear materials
that were briefly mentioned in Section 4, Chapter 3 and Section 1, Chapter 8. The discussion
is limited to those materials that are currently available, or should become so in the near
future, which could potentially be of use as the gain medium in a widely tunable,
c;)ntinuously mode-locked, synchronously pumped optical parametric osciilator operating
within the near infrared part of the spectrum. There is mention of neither the material
potassium titanyl phosphate (‘KTP’)[1] nor barium borate (‘BBO’)[2] here, as these were

discussed in some detail in Chapter 4 (Sections 4 and 5 respectively).

Another material that will not be further discussed is potassium di-deuterium
phosphate (‘'KDP’)[3]. As mentioned in Section 4, Chapter 3, while it does possess a high
damage threshold (~4GWcm?, for Q-switched pulses at 1.064pm), and a low temporal walk-
off (=0.08ps-mm™), it can not provide the gain necessary for the operation of a continuously
mode-locked OPO, Tts small nonlinearity (~0.5pmV"), and high Poynting vector walk-off,

limits its effective use to the cases where high powers are available (e.g. pulsed systems).

Attention will be drawn to the properties of the materials that pertain to operation with
ultrashort pulses (<5ps). Under these operating conditions, the damage behaviour of many
materials has been found to be solely dependent on the energy—not power—density [4]. It
is also in this operating regime that bandwidth acceptance and temporal walk-off must be
carefully considered, as they can severely limit the crystal length that can be efficiently
utilised. If temperature tuning of the material is possible, it has been assumed that this would

be used in preference to the alternative of angle tuning.
Al.1 Potassium titanyl arsenate (KTiOAsQ,).

Potassium titanyl arsenate (‘KTA’)[5] is a recently introduced material that is, as its name
may suggest, isomorphic with the material potassium titanyl phosphate (‘KTP’) [6]. The
majority of its properties including transparency (0.35-4.5um [5])—are comparable with those
of the older material. An important exception is that of its nonlinearity, which has been
found, from the measurement of the small-signal doubling efficiency (1.053pm fundamental),

to be =60% larger than that of KTP [3].



The damage threshold for this material has not yet been determined, but it has been
exposed to intensities of greater than =350MWcm2 without incurring damage [5]. As it has
been found to exhibit lower bulk scattering losses, and a lower ionic conductivity, it is
thought to have a lower number of crystal defects than KTP [5]. It has been suggested that
this lower number of defects might result in KTA possessing a damage threshold that is

somewhat higher than that of the older material [5].

The principle refractive indices of KTA have been measured at 1.064pm and 0.633pm
[5], and were found to be all =2.5% higher than the corresponding values for KTP. The
fact that all are scaled by roughly the same ratio suggests that the fractional birefringence of
KTA is close to that of KTP, and that it should therefore exhibit similar angular behaviour
(i.e. tuning, angular acceptance, etc.). This has been confirmed by the determination of the
locus of tuning angles (0,¢) for type II doubling of 1.064um [S5], which was found to closely
follow the behaviour of KTP [5], and of the angular acceptance, which—for propagation
perpendicular to the z-axis—is =0.4°cm [5]; somewhat smaller than, but comparable to, the
value of =0.5°cm? for KTP [7]. A set of Sellmeier’s equations is not yet available for this
material, and consequently it was impossible to calculate the tuning behaviour for the case
of a 0.532um pumped parametric oscillator. It is likely, however, that this will also follow
the behaviour shown by KTP.,

As the refractive indices of KTA are comparable with those of KTP, the dispersive
behaviour is also likely to be similar. Consequently, the shortest pulses usable with a given
length of this material will be of a comparable duration to those usable with the same length
of KTA. However, as KTA has a larger nonlinearity, the gain available at a given intensity

will be significantly higher (about two times higher in the small signal case).

The absorption characteristics of KTA have not yet been determined, but are likely
to be comparable to that of KTP. KTA has, however, been reported to exhibit a slight
yellow colouring [5], and it is therefore likely that this material exhibits significant absorption

in the blue.
A1.2 Lithium iodate (LiIQO,).

Lithium iodate (LilO;) is a negative uniaxial crystal of point group 6. It has a high

nonlinearity (d,s=5.5+0.3pmV"! [8]), and is transparent from 0.3-5.5um [9].
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LilO; phase-matches at 30° for the type I frequency doubling of a fundamental
wavelength of 1.064um. As the effective nonlinear coefficient for type I interactions in
materials of point group 6 is given by d.=d,ssinf [10], the corresponding value at 30° is

=2.8pmV"'; comparable with the value of =3.2pmV"! for KTP [11].
P
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Fig. Al.1 Angle-tuning curve for a type I, LilO; parametric oscillator pumped at
0.532um.
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Parametric generation has been demonstrated—with a 0.53m pump—to tune over the
range 0.68-2.4um, for an angular variation of =35° [12]. The material has, however, been
shown to be capable of tuning over twice this range of wavelengths (=0.6-5.5um), by the
measurement of spontaneous parametric scattering [13]. For illustrative purposes, the
tuning curve (Fig. Al.1) for this interaction has been generated using the set of Sellmeier’s

equations after Kabelka ez al [14].

There are three reasons why the high nonlinearity and tuning range of LilO; can not
be efficiently exploited. Firstly, LilO, is a highly birefringent material (An/n=8.2% at
0.532um), and therefore exhibits a large degree of Poynting vector walk-off (= 74mrad at

30°. This limits the degree of focusing that can be used, and hence the intensity achievable

it



with a given available pump power. Secondly, it has a prohibitively low damage threshold,
of only =50MWcm™ (15ns pulses at 0.532um [15], and so even when high powers are
available a high intensity can not be utilised. Finally, this material can exhibit significant
absorption: At = lum the loss coefficient can be up to =0.06¢cm™ [16], corresponding to
a loss over Smm of =3%. This is an unacceptably high amount in the case of a low gain
parametric oscillator (in particular, all continuously operated systems). It must be noted here
tﬁat it does not always exhibit such high absorption; values of as low as =0.003cm’ (at

0.532um) and =0.00lcm™ (at 1.064xm) have also been reported [17].

In the case of ultrashort pulses, at least one of these problems is probably absent. For
=~ 15ps mode-locked pulses (at 0.532um), the damage threshold of LilO, has been demon-
strated to be as high as =7GWcm™2 [18]. At these intensities, the gain provided by a
short length of crystal (~1mm) should be sufficient to achieve threshold of an OPO. The
use of a short crystal length will also, to some degree, alleviate the problems of walk-off and

of absorption (if present).

Finally, the dispersion in lithium iodate is about half that of KTP, and lithium niobate.
As a result, the temporal walk-off is also about half the value. The shortest pulse duration
that can be efficiently used to pump an OPO using a Smm long LilO; crystal is =1.3ps,
whereas it is =2.1ps and 2.7ps in the respective cases of KTP and LiNbQO,.

A1.3 Lithium niobate (LiNbQO,).

Lithium niobate, a ferroelectric crystal of point group 3m, was proposed for use as a
nonlinear gain medium quite early on in the development of the OPO [19]. Its main
advantages are a high nonlinearity (=6.3pmV™" [20]) and the fact that, by temperature
tuning, noncritical phase-matching of a 0.532um pumped OPO can be achieved, Its main
disadvantage is the fact that it is highly susceptible to photorefractive (or ‘optical’) damage

by wavelengths in the visible part of the spectrum (damage threshold <50MWcm™? [21]).

The photorefractive damage is known to result from the presence of impurity ions in
the crystal (possibly Fe*® [22]). As the impurity level is already low (=3ppmw), a further
improvement would lead to an unacceptably large increase of the fabrication costs. However,
by varying the crystal stoichiometry, it has been found possible to increase the phase-
matching temperature to above the seif-annealing point, so that any optical damage that does
occur in use is continuously annealed out [23]. More recently, some work has been done

to lower the annealing point so that this operating condition may be reached at more readily
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Fig. Al1.2 Temperature phase-matching curve for a type [ MgO:LiNbO, OPO pumped
at 0.532um.

obtainable temperatures [24]. The most promising technique, however, has involved the
addition of =35% magnesium oxide (MgQ) to the congruent crystal melt [25], which has
been found to result in an increase of two orders of magnitude of the threshold for optical
damage [26]. The problem with this technique is that the quantity of MgO added to the
material is large enough to result in a significant reduction in the optical homogeneity of the
crystal [27]. This problem should, however, be rectifiable with further improvements in

the growth technique.

Fig. Al.2 shows the type I tuning curve for a 0.532um pumped OPO based on the
material MgO doped LiNbQO; (‘MgO:LiNby’). It was calculated using the set of Sellmeier’s
equations for congruent LiNbO, after Edwards and Lawrence [28], as modified by
Kozlovsky er al [29] for use with MgO:LiNbQ,. From the graph, a variation in tempera-
ture of =200°C should tune the OPO over a range of =0.75-2.0pum.



The absorption in lithium niobate [17] is low in the region of = 1um (<0.003cm™),
while increasing significantly by the time the wavelength falls to 0.532um (< 0.05cm™). As
the shortest wavelength LiNbO; transmits is =0.4um [30], the use of this material, as the

gain medium of an OPO, is restricted to the near infrared.

LiNbO; exhibits a high dispersion, and hence one of the largest values of temporal
walk-off (=0.55ps'mm!). As it has a large nonlinearity and zero walk-off, this problem
could be readily avoided through the use of a short crystal, if a high intensity was not
precluded by optical damage. It is known that optical damage is the predominant damage
mechanism. In the case of ultrashort mode-locked pulses (= 6ps), the damage threshold has
been shown to be as high as =10GWcm? at 1.064um [31]. Consequently, if LiNbO, did
not suffer from optical damage, it would probably be one of the best suited crystals for use

as the gain medium in a synchronously pumped OPO.
Al.4 Barium sodium niobate (Ba,NaNb.Na,,).

Barium sodium niobate (Ba,NaNbsO,s, ‘BNN’ or ‘BSN’)[32] was developed quite early on
in the history of nonlinear optics. It was an attempt to produce a material with a nonlinearity
as high as that of LiNbO,, but which did not suffer from the problem of optical damage. The
‘attempt’ was successful: BNN does, in fact, have a nonlinearity (=13.2pmV" [33]) that
is more than twice as large as that of lithium niobate (=6.3pmV™! [18]). It is also virtually
immune to the problem of optical damage [31], but it does have a surface-damage threshold
of only =10-25MWem™ (for 10ns pulses at 1.064um)[34]. The high nonlinearity,
however, does allow high gains to be achieved at low intensities. Unfortunately, it did not
prove possible to grow this material, on a routine basis, to a high enough optical quality for
it to become a viable material for widespread use in parametric devices. Consequently, very
little work has been done with this material. The few devices that have utilised this material
have taken advantage of the high value of the high nonlinearity it offers. They include-a
single-longitudinal mode c.w. OPO [35] and a doubly resonant, continuously operated

synchronously pumped OPO [36].

BNN is a positive biaxial, ferroelectric crystal of point group mm2. Like KTP, it is
a nearly uniaxial crystal; unlike KTP, it can be temperature tuned to noncritically phase-
match for parametric oscillation with a 0.532um pump. The refractive indices of BNN have
been fitted to sets of temperature dependent Sellmeier’s equations by at least two parties

[371[38]. The tuning curve shown in Fig. Al.4 was calculated using the set of
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Fig. A1.3 Temperature phase-matching curve for a type II BNN OPO pumped at
0.532pm; propagation parallel to the x-axis.

Sellmeier’s equations after Potopowicz [34], and is for a type I device, pumped at 0.532um
in the direction of the crystallographic y-axis. From the curve, a tuning range of 0.65-2.1um
should be possible for a temperature variation of =100-300°C. The lower temperature
corresponds to degeneracy, so an extension of the tuning range would r_equire an increase in
temperature. It has been shown that above =350°C, the nonlinearity falls with increasing
temperature [39]; the point at which half the ‘low temperature’ nonlinearity is available
being =500°C.

Like KTP and LiNbO;, BNN exhibits low absorption loss at 1.064um (<0.002¢cm™
[40]), but a higher loss at 0.532um (0.04cm™ [41]). Also like LiNbQ;, it possesses a

large temporal walk-off (=0.55pm-mm™).
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A1.5 Potassium niobate (KNbQ,).

Potassium niobate (KNbQ,) is a ferroelectric material of point symmetry 2mm that is closely
related to lithium niobate (see Section Al.3) and barium sodium niobate (see Section Al.4).
It has a nonlinearity comparable to BNN (=13pmV™! [42]), but a damage threshold of
around an order of magnitude higher (=350MWcm [43]).

Noncritical phase-matching is possible for a wide range of wavelengths due to a
strong temperature dependence of the birefringence. The refractive indices of potassium
niobate has so far only been fitted to sets of constant temperature Sellmeier’s equations (at
room temperature), and so it was not possible to generate a temperature phase-matching curve
for this material. A 0.532um pumped parametric oscillation has, however, been demon-

strated to tune over 0.86-1.4um for a temperature variation of 184-220°C [44].

The absorption and temporal walk-off of this material are comparable to those of
LiNbO,; and BNN. The only disadvantage of this material, compared to the other niobates,
is that a higher temperature is needed to phase-match a 0.532um pumped OPO for degenerate
operation, (= 184°C [44] c.f. =107°C for MgO:LiNbO, [28] and =~ 100°C for BNN [34]).

A1.6 Lithium borate (LiB,Oq ).

Lithium borate [45] is a biaxial nonlinear crystal of point symmetry 2mm. [t has properties
that are close, but not identical, to BBO [2]. The transmission does not extend as far into
the ultraviolet (=200nm, c.f. 180nm for BBO), and the usable nonlinearity of LBO,
dy, =1.24pmV! [44], is only =60% of that of BBO. It does, however, have an even higher
damage threshold; =25GWcm? [44] c¢.f. =13.5GWcem™ for BBO [46].

As with KTP, quasi-noncritical type I phase-matching, for the frequency doubling of
1.064um, is possible for propagation in the xy-plane, (at §=90.00° and ¢=10.73°). In this
case, the effective nonlinearity for type I interactions is well approximated by d.; = d;,cos¢,
and takes the value of =~1.2pmV™'. A set of Sellmeier’s equations have been fitted to the
refractive index data by Chen er al [2]. Fig. Al.4 shows the phase-matching curve predicted
for a 0.532um pumped OPO angle-tuned about the z-axis to preserve the quasi-noncritical
behaviour. In this case, Poynting vector walk-off is always <6mrad. A feature of LBO
that is not matched by KTP is noncritical phase-matching. It has been found possible to
achieve noncritical phase-matching for the frequency doubling of 1.064um by temperature

tuning (=150°C [47]). As no details of the temperature dependency of its birefringence
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have been released, it is not yet known how wide an OPO tuning range will be possible using

this technique.

The fact that the transmission of LBO extends into the ultraviolet has allowed optical
parametric oscillators pumped at wavelengths of ~250nm to tune throughout the visible and
into the near infrared [48]. It also leads to a low group velocity dispersion at 0.532um and
below. Consequently, the temporal walk-off between pulses at 1.064um and 0.532um is very

low in this material (=0.06ps-mm).
Al.7 Organic nonlinear crystals.

There is currently a lot of interest in organic nonlinear materials. They offer high damage
thresholds (e.g. =3GWcm? for MAP [49]) and high nonlinearities (e.g. =85pmV?! for
NNP [50]). Some of these materials also have their short wavelength absorption edge far

into the ultraviolet, which is attracting a lot of attention from those working in this region of
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the spectrum. Unfortunately, none of these materials can transmit wavelengths of longer than
~2um, due to absorption due to the C-H and other molecular resonances, and so can not

offer the wide tunability in the near infrared desired for an OPO working in the near infrared.
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Fig. A1.5 Angle-tuning curve for a type I urea OPO pumped at 0.532um.

At this time organic crystals are only now becoming commercially available of a
usable size, with the exception of urea, which has been around for some time [51]. Urea
((NH,),CO) is a positive uniaxial organic crystal with point symmetry 42m. It has a
nonlinearity of = 1,4pmV~!, and can be phase-matched for type I parametric oscillation with
a 0.532um pump over the range 0.86-1.4um (transmission limited). Urea can, like LBO,
transmit well into the ultraviolet (=200nm), and so it has also been exploited in parametric
devices operating in the visible region of the spectrum [52]. It also exhibits a low temporal
walk-off (=0.10ps'mm™). Tt is, unfortunately, highly hygroscopic, which necessitates

constant protection from atmospheric moisture.



A lot of the published information on organic nonlinear crystals up until now has been
obtained from films or platelets of the material (i.e. lengths of ~15um-1mm). Whilst the
preliminary results do look very promising, it will probably be some time until these
materials are as readily available as their inorganic counterparts. Materials that have been
reported to date include MNA [S3], MBA-NP [54], POM [49], and NPP [49]. The full
names will not be given here for the sake of brevity, as the majority of organic nonlinear
c;ystals have names like (—)2-(c-methylbenzylamino)-5-nitropyridine (for ‘MBA-NP"). The
latter two in the list above exhibit group velocity matching between the signal and idler waves
[49], thus giving these materials very wide phase-matching bandwidths. This allows for the
efficient doubling of subpicosecond pulses. MBA-NP is one of the few materials that has
been grown up to an appreciable size (e.g. optically usable crystals of up to
5%3x3mm?)[52].
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A2 Sellmeier’s fits for BBO.

At least four different sets of Sellmeier’s equations have been fitted to the refractive indices
of barium borate (BBO) [1][2][3][4]. The earliest set was presented at IQEC’84 by Chen et
al [1], but was never published. The first set to be published was also by Chen er al [2],
and while not in exact agreement with their previous set, it does predict very similar tuning

behaviour. Consequently, only the latter one will be considered further.

The third set of Sellmeier’s equations currently available is after Kato [3]. This set
was fitted to the refractive index data published by Chen er al [2], but in addition it was
adjusted to give better agreement with the observed phase-matching behaviour. The final set
of Sellmeier’s equations is after Eimerl er al [4], who are the only party to have fitted to

independently determined values of the refractive indices.
A2.1 Chen et al [2].

Chen er al experimentally determined the refractive indices of barium borate at thirteen
wavelengths between 0.2138-1.079um using the method of least angle deflection. This data

was fitted to a pair of single-pole Sellmeier’s equations of the form,

BA?
nt=A+ (A2.1)
A -C
where the coefficients are given in Table A2.1.
Table A2.1  Sellmeier’s coefficients for BBO after Chen er al
Coefficient A B C
n, 1.9595 0.7892 0.02163
n, 1.6932 0.6782 0.01816

A2.2 Kato [3].

Kato fitted a pair of single-pole Sellmeier’s equations to the refractive index data after Chen
et al [2], and also to the experimentally determined phase-matching angles for various second
harmonic and sum frequency generation processes. This allowed the validity of the

Sellmeier’s equations to be extended below the minimum wavelength at which the refractive
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indices had been experimentally determined (0.436um). The form of the Sellmeier’s

equations was,

-DA? (A2.2)

v&here the coefficients are given in Table A2.2,

Table A2.2  Sellmeier’s coefficients for BBO after Kato.

-
Coefficient A B C D

n, 2.7359 0.01878 0.01822 0.01354

n, 2.3753 0.01224 0.01667 0.01516

A2.3 Eimerl ef al [4].

Eimerl er al measured the refractive indices of BBO in the region 400-1014nm directly by
the method of minimum deviation. To improve the fit in the ultraviolet region, the phase-
matching angles for the frequency doubling of various wavelengths were determined. The
refractive index data, and the phase-matching behaviour, were fitted to a pair of single-pole
Sellmeier’s equations of the same form as used by Kato [3], but with the coefficients as given

in Table A2.3.

Table A2.3  Sellmeier’s coefficients for BBO after Eimerl ez al.

Coefficient A B D C
n, 2.7405 0.0184 0.0179 0.0155
n, 2.3730 0.0128 0.0156 0.0044

The paper by Eimerl ez al also presents results of calculations, based on the above set
of Sellmeier’s equations, of tuning behaviour for several different parametric processes.
Among others, there are tuning curves for type I and type Il parametric oscillation with

0.532um, 0.355pum, and 0.266pm pumps.

A2.4 Comparison.

Fig. A2.1 shows the experimentally determined tuning behaviour of a 0.532um pumped BBO

parametric oscillator plotted as a function of angle from degeneracy. Also plotted is the
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Fig. A2.1 Tuning behaviour of a 532um pumped, type I BBO parametric

oscillator. The points show the experimental data, whereas the lines
show the fits calculated using various Sellmeier’s (see text).

behaviour predicted by the sets of Sellmeier’s equations after Chen ez al [2], Kato [3], and

Eimerl er al [4].

crystal had been cut at was not accurately known. It was therefore only possible to compare

Absolute angular measurements were not possible as the angle at which the

the rate of tuning with angle, and not the value of the angles themselves.

As can be seen, the experimental data most closely agrees with the curve generated

using the set of Sellmeier’s equations after Kato [3].

after Eimerl et al [4], though it does follow reasonably closely, is noticeably poorer. The

tuning behaviour predicted by the pair of equations after Chen er al [2] shows much worse

agreement with the experimental results.
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A2.5 Conclusion.

It can be seen from Fig. A2.1 that the set of Sellmeier’s equations after Kato [3] gives the
best agreement for the tuning of a 0.532 pumped parametric oscillator. As none of the
parties experimentally determined the refractive indices for wavelengths longer than ~ lum,
predictions of phase-matching involving wavelengths beyond this value are less reliable.
However, as the set of Sellmeier’s equations after Kato has been shown to accurately predict
the tuning behaviour all the way out to 2.7um accurately, unless significant departure is found
in future experiments, the determination of the refractive indices beyond 1um by direct means

does not seem to be necessary.
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A3 Sellmeier’s fits for KTP.

At this time, five parties have fitted sets of Sellmeier’s equations to the refractive indices of
KTP [1][2]1[3][4][5]. At least three out of these five sets of Sellmeier’s were only fitted to
experimental values of refractive indices for wavelengths of ~1um and under, and are
cEmsequently are only strictly valid within this range. In the case of parametric interactions
involving only wavelengths of = 1um and shorter, there is reasonable agreement between the
phase-matching angles calculated using the different sets of Sellmeier’s. For interactions
involving only one or more longer wavelength, however, there is a significant departure. It
is not yet clear if this disagreement is solely due to the fact that some of the Sellmeier’s are
being utilised outside their range of validity, or whether it may be—at least partial-
ly—attributed to the different growth techniques and melt-to-melt variations in crystal

stoichiometry.

In this work, use has been made of the sets of Sellmeier’s equations after both Fan
et al [1], and Bierlein and Vanherzeele [2]. In the former case the Sellmeier’s equations
were fitted to refractive index data for wavelengths between 0.45-1.06um, while in the latter
case the longest wavelength used was 3.5um. As the operating wavelength of the device
investigated in this work (see Chapter 7) did not depart by more than =50nm from

degeneracy, the values predicted by the two sets did not differ significantly.

Other sets of Sellmeier’s equations have been published by Weber [3], Anthon and
Crowder [4], and Kato [5]. The set of Sellmeier’s equations after Weber [3] appears only
in the book he edits, C.R. C. Handbook of Laser Science and Engineering Vol. 1II. (C.R.C.
Press, 1985). 1t is, however, simply stated: there is no information given about how the
coefficients were obtained. Anthon and Crowder [4] did not measure the refractive indices
themselves, but optimised the coefficients in the Sellmeier’s equations given by Weber to give
best agreement between theoretically predicted and experimentally found phase-matching
angles for second harmonic generation. This was also the approach Kato [5] used, except
that he based his initial Sellmeier’s equations on the index data taken by Zumsteg er al [6].
As the set of Sellmeier’s equations after Anthon and Crowder [4] is an improved version of

that after Weber [3], of these only the former will be further considered.
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A3.1 Fan et al [1].

T.Y. Fan et al measured the principle indices of KTP at 16 wavelengths between 404.7nm
and 1.064um using the prism method. The resultant data, after correction for air, was fitted

to a single pole Sellmeier’s equation of the form,

1< (A3.1)

where the final term in A? is an infrared correction. The coefficients for the three principle

indices are given below in Table A3.1,

Table A3.1  Sellmeier’s coefficients for KTP after Fan et al.
Coefficient A B C D
n, 2.16747 0.83733 0.04611 0.01713
n, 2.19229 0.83547 0.04970 0.01621
n, 2.25411 1.06543 0.05486 0.02140

A3.2 Bierlein and Vanherzeele [2].

Bierlein and Vanherzeele also used the prism method to determine the principle refractive
indices. They did, however, use a larger number of data points (47 different wavelengths)
over a wider spectral range (0.35-2.4um). The form of the Sellmeier’s equation used is
virtually identical to that adopted by Fan er al, but with the coefficient ‘C’ of Fan et al being

equal to the coefficient ‘C*’ of Bierlein and Vanherzeele.

B—}\Z

nt=A+ 1_<C)2 -D (A3.2)

The coefficients as determined by Bierlein and Vanherzeele are given in Table A3.2,

Table A3.2 Sellmeier’s coefficients for KTP after Bierlein and Vanherzeele.

Coefficient A B C D
n, 2.1146 0.89188 0.20861 0.01320
n, 2.1518 0.87862 0.21801 0.01327
2.3136 1.00012 0.23831 0.01679
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3.3 Anthon and Crowder [4].

Like Kato, Anthon and Crowder determined their Sellmeier’s coefficients from phase-
matching data. They did, however, base them closely on those published in the CRC
Handbook of Laser Science and Engineering [3]. The origin of these Sellmeier’s coefficients
is not given. The form of the Sellmeier’s equation used has two poles, rather than the single

pole and infrared correction used by the others.

nt=ge BM DV (A3.3)
A?-C  A*-100.0
where the coefficients are given in Table A3.3
Table A3.3  Sellmeier’s coefficients for KTP after Anthon and Crowder.
Coefficient A B C D

n, 2.029809 0.9737485 0.04093072 1.1048585

n, 2.079195 0.9412874 0.04595899 0.9320789

n, 2.006239 1.2965213 0.04807691 1.1329810
A3.4 Kato [5].

Kato generated his Sellmeier’s coefficients, using some of the data points after Zumsteg et
al [6] for an initial guess, by fitting it to the observed phase-matching angles for frequency

doubling and sum frequency mixing. The form of equation used was

n’=A+ -DA? (A3.4)

A2-C

and the coefficients are given in Table A3.4

Table A3.4 Seclimeier’s coefficient for KTP after Kato.

Coefficient A B C D
n, 3.0129 0.03807 0.04283 0.01664
n, 3.0333 0.04106 0.04946 0.01695
n, 3.3209 0.05305 0.05960 0.01763
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A3.5 Comparison.

To illustrate the relative behaviour of the four sets of Sellmeier’s equations, two graphs of
predicted tuning behaviour are given. The first case is for type II matching of a 0.532um
pump for propagation in the xy-plane (Fig. A3.1). This shows close agreement between the

four curves, and it can be seen that it is not that important which equation is used.

wavelength/pm
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| ]
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1.00
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0.90
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phi/deg
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Fig. 3.1 Comparison of the tuning behaviour predicted using the different sets of
Sellmeier’s equations for a type II KTP OPO pumped at 0.532um.
Propagation is in the xy-plane and the pump is polarized perpendicularly
to the z-axis.

The second set of curves shows the matched wavelengths for type II matching of a
1.064um pump for propagation in the zx-plane (Fig. A3.2). In comparison to the previous
case, this shows a significant scatter. As mentioned above, only Bierlein and Vanherzeele
fitted their Sellmeier’s to refractive index data for wavelengths above 1.064um. It is,
however, the set after Kato that has been found to give closest agreement with the
experimentally found tuning behaviour in #Ais case [7][8][9]. The Sellmeier’s after Bierlein

and Vanherzeele does not agree as closely, but is in better agreement than the other two.

To confuse matters, the Sellmeier’s after Anthon and Crowder have been reported to

give the best agreement with experiment when used to predict the matching behaviour for
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Fig. 3.2 Comparison of the tuning behaviour predicted by the four sets of
Sellmeier’s equations for a type II KTP OPO pumped at 1.064um.
Propagation is in the zx-plane, and the pump is y-polarized.

sum frequency generation of wavelengths around 1.33um [10].
A3.6 Conclusion.

It is difficult to draw any real conclusion at this time. As mentioned above, the variation in
tuning behaviour could result from a genuine variation in crystal stoichiometry. It is already
known that the phase-matching angles for flux- and hydro-thermally grown KTP are
significantly different (for phase-matching of 1.064um in the xy-plane (i.e. §=90°), ¢ is 25.2°
and 24.0° respectively [4]), so it is quite possible that the scatter exhibited by the calculated

tuning curves reflects a genuine variation.,

References.

(1]. T.Y. Fan, E.E.Huang, B.Q. Hu, R.C. Eckardt, Y.X. Fan, R.L. Byer,and
R.S. Feigelson.
Appl. Opt. 26, 2390 (1987).

[2]. J.D. Bierlein and H. Vanherzeeie.
J. Opt. Soc. Am. B 6, 622 (1989).

[3]. M.J. Weber, Ed.
pl52, CRC Handbook of Laser Science and Technology Vol. IIT (CRC Press 1985)

XXxiii



4]. D.W. Anthon and C.D. Crowder.
Appl. Opt. 27, 2650 (1988).

[5]. K. Kato.
1IEEE J. Quantum Electron. 24, 3 (1988).

[6]. F.C. Zumsteg, J.D. Bierlein and T.E. Gier.
1. Appl. Phys. 47, 4980 (1976).

[7]. R. Burnham, R.A. Stolzenberger, and A. Pinto.
1IEEE Photon. Tech. Lett. 1, 27 (1989).

[8]. J.T. Lin and J.L. Montgomery.
Opt. Commun. 75, 315 (1990).

[9]. L.R. Marshall, A. Hays, J. Kasinski, and R. Burnham.
CLEO’90 Technical Digest, Abstract WC8PD (1990).

[10]. R.A. Stolzenberger, C.C. Hsu, N. Peyghambarian, J.J.E. Reid, and R.A. Morgan.
IEEE Photon. Tech. Lett. 1, 446 (1989).

XXiv



A4 Oscillation threshold.

This appendix briefly outlines the theoretical model—after Brosnan and Byer [1]—that was
used to predict the oscillation threshold of the three parametric oscillators that were
investigated over the duration of this project (see Chapters 6 and 7). It specifically deals with
the oscillation threshold of a singly resonant parametric oscillator when pumped by a Q-
switched pulse (i.e. nor a train of mode-locked pulses). Application to the case of a train of
mode-locked pulses is possible, however, if it is assumed that the optical lengths of the OPO
and pump laser resonators are perfectly matched. In this case, the Q-switched envelope
described by the peaks of the mode-locked pulses can be treated as if it was actually the

envelope of a Q-switched pulse.
A4.1 Outline of theory.

At threshold, as there is negligible pump depletion, the pump power can be taken to be
constant over any given transit of the nonlinear crystal. In this case, the complex amplitudes
of the generated fields at w; and w, (w; being the frequency of the pump, such that

wy=w,+w,) are given by,

dE .
d—‘ +a E, =ik E,E;el2*
Z
(Ad.1)

dE

2 = * iAkz
e ta,E, =ix,E.E e

where «; are the field absorption coefficients, z is the spatial coordinate in the direction of
propagation, Ak=k,-k,-k, is the phase-velocity mismatch, and the interaction coefficients, «;,

are defined by

K, =— (A4.2)

where ‘d’ is the effective nonlinear coefficient for the interaction, and n; is the appropriate

refractive index.

In the case of the singly-resonant OPO, only one of the generated fields (the ‘signal’)
is fed back. This means that the idler power at the beginning of each crystal transit will be
virtually zero (i.e. at the level of quantum noise, and therefore insignificant compared to any
sizeable input signal). With this assumption, and assigning ‘1’ to the signal and ‘2’ to the

idler, the signal field at the exit of a crystal of length £ can be shown to be given by,
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E,()) =E,(0)e *'coshI"¥ (Ad.3)

where the parametric gain coefficient ‘I is given by,

I'= k%8, |E|? (A4.4)

in which x;, k, are as defined by (A4.2), E; is the complex amplitude of the incident pump

field, g, is the signal spatial mode coupling coefficient,

2
"3 (A4.5)

&=
Wy tw)
which Brosnan and Byer [1] obtain using the mode-coupling formalism after Kogelnik [2],
and ‘&£’ is the effective parametric gain length defined by,

d=10 erf (A4.6)

w

Jm o
2 4

W

In (4.6), the quantity £, is the walk-off length [3]. It accounts for the eventual loss
of spatial overlap between the pump and signal beams, resulting from Poynting vector walk-

off, and is given by

(A4.7)
where p is the Poynting vector walk-off angle, and the ‘erf’ function is defined as,
erf(x) =——[e 7 (A4.8)
=T
From (A4.3), the single-pass power gain can be shown to be given by,
P9 =e'2‘"cosh2I‘§E (A4.9)

P(0)

If the pump pulse has a Gaussian temporal profile, the parametric gain coefficient may be

rewritten, to show the time dependency explicitly, as,
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['=T e ¢ (A4.10)

where 7 is the 1/e? intensity half-width of the pump pulse, and T'y is the parametric gain
coefficient evaluated at the peak of the pump pulse. From (A4.9) and (A4.10), it can be

shown that the net change of power over the ‘m®’ round-trip of the cavity is given by,

. P "y
P m =f1cosh2[s.er‘oe f ’2] (A4.11)

m-1

where t_ is the arrival time (at the input face) of the m™ mode-locked pulse, and f, is the
fractional round-trip power feed-back of the resonator, at the signal frequency ‘w,’. As
written, the fractional feedback not only accounts for losses due to crystal absorption and

scattering, but for those due to output coupling as well.
4.2 Example calculation.

In the case of a puised parametric oscillator, the oscillation threshold is taken by convention
to be the incident pulse energy for which the gain accumulated over the duration of the pump
pulse is sufficient for the signal power to build up, from noise, to a level comparable to the
pump [4]. The level of gain required is commonly set as ~exp(30) (i.e. ~ 10, which can
be shown to be a reasonable assumption, from a consideration of the plane-wave parametric

gain [4].

To determine the threshold pump intensity (and hence peak power and energy), the
fractional change in resonated signal power given by equation (A4.11) can be iterated over
the number of round-trips within the pump pulse train that see a net gain (i.e. those round-
trips for which P, >P,_ ). Repeating this process for a few trial values of the incident pump

field, it is possible to find the threshold value that gives an overall gain of =exp(30).

In the case of the parametric oscillator described in Chapter 7, Section 1, which
utilized potassium titanyl phosphate (‘KTP’)[5] as the nonlinear gain medium, and was
pumped by the frequency-doubled output of a mode-locked, Q-switched, and amplified

Nd:YAG laser, the relevant parameters for the threshold calculation are as follows.

Parametric oscillator: the length of the KTP crystal was = 5mm; the refractive indices seen
by all three electric field components were n,~n; ~ 1.8; when phase-matched for degenerate
parametric oscillation with a 0.532um pump, the nonlinearity is =3.2pmV™ [7], and the

Poynting vector walk-off ~4.5mrad [6]. The launched pump waist-size was =0.25mm, and
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the resonator was designed such that the signal spot-size within the nonlinear crystal was

~0.37mm. Finally, the fractional round-trip feedback was =0.53.

Pump source: the 0.532pm pump pulse train had a duration of = 150nm (FWHM), and was
comprised of mode-locked pulses of 85ps duration, which were temporally separated by
around 7.5ns. There were consequently ~ 20 mode-locked pulses falling within the duration
(FWHM) of the ‘Q-switched train.

To simplify the threshold calculation somewhat, two additional assumptions were
made about the behaviour of the parametric oscillator. Firstly, it was assumed that while the
interaction in KTP was type II, it could be treated as if it was type I, since the fractional
birefringence of KTP is a slowly varying function of wavelength., This means that there will
always be one pair of fields between which the Poynting vector walk-off is virtually zero, as
occurs in the type I case. Furthermore, as the walk-off in KTP—when phase-matched for
degenerate operation of a 0.532um pumped OPO—is very small (i.e. ~4.5mrad [6]), even

if this assumption was not strictly valid, it would not affect the analysis particularly.

Secondly, it was taken to hold that in the case of a parametric oscillator cavity that
supports stable Gaussian modes, the resonated signal would be constrained to be in the TEM,,
mode defined by the passive cavity. This contrasts with the case of the plane-plane cavity
considered by Brosnan and Byer [1], where it was assumed that the parametric gain profile

acted to define the size of the signal mode [1].

Substituting the above parameters, describing the parametric oscillator and pump
laser, into the relevant equation given in Section A4.1, it was found that the parametric
oscillator was predicted to achieve threshold for an incident pump energy of =1.7ml,
corresponding to a peak power, of the most energetic pulse in the mode-locked train, of
=~ 880kW, and an on-axis peak intensity of =830MWcm™. The threshold was not found to
be particularly sensitive to either the pulse duration or shape; approximately the same
threshold energy (=1.4-1.5mlJ) was obtained for pulses which had a square temporal shape
of durations in the range 7-27 (where 7 is defined as in (A4.10) above), and a Gaussian

spatial profile.

Altering the analysis to calculate the gain seen by the peak on-axis intensity of the
signal field—i.e. equivalent to plane wave situation—led to a predicted threshold of
~250MWem?, as opposed to ~830MWcm™ for the more general Gaussian case. This
represents a ‘reduction’ in peak intensity of almost a factor of four. The analysis after

Brosnan and Byer [1] was also found to predict that a further factor of three reduction in
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threshold could be obtained by reducing the signal spotsize in the nonlinear crystal from
~0.38mm down to =0,1mm, without changing the pump spotsize from 0.26mm. It is not
apparent, however, that this provides the optimal coupling between signal and pump. In the
case of a stable resonator, the signal spot-size of the TEM, mode is not free to vary as the
parametric gain changes. As only the fraction of the pump that overlaps the signal is coupled
into the resonated mode, this would result in a lower conversion efficiency, or to the
e;(citation of higher order transverse modes of the cavity. To avoid these potential problems,
it was desired to work exclusively with pump and signal spotsizes which were ‘confocally
matched’, vis. having the same confocal parameter in the crystal, and also the same focal
plane. The somewhat subjective argument given above is borne out by the analysis of
Sushchik and Freidman [8], who show for the singly-resonant oscillator that the optimal

focusing corresponds to matched confocal parameters.
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