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Abstract.

An analysis of the performance characteristics of 
continuous-wave optical parametric oscillators.

F. G. Colville

/ .  F. A llen P hysics Research Laboratories, D epartm ent o f  P hysics & A stronom y, 
U n iversity  o f  St. A ndrew s, Fife, Scotland.

This thesis gives a description of studies relating to the development of 
continuous-w ave (cw) optical param etric oscillators (OPOs) and their 
application to schemes that require high-precision, narrow-linewidth, and 
frequency-tunable radiation.

There are three separate aims to the work presented within this thesis. 
First, the requirements on pum p sources, nonlinear materials, OPO cavity 
resonances and phase-matching geometries are analysed with a view to 
operating cw OPOs with stability above threshold. Second, the results of four 
distinct experiments are outlined, compared to theory, and discussed within 
the general context of cw OPO development. Third, this thesis is the first 
comprehensive review of the above-mentioned performance characteristics 
of cw OPOs, and focuses on their role as optical frequency dividers within 
frequency synthesis chains spanning the optical spectrum.

The modelling sections highlight the importance of cavity resonances 
in cw OPOs w hen evaluating pum p pow er thresholds, conversion 
efficiencies, and mode-selection properties. Simultaneous signal and idler 
cavity resonances are shown to be critical when relying upon cw laser sources 
to reach OPO threshold powers. Such arrangements require the use of stable 
pum p lasers and servo-locked OPO cavity lengths to maintain this double
resonance condition. There is an in-depth analysis of OPO cavity geometries 
that can generate frequency-stable and continuously-tunable outputs. The 
selection of nonlinear materials for cw OPOs is also considered with regard to 
providing signal and idler frequencies in integral-related frequency ratios, 
thereby satisfying an im portant requirem ent w ithin optical frequency 
division techniques.

Four specific experiments were designed to address many of the issues 
raised w ithin the modelling sections. These experiments realized the 
following novel arrangements: the use of lithium triborate as a gain material



within cw OPOs; a cw OPO which used a pump source operating in the ultra
violet spectral region; the highest frequency output from a cw OPO; a cw OPO 
which used a tunable pump source operating in the near infra-red spectral 
region; m ultiple param eter pum p /  OPO coarse frequency tuning; a non
degenerate type II cw OPO phase-matching geometry; and a dual-cavity 
doubly-resonant cw OPO. Other notable features of the experimental designs 
included stabilized single-frequency output from a single-cavity cw OPO 
geometry, continuous frequency tuning from a dual-cavity, doubly-resonant 
OPO resonator, and the general characteristics of low pump power thresholds 
and moderate conversion efficiencies.

An important feature discussed in detail throughout the thesis is the 
comparison between type I and type II phase-matching geometries. These two 
cases give rise to different polarization states for the signal and idler fields 
within OPO cavities. Type II phase-matching geometries are shown, both in 
theory and experiments, to be preferable to equivalent type I geometries, 
when considering stable OPO operation, fine frequency tuning, and multiple 
cavity oscillators. This is so because type II phase-matching geometries, in 
general, provide significantly different signal and idler refractive indices 
which in turn yield a considerable mis-match in the signal and idler free 
spectral ranges. Subsequently this relaxes the stability requirements within 
single-cavity doubly-resonant OPOs, and allows for polarization separation to 
form dual-cavity resonators which are vital to the effective operation of cw 
OPOs within metrology and spectroscopy.

The work contained in this thesis forms an integral part of current 
research in cw OPOs, a field presently enjoying its most productive and 
prosperous period. The potential incorporation of cw OPOs within frequency 
synthesis chains is shown to be dependent on the further development of 
pum p lasers and nonlinear materials. In the short term, the actual use of cw 
OPOs is assessed in relation to more convenient and widespread techniques 
for converting, comparing, and measuring absolute frequencies.
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Chapter I.

Introduction.

Contents. Page.
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1.1 Tunable radiation from optical parametric oscillators.

Over the last four decades, the introduction of the laser has prom pted 
significant progress in the fields of optics and spectroscopy. One important 
attribute of laser sources is their high spectral brightness (flux density per unit 
solid-angle per unit of frequency interval). This has made possible the study 
of nonlinear phenomena that are not accessible when using conventional 
optical sources. While significant advances have been achieved by using 
lasers as sources of fixed frequency radiation, there has also been considerable 
interest in developing coherent light sources whose precise operating 
frequency can be tuned continuously. For example, such tunable sources 
could be applied within spectroscopy to tune through resonances of interest at 
any point in the optical spectrum.

The development of tunable oscillators has been problematic since 
conventional lasers tend to be discrete wavelength devices involving 
stimulated emission between quantized energy levels in the laser media. 
Only w hen these quantized energy levels are tunable, or there are 
neighbouring energy levels that are sufficiently broadened to merge into each 
other to form a continuous band, can a continuously tunable laser be built. 
Even then, the tuning range tends to be limited.



A num ber of nonlinear techniques are available which allow for 
frequency shifting the radiation of an input laser beam, while maintaining 
the coherence of the original laser source. These include stimulated Raman 
scattering, harmonic generation, and sum and difference frequency mixing. 
However, in general, to obtain tunable output using these processes, one of 
the input beams is required to be tunable. Another form of frequency shifting 
involves the use of optical parametric generation [1].

Optical parametric oscillators (OPOs) are generally powerful solid-state 
sources of coherent radiation with broad tuning ranges, and they have already 
been demonstrated to be versatile and practical devices [2]. OPOs are similar 
to conventional lasers, in both converting energy from a primary source to 
coherent radiation through light amplification in a resonant cavity.

The optical parametric process is a nonlinear optical process in which a 
pum p photon, propagating in a nonlinear optical crystal, breaks down into 
two lower-energy photons (termed the signal and the idler), such that the 
total photon energy is conserved. Radiation is produced simultaneously at 
these two distinct frequencies which build up from parametric noise: the 
parametric process relies on the zero point energy (vacuum fluctuations) of 
one photon per mode as the starting point in the amplitude of the other two 
waves.

However, the exact frequencies of the two emitted photons cannot be 
determined uniquely on the basis of energy conservation. For a given pump 
frequency, there can be a continuous choice of signal and idler frequencies for 
which energy conservation is satisfied. This forms the basic source of 
tunability within OPOs. In any given situation, the specific pair of frequencies 
that will result is dictated by the momentum (phase) conservation condition, 
or phase-matching condition, that must also be satisfied. Phase-matching 
dictates that the sum of the wave-vectors of the generated photons is equal to 
the wave-vector of the pum p photon, thus maintaining the relative phase 
between the waves.

In a norm ally dispersive and isotropic m edium , the m aterial 
dispersion is such that the momentum or the magnitude of the wave-vector 
of the pum p photon is always too large, due to dispersion, to satisfy the phase- 
matching condition. To compensate for material dispersion, it miist be 
reduced relative to the sum of those of the emitted photons. The most 
common approach is to take advantage of the birefringence in an anisotropic



medium (with a non-centrosymmetric symmetry) to compensate for material 
dispersion. In this way, the signal and idler frequencies can be amplified 
sim ultaneously as they propagate through the nonlinear medium in an 
efficient manner. Gain at the signal and idler frequencies is provided 
through parametric interaction of the three optical fields with the nonlinear 
medium. This interaction is a consequence of the nonlinear polarization 
exhibited by the material.

For a given orientation of the nonlinear crystal with respect to the axis 
of propagation, conservation of phase-matching will be satisfied for a specific 
combination of signal and idler frequencies. Therefore, since the refractive 
indices are dependent on the direction of propagation and on the 
polarizations of the three waves, the orientation of the nonlinear crystal 
provides one means for tuning coarsely the output frequencies over a 
potentially wide spectral bandwidth. In general, the extent of this bandwidth 
is defined by the optical transparency of the nonlinear material chosen as the 
gain medium. Another commonly used tuning method involves altering 
the birefringence through temperature control.

Within experimental OPO configurations, the nonlinear gain element 
is typically placed within an optical resonator formed by external cavity 
mirrors, and a pum p field is fed into the resonator. At a critical pum ping 
intensity, or pum p power threshold, parametric gain causes steady-state 
oscillation to be set up at either the signal or idler frequency, or at both 
frequencies, as defined by the level of feedback provided by the cavity mirrors 
at these two frequencies. The fine output frequencies of the OPO correspond 
to resonances of the optical structure, or are near such resonances.

To stimulate oscillation w ithin a laser cavity, an incoherent pum p 
source is sufficient as the initial energy source. However, for an OPO, this 
initial pum p source is constrained to be a high intensity source of coherent 
radiation in its own right. Until recently, the absence of pum p sources of 
high spectral and spatial coherence had delayed widespread interest in the use 
of OPOs as practical sources of tunable coherent radiation. This requirement 
is particularly important since the temporal, spatial, and spectral nature of the 
OPO outputs reflects that of the input pump source.

Therefore, the specific OPO outputs are a combination of three separate 
effects; phase-matching, pump frequency input (linewidth), and optical cavity 
resonances. Evidently, to generate narrow-linewidth radiation from an OPO,



the first critical requirement is the use of a narrow-linewidth pum p source, 
and this topic is discussed in the following section.

1.2 Narrow-linewidth and frequency-stable radiation.

A fundamental limit to the linewidth, or frequency bandwidth, of an optical 
source is the temporal nature of the source. For example, for radiation 
derived  from  a Q -sw itched  laser, w ith  a pu lse  d u ra tio n  of 
At « 10 nanoseconds, the transform -lim ited linew idth is A v«50M H z, 
assuming a Gaussian pulse shape. Further, if this pum p source operates in 
the visible spectral region, at a pum p w avelength of A « 0.5 pm, 
corresponding to a frequency of v « 600 THz, then the fractional stability, or 
precision, of this frequency is known to within ~ 1 part in 10 .̂ While the 
precision of such laser radiation represents a considerable improvement over 
conventional sources of optical radiation, it is not accurate enough to be used 
within a number of high-precision experiments in quantum optics.

The coherence, phase stability, and narrow spectral width of lasers are 
of p a ram o u n t im portance w ith in  the study  of h ig h -reso lu tio n  
spectroscopy [3], optical frequency standards [4], fundam ental constant 
determ ination [5], space-based measurements [6], metrology [7], coherent 
com m unications [6], and gravitational wave detection [8 ]. U ltra-high 
resolution intrinsically requires ultra-narrow laser linewidths, as provided 
specifically from continuous-wave (cw) laser sources. Therefore, to apply an 
OPO to generate tunable high precision frequency outputs, the OPO should be 
pumped by a cw laser source, forming a cw OPO device.

In practice, the accuracy of the laser frequency is limited by a number of 
intrinsic and environmental noise sources; for example, fluctuations in the 
population inversion, and cavity length perturbations of the optical resonator 
correspond to mode-broadening in the frequency domain. Short-term laser 
frequency noise can be reduced by, for example, stabilizing the laser frequency 
to a transm ission fringe of a stable high finesse optical resonator [9]. 
However, locking the laser frequency to an external cavity does not guarantee 
an improved long-term absolute stability, since the resonant frequency of the 
external locking cavity may drift. Long term stability can be achieved by 
stabilizing the laser frequency to a suitable atomic or molecular transition 
with high frequency reproducibility /  re-settability [10], or by stabilizing a



transmission fringe of a laser reference cavity to the frequency of an auxiliary 
laser which is then frequency-offset-locked to a stable laser such as an 
iodine- (I2) or methane- (CH4) stabilized He:Ne laser [11].

At present, time and frequency are the most accurately measurable 
physical quantities [12,13] and so measurements of other physical quantities, 
if possible, are reduced to measurements of time and frequency; for example, 
the definition of the speed of light [14]. The current technique for measuring 
an optical frequency relative to the primary time standard, the caesium beam 
standard at v « 9.2 GHz, or some intermediate frequency standard (CO2 laser 
or He:Ne laser), utilizes a complex frequency synthesis chain involving 
harmonics of laser and klystron sources, which typically occupy the physical 
space of several optical benches [15,16]. For example, such a method has been 
extended to the visible spectral region, in which the A ~ 633 nm He:Ne laser 
has been locked to a molecular iodine transition line, w ith an accuracy 
of « 10"^  ̂ [16]. In view of the complexity of such optical frequency synthesis 
techniques, alternative methods have been proposed for m easuring and 
synthesizing new frequencies in terms of low-frequency signals that can be 
controlled by an atomic clock [17 - 20]. Such devices are often called optical 
frequency dividers.

Nonlinear frequency conversion processes form an integral part of 
such optical frequency dividers. For example, consider locking the second 
harmonic frequency of a NdiYAG laser to a hyperfine line of iodine [21], as 
opposed to the example discussed above (He:Ne laser). Through this method, 
both the fundamental and the second harmonic frequencies are stabilized in 
frequency to the one optical standard. Indeed, the available power levels of 
such diode-laser-pum ped solid-state lasers are sufficient to generate 
efficiently, through further nonlinear frequency up-conversion stages, a series 
of stabilized harmonic frequencies throughout the ultra-violet and near infra
red spectral regions. Therefore, there are potential advantages when locking 
discrete frequencies that form part of a chain of harmonically related optical 
frequencies, and when this chain uses laser oscillators only in the visible and 
near infra-red spectral regions.

The above m ethod involved the application of frequency up- 
conversion techniques to form new frequencies, higher in frequency than the 
original laser source. Therefore, in general, it does not allow for lower 
frequencies that can be referenced to frequency standards in the mid infra-red



and microwave spectral regions. The OPO is ideally suited to provide such 
frequency down-conversion, when operated with a cw, narrow-linewidth, 
frequency-stable pum p source, and when the outputs of the OPO are 
determined precisely in relation to the pump frequency [20, 22].

Therefore, cw OPOs are in principle ideal for implementation within 
frequency chains although the developm ent of such devices has been 
particularly slow, with relatively few experimental designs compared to their 
pulsed counterparts. A brief historical perspective of this progress in outlined 
in the following section.

I. 3 Development of continuous-wave parametric oscillators.

The first demonstrations of OPOs used high peak power pulsed lasers as their 
pum p sources [23]. Shortly after these experiments, considerable attention 

Ifl was directed towards the cw equivalent of these devices, as a source of
■]j continuous-wave, narrow-linewidth, and frequency-tunable radiation.

.̂1 The first cw OPO was reported in May 1968 [24], and used the frequency-
I  doubled multi-longitudinal-mode radiation from a lam p-pumped Nd:YAG

laser to pump a doubly-resonant OPO (both signal and idler waves resonant) 
near frequency degeneracy (signal and idler frequencies approximately equal). 
From a tuning perspective, visible radiation derived from a fixed frequency 
cw pump source had been converted efficiently into near infra-red radiation 
that was tunable over a frequency bandw idth of Av « 45 THz around 
A « 1 pm. The success of this experiment prompted a short-lived period of 
optimism regarding the use of cw OPOs within high precision frequency 
applications. Consider the editorial comments, taken from the June 1968 
issue of Laser Focus World [25];

"Infrared light from  a neodymhim-doped, yttrium -alum inium -garnet laser (YAG;Nd) 

has been converted to coherent...light via a tunable, continuously-pumped, parametric 

oscillator recently described by scientists at Bell Telephone Laboratories (M urray  

Hill, N. J.). This is the first such system ever built, according to the American Institute 

of Physics, which further notes that previously the only reported optical parametric, 

or variable parameter, oscillators were operated w ith  pulsed lasers. In in itial 

experiments, the device toas tuned over a range of 9,800 to 11,600 angstroms, but BTL 

estim ates that eventually the practical tunability loill be from  6,000 to 40,000



angstroms - that is, from the yellozu to the infrared regions of the light spectrum. An  

oscillator w ith this tuning range could provide large numbers of carriers for a fu ture  

optical communication system."

However, the amplitude and frequency stability of the OPO output from this 
initial device was unsuitable for any further applications, caused primarily by 
using a m ulti-mode frequency pum p source. Figure I. 1 confirms the 
undesirable temporal behaviour (output stability) from this first cw OPO, 
over millisecond timescales [24].

Timescale « 100 ms.

Figure 1.1.
Amplitude fluctuations of the first cw OPO (reference [24]). The width 
of a typical spike was a few microseconds [24].

Following this experiment, several other groups constructed continuously- 
pum ped OPO devices [26 - 30]. All these experiments utilised high cw power 
laser sources in the blue /  green spectral region, and the nonlinear crystals 
barium  sodium niobate (Ba2N aN bsO i5) or lithium niobate (LiNbOs) as the 
OPO gain medium. The outputs from these OPOs were tuned coarsely, by 
varying the precise phase-m atching tem perature, around frequency- 
degeneracy [24, 28, 30] or w ith signal and idler frequencies in a near 3:1



frequency ratio [26, 27, 29]. The latter geometry, with signal frequency 
radiation in the red spectral region, was not guided by a sudden requirement 
to implement OPOs as practical optical frequency dividers operating with 
high-order integral-related output frequencies, but by a misguided notion that 
cw OPOs could then provide a practical source of usable cw radiation 
throughout the visible spectral region. In retrospect, the most noteworthy 
experim ental configuration involved the construction of a ring cavity 
geometry to eliminate feedback coupling back to the pump source and causing 
further pump frequency instabilities [27]. This cavity geometry is shown in 
figure I. 2 [27].

O V E N

5 I 4 5 Â

L i N b O s  C R Y S T A L

M, AND M j :  5 c m  RADIUS D I EL E C T R I C  MIRRORS 

M a  : F L A T  G O L D  M I R R O R

Figure I. 2.
Early cw OPO ring cavity geometry (from reference [27]), reducing 
feedback to the pump source, and providing increased OPO conversion 
efficiencies.

In 1969, cw dye lasers were demonstrated and subsequently marketed [31], 
discouraging even the most ardent supporters of cw OPOs. Dye lasers 
provided a convenient source of high power, narrow -linew idth, and 
frequency tunable radiation throughout the visible spectral region.

However, in 1973, a series of pioneering research studies were 
published [32] which identified the technical difficulties that had been 
encountered during cw OPO research of the late 1960s /  early 1970s, and 
further, explained why the outputs from these devices had been less than 
ideal. This re-examination highlighted the potential of cw OPOs when allied



w ith stable single-frequency pum p sources effectively isolated from back 
reflections and back conversion from the OPO resonator, a requirement 
which had been intially neglected. When using an isolated and stabilized 
single-frequency pum p source, free-running, am plitude-stable, single
frequency radiation was obtained from a cw OPO, for time periods of a few 
seconds [32]. Single-frequency operation of this device is displayed in 
figure I. 3 [32], as viewed on a scanning interferometer.

If
I f

Interferometer FSR ~ 30 GHz.

Frequency bandwidth (« 50 GHz).

Figure I. 3.
Free-running single frequency operation from a cw OPO (from 
reference [32]). Only the signal frequency of the signal-idler mode-pair 
is displayed.

As a final statement, consider the concluding remarks of reference [32], in 
marked contrast to the initial burst of enthusiasm in cw OPOs.

"...the sen sitiv ity  of the device to piimp-freqiiency fluctuations aîid cavity-length  

changes requires that the pump be frequency stabilized, an isolator be used, and 

considerable care be paid to the design of the oscillator cavity. These requirements 

seem to be entirely feasible. It remains to be determined if practical methods of 

smoothly tuning the device can be found. "



At this time (late 1960s /  early 1970s), the emphasis in the design of pulsed 
OPOs had shifted from the initially unstable, but low threshold, doubly- 
resonant configurations [23], to OPO cavities in which only one of the signal 
or idler waves was brought to resonance within the OPO cavity [33]. These 
singly-resonant oscillators provided tunable radiation that was stable in 
amplitude and frequency; a consequence of eliminating the requirement of 
resonating two discrete frequencies within the same OPO cavity. This 
transition was possible because the peak powers available from pulsed or 
Q-switched lasers were still well in excess of the higher pum p power 
thresholds required for singly-resonant OPO operation. The low power levels 
associated with cw laser sources did not allow for this transition in cw OPOs. 
Combined with the lack of high-precision cw pump frequency sources, this 
explains why only pulsed OPO configurations were investigated throughout 
the 1970s and early 1980s.

After the early cw OPO experiments, thirteen years elapsed before any 
subsequent reports of cw OPOs [34]. Renewed interest was the result of 
extensive theoretical modelling of the parametric process, which had begun 
in the earliest days of quantum  optics; see reference [34] and references 
therein. Specifically, it was predicted that cw OPOs could deliver twin outputs 
whose intensity difference was squeezed below the usual shot noise level that 
is common to laser radiation in a coherent state. Extensive experimental 
progress was performed in the field of squeezed light by using cw OPOs, in the 
late 1980s [34 - 46].

The requirements with regard to frequency stability and tunability were 
not considered critical when observing reduced quadrature fields in these 
squeezed states of light experiments. This is because the objective was simply 
to measure degrees of squeezing below the shot-noise-limit, and not to design 
usable sources of squeezed light for specific applications. Therefore, 
experimental designs could employ the established technology of single
frequency argon /  krypton-ion lasers or frequency-doubled lam p-pum ped 
Nd-.YAG lasers, operating in the green spectral region, as their pump sources. 
Further, OPO operation near frequency degeneracy was adequate, with signal 
and idler frequency outputs in the A « 1 jam spectral region, where 
established frequency doubling materials could be used for OPO operation, 
and where detector efficiencies and optical coatings are of a high quality. 
Figure I. 4 illustrates a typical arrangement for using cw OPOs to observe 
squeezed states of light [34].
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S p e c t r u m
Analyzer

Figure I. 4.
Schematic illustration of the use of cw OPOs for the observation of 
squeezed states of light (from reference [34]).

With regard to using cw OPOs as high precision sources of frequency-stable 
and frequency-tunable radiation, the required impetus was provided in the 
late 1980s. Frequency stable, diode-laser pumped, solid-state laser sources, 
frequency doubled into the green spectral region, and displaying frequency 
precision at the kHz-level, were used as the pump sources for compact, 
monolithic ring cavity, doubly-resonant cw OPOs [47 - 49]. For the first time, 
cw OPOs delivered amplitude and frequency stable radiation at specific 
frequencies, as defined by the resonance conditions of the optical cavity [47]. 
At exact frequency degeneracy, the signal and idler frequencies phase-locked 
to yield an exact frequency sub-harmonic of the pump frequency, thus 
providing the first demonstration of optical frequency division through a

11



down-conversion technique [48]. The monolithic ring cavity OPO is 
illustrated in figure I. 5 [49].

V 12.5 mm \  2.2 mm

0-1200 V

5% MgO:LiNbO; 
T ~ 1 0 8 “C

Figure I. 5.
Monolithic cw OPO ring cavity resonator, with high passive stability 
(from reference [49]). The electric-field applied to the crystal permits 
fast electro-optic tuning of the refractive indices.

Following such stable and reliable cw OPO operation, their use was proposed 
as optical frequency dividers within frequency chains spanning the optical 
spectrum [20, 50 - 51]. Using the technique of offset-locking signal and idler 
frequencies with a known frequency difference, a highly stable potassium 
titanyl phosphate (KTP) cw OPO was demonstrated [52], illustrating the 
potential of using nonlinear materials that could provide type II phase- 
matching geometries with orthogonally polarized signal and idler fields. 
Electro-optic tuning and low temperature sensitivity allowed the signal and 
idler frequency difference to be determined precisely, compared to a known 
frequency standard, and held stable indefinitely. A schematic of this 
experimental configuration is illustrated in figure I. 6 [52].

Although this experiment involved the familiar use of a fixed- 
frequency pump source in the green spectral region, and OPO operation near 
frequency degeneracy, it illustrated a locking technique that would be required 
to operate cw OPOs with frequencies that could be referenced to standard

12



frequency sources. It forms the basis of current research involving cw OPOs, 
including the work described within this thesis.

rf
syn thes ize r

phase
detector

servo
am plifie r

E -fie ld
servo

pump

(531 nm)
(K T P l

TE coo ler

DRO

rf
amplif ier  mixer

Ï -

spectrum
analyzer

m icrowave
synthesizer

high speed 
photode tector

/

po larizer 

signa l, id ler

(1062 nm)

PZT servo
servo

am plifie r

super
cavity

“7

po la rizer

photodetector

Figure I. 6.
Schematic representation of tunable optical frequency division from a 
cw OPO, with the signal and idler frequency difference locked to a 
microwave frequency reference (from reference [52]).

Table 1.1 lists all experimental reports of cw OPOs, from May 1968 to July 1994. 
(For completeness, the experiments described within this thesis, and those 
performed by other groups over the course of this work, are included.)
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I. 4 Present requirements for down-conversion schemes.

As discussed earlier, recent advances in stable lasers, trapped ions, and atomic 
fountains offer the possibility of obtaining a precision of 1 part in 10^  ̂ or 
better in the next generation of high-resolution optical measurements. To 
achieve a similar result in accuracy relative to an optical frequency reference, 
it is necessary to develop the technology that can measure, compare, and 
synthesize optical frequencies with precision and accuracy. One of the 
desirable capabilities of such a measurement system is frequency division in 
the optical domain.

Optical frequency division using OPOs relies upon determ ining 
accurately the sum and difference frequencies of the signal and idler outputs. 
The sum frequency is set by the precision of the pump source, which can be 
referenced to, for example, an absorption line in the visible spectral region. 
The difference frequency can take several different forms. If the signal and 
idler frequencies are close to one another (near frequency degeneracy) then 
the difference frequency can be referenced to a microwave frequency source. 
If the signal and idler frequencies are in higher order integral ratios, then up- 
conversion techniques (e.g. second harmonic generation or sum frequency 
mixing) can be used to provide exact frequency ratios. This can be obtained by 
directly comparing one of the pump, signal, or idler frequencies to the new 
frequency, as generated from the up-conversion scheme, or by taking the 
difference of these two frequencies and referencing this to a microwave 
frequency source.

There are a num ber of immediate requirements that need to be 
addressed if cw OPOs are to fulfil this role. Pump sources for cw OPOs need to 
be identified throughout the ultra-violet, visible, and near infra-red spectral 
regions. In particular, tunable pump sources are required that can allow the 
signal and idler sum frequency to be selected from extensive frequency 
bandwidths. Phase-matching geometries in nonlinear materials need to be 
identified that can produce integral related pum p, signal, and idler 
frequencies. For this, new nonlinear materials must be found that can be 
implemented into cw phase-matching geometries. Finally, new cw OPO 
cavity geometries need to be developed that can allow for wide and 
continuous frequency tuning of the OPO outputs w ithout mode-hopping 
effects. Specifically, the constraint of resonating two discrete frequencies 
within the same optical cavity must be eliminated.
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I. 5 Outline of the work within the thesis.

The work described in this thesis aims to fulfil two separate requirements; an 
understanding of the operating conditions necessary to obtain amplitude 
stable and frequency tunable cw OPO outputs, and the experim ental 
construction of different types of cw OPOs. Therefore, the thesis is divided 
into two distinct parts.

The theory and modelling of the cw OPOs are included in chapters II 
and III. Chapter II examines the effects of resonating different optical fields on 
the pum p pow er required to reach threshold, and on the conversion 
efficiencies of the output fields, for both linear, standing-wave cavities and 
ring, travelling-wave cavities. The number of cavity resonances within the 
OPO gives rise to significantly different mode-selection properties, and these 
are examined for different cavity arrangements that can allow for multiple 
parameter control to obtain smooth frequency tuning. Chapter III examines 
currently available pum p sources and nonlinear materials that can be used 
for implementation within cw OPO schemes. In particular, suitable pum p 
sources are identified that can operate in different spectral regions, and phase- 
matching geometries in nonlinear crystals are outlined that can allow for the 
generation of integral-related signal and idler frequencies.

Four distinct experiments are discussed in chapters IV to VII. These 
involve the use of single-frequency cw pump sources operating in the ultra
violet, visible and near infra-red spectral regions. The pum p radiation is 
derived from both fixed-frequency and widely-tunable laser pum p sources. 
Type I and type II phase-matching geometries are analysed, w ith respect to 
coarse and fine frequency tuning, and amplitude-stable OPO operation. 
Finally, two different types of doubly-resonant optical resonators are 
constructed that allow for the transition from a single-cavity resonator to a 
three-mirror dual-cavity resonator that allowed for independent signal and 
idler cavity length control.

Throughout the text, several different frequency division schemes are 
d iscussed using the same nonlinear m aterials and phase-m atching 
geometries that were realized experimentally. While these schemes are not 
intended to be the most practical frequency chains, they serve to illustrate the 
technique of incorporating cw OPOs within the context of frequency 
metrology. The requirements for cw OPOs as optical frequency dividers form
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the basis of this text, and these should be staisfied when considering the most 
appropriate pump sources, nonlinear materials and detectors.

Chapter VIII provides conclusions to this thesis with regard to the two 
separate studies, as outlined above. Possible directions for future research 
involving the use of cw OPOs as optical frequency dividers are discussed in 
detail. This is related also to the progress that has been made by other groups 
within the field of cw OPOs during the course of this work.
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II. 1 Introduction.

This chapter reviews the specific criteria involved when considering the 
formation of continuous-wave (cw) optical parametric oscillators (OPOs). 
These criteria are analysed within different sections, each of which describes 
an important operating condition that must be addressed. The conclusions 
from each section should be satisfied w ithin the eventual experimental 
design of a cw OPO.

Before constructing a cw OPO, there are a num ber of critical 
assessments that must be performed to establish how the device will operate 
in practise. These requirem ents include the following key parameters: 
incident pum p pow er to reach threshold, optical resonator geom etry 
including material selection, resonance conditions of the cavity, mode- 
selection properties of the signal and idler frequencies, and effective coupling 
of the pump radiation into the cavity modes of the signal and idler fields.

In section II. 2, the coupled wave equations of parametric amplification 
are derived classically. The steady-state equations are presented for the three 
fields over the length of the gain medium. A nonlinear coupling parameter

25



is defined in term s of the effective nonlinear coefficient, the phase- 
synchronism factor, and the spatial overlap of the Gaussian modes over the 
length of the gain medium. The analysis is valid for the case of small 
parametric gain, and is restricted to the near field.

Historically, the most important parameter for a cw OPO has been the 
pum p power required to reach threshold, and this is studied in detail in 
section II. 3. When the pum p radiation is derived from a cw laser source, 
w ith significantly lower pum p powers available, compared to the more 
familiar pulsed pum p sources used for OPOs, then the design of the OPO 
cavity becomes critical. In particular, within any phase-matching geometry, 
the resonance conditions must be selected carefully to maximize the gain of 
the system to reach threshold. Different optical cavities are studied to show 
the effects on threshold when resonating different fields w ithin the OPO 
cavity. In addition, the nature of the interaction of the pum p field with the 
signal and idler fields must be examined. In this context, ring-cavities and 
standing-w ave cavities provide significantly different threshold values. 
When standing-wave cavities are analysed, it is important to consider the 
relative phasings of the forward and backward travelling waves within the 
resonator, to reduce the pump power threshold to a minimum.

Once above pum p power threshold within an OPO, the conversion 
efficiency of the pum p radiation to signal and idler powers can be 
considerable. Once again, these conversion efficiencies are dependent on the 
type of resonator employed (single-pass travelling-wave ring cavity, or 
double-pass standing-wave linear cavity), and the number of fields that are 
brought to resonance within the OPO cavity. These different configurations 
are reviewed in section II. 4.

The most important consideration in the operating characteristics of cw 
OPOs is the amplitude and frequency stability of the generated signal and idler 
output frequencies. These are analysed in section II. 5. The resonance 
properties of the OPO cavity (finesses and free spectral ranges) play the 
dom inant role in determining the fine frequency outputs of an OPO. In 
general, stable OPO operation becomes more difficult to obtain as the number 
of resonant fields within the cavity is increased. Cavities that are resonant for 
both the signal and idler frequencies place stringent requirements on the 
frequency stability of the pum p source, and the mechanical stability of the 
OPO resonator, to maintain stable OPO operation. The minimum stability
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conditions for the pump frequency and the OPO cavity length to obtain stable 
OPO outputs are examined for different resonator configurations. Further, 
methods of generating smooth frequency tuning are analysed. Comparisons 
are made between different cavity designs, and for pum p sources that are 
fixed in frequency or can be tuned smoothly.

Another factor determining the fine frequency properties of the signal 
and idler frequencies is the linewidth of the usable down-converted outputs. 
This is shown to be dependent on the frequency stability of the pum p source 
and the noise that is inherent in the generation of the signal and idler 
frequencies from phase-diffusion in the parametric process. In particular, the 
production of equal numbers of signal and idler photons in parametric down- 
conversion makes possible a num ber of fundamental studies of OPOs in 
quantum optics. The quadrature amplitudes of the signal and idler beams can 
be regarded as quantum copies of one another, with almost perfect correlation 
between the signal and idler photon flux. The significance of these properties 
is explained in section II. 6 , with regard to producing squeezed states of light 
from cw OPOs, for using cw OPOs within studies of high resolution 
spectroscopy, and for optical frequency division within optical metrology 
schemes (frequency chains).

Finally, in section II. 7, there is a brief study of the relevant parameters 
that must be considered to match the radiation from the pump source to the 
OPO modes, as defined by the OPO resonator. Useful equations are derived 
that enable effective m ode-m atching by transform ing the G aussian 
parameters of a laser source to provide the required focusing of the pum p 
radiation w ithin the nonlinear gain medium. In addition, formulae are 
presented to enable calculating the required mirror curvatures within the 
OPO resonator to provide the desired overlap of the pump, signal, and idler 
fields over the length of the gain medium.

II. 2 Parametric gain analysis.

When pum ped by intense optical radiation at a frequency Vp, a nonlinear 
optical material can provide gain at two lower frequencies called the signal 
frequency, Vg, and the idler frequency, V/. These three frequencies are related 
by the conservation of energy relation:
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= + . [n.i]

The param etric interaction is phase-dependent, and proper phasing is 
required for energy to flow from the pump field to the signal and idler fields. 
Phase-velocity matching ensures that the relative phase of the three waves 
does not change with propagation through the nonlinear material. Phase- 
matching is described by the wave-vector (or phase) mis-match, M , which for 
the case of collinear propagation, can be expressed by the scalar relationship

M =  - f c s - f c i = — ---------------------------- 1 , [n.2]
^  C

where k^, and k̂  are the wave-vector magnitudes of the pump, signal, and 
idler waves, respectively, with corresponding indices of refraction given by 
rip, rig, and n(, and c is the velocity of light. Useful parametric gain exists in 
the range of signal and idler frequencies for which |AA:|<;r//, where I is the 
length of the nonlinear material [1]. The parametric gain is maximum near 
Ak = 0, ensuring that the three waves propagate synchronously w ith  
constructive interference. Phase-matching is often achieved by controlling 
the birefringence of a nonlinear crystal through tem perature or angle of 
propagation.

An OPO requires feedback at either (or both) the signal and idler 
frequencies. If there is feedback at only one frequency, the device is called a 
singly resonant oscillator. Doubly-resonant oscillators have feedback 
simultaneously at the signal and idler frequencies. A further extension to 
these configurations is to resonate the pum p frequency within the OPO 
cavity. Both singly- and doubly-resonant oscillators can be formed with 
pum p enhanced fields. The doubly-resonant oscillator w ith a pum p 
enhanced field is often referred to as a triply-resonant oscillator where all 
three waves are brought to resonance. The number of waves brought to 
resonance w ith in  the OPO cavity affects drastically  the operating 
characteristics of the device. The important differences between the various 
resonant cavities include the pum p power threshold, the conversion 
efficiencies, and the pump frequency stability requirements.

Typically, feedback is provided by placing the nonlinear material in a 
cavity formed by external mirrors. This cavity can be formed within the 
resonator of the pum p source, or external to the pum p source. In this
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chapter, only external resonator designs are considered. Therefore, external 
cavities are analysed that involve a nonlinear material surrounded by 
mirrors to provide the desired feedback. However, highly reflecting coatings 
can be applied directly to the nonlinear material. This allows for the 
formation of monolithic OPO resonators, and reference to these devices is 
made frequently throughout the text.

Phase-matching is the major factor in determining the broad (coarse) 
tuning properties of an OPO, although cavity resonances have the major 
effect on details of frequency tuning. The conditions Vp-Vg + V/ and Ak = 0 
define the phase-matching curves. The spectral width of the parametric gain 
is also determined by phase-matching.

Similar to the steady-state analysis of a laser resonator, when the gain 
exceeds the loss in an OPO, the device reaches threshold and oscillates. At 
threshold, the output power increases dramatically, similar to the behaviour 
of a laser. The generated output is coherent and collinear w ith the pum p 
laser beam. Once above threshold, the param etric oscillator converts 
efficiently the pump radiation to continuously tunable signal and idler fields, 
w ith the gain clamped at its threshold value (similar to the steady-state 
operation of a laser oscillator). Since the gain is proportional to the pum p 
field, above threshold any additional pum p power must be diverted into 
power at the signal and idler fields.

The first distinction to make is between cw and pulsed operation. In 
general, these devices have many similarities, when considering the coarse 
frequency tuning properties of the OPO. However, the most significant 
difference is the much greater peak pum p powers that are available from 
pulsed laser sources. This allows greater flexibility in the design of the OPO 
resonator, with regard to cavity resonances, cavity stability, and focusing 
requirements.

There are many different forms of resonators that have been used to 
provide cw parametric oscillation. The cavities that are analysed in this 
chapter are displayed in figure II. 1. Figure II. 1 (a) illustrates parametric 
amplification over the length of the nonlinear crystal. Figure II. 1 (b) 
illustrates the ring-cavity oscillator. The ring cavity provides single-pass 
parametric interaction, and can offer improved OPO conversion efficiency. In 
addition, this design offers advantages of reduced feedback to the pum p 
source. Figure II. 1 (c) displays the single-cavity, standing-wave OPO where
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Figure IL 1.
(a) Schematic representation of optical parametric amplification. 
Optical parametric oscillators are formed by the addition of mirrors that 
form an optical resonator, (b) Ring-cavity oscillator with travelling- 
wave fields and a single-pass through the gain medium, (c) Single
cavity oscillator with standing-wave fields, (d) Dual-cavity oscillator 
with separate optical resonators for different resonant fields; BS: 
beam-splitter.
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the OPO fields are brought to resonance between two common cavity mirrors. 
Finally, figure II. 1 (d) displays the dual-cavity, standing-wave OPO resonator, 
which allows separate OPO resonant cavities to be formed with independent 
cavity length control.

II. 2 . (i) The nonlinear susceptibility.

When an electromagnetic wave, E, propagates through a dielectric material, 
it induces a polarization, P. For most electromagnetic waves, where the 
electric field is considerably smaller than the intra-atomic field, the response 
of the induced polarization will be linear in the electric field, and can be 
expressed as follows:

P = , [n.3]

where Sq is the permittivity of free space, and Xs is the (linear) electrical 
susceptibility. The electrical susceptibility is a frequency dependent, complex 
quantity, of which the real part is related to the refractive index {\Xs\~^^ 
and is responsible for reflection /  refraction, and the imaginary part is related 
to the absorption properties of the material, and is only significant close to an 
atomic resonance. Equation II. 3 represents the regime of linear optics.

W hen the electrom agnetic wave has an electric field strength  
comparable to the intra-atomic field, as provided by the high intensities 
associated with laser radiation, the response to the field can no longer be 
described by the linear relation of equation II. 3. Now, it is necessary to 
expand the induced polarization in powers of E. The relation between the 
electric field and the polarization can be expressed as the following power 
series expansion:

P = +...) , [n.4]

w here ' Xs ' X^f^' etc. are the first, second, third, etc., -order 
susceptibilities. (The scalar notation in the above equation is used only to 
sim plify the analysis; the susceptibilities are actually tensors.) From 
equation II. 4, the response of the polarization to the field is no longer linear.
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and is referred to simply as nonlinear. By splitting this relation into linear 
and nonlinear parts (P^^), the polarization can be described as follows:

P = e„;t;WE+P^^ . [H.5]

The nonlinear effects due to the quadratic term (a tensor of rank three) 
involve the mixing of frequencies in, for example, second harm onic 
generation, and sum and difference frequency mixing. For the even term to 
be p resen t, the m edium  m ust lack a centre of inversion  (non- 
centrosymmetric). The cubic term gives rise to third harmonic generation, 
Raman scattering, four wave mixing, and others. The following analysis is 
restricted to materials which possess a substantial second order nonlinear 
susceptibility. Terms of higher order, which will be considerably weaker, are 
neglected.

Following the analysis outlined in reference [2], as extended in 
reference [3], with the inclusion of the factor such that the units of are
in m /V , the second-order nonlinear polarization can be expressed in tensor
notation as follows:

P^^ ( Vp ) = : E( V, ) E( V; ) , [E. 6 (a)]

P^^(vs) = eo;i:?':E*(vi)E(vp) , [n .6 (b)]

P^^{vi) = eozi^^:E’(Vs)E(vp) . [n .6 (c)]

Normally, the measure of nonlinearity is determined by second harmonic 
generation experiments. Therefore, it is convenient to express the equations 
in terms of nonlinear coefficients, d p , instead of such that = 2d p , 
where X(^  are the components of As these d p  coefficients obey the
same crystal symmetry as the piezo-electric coefficients (although different in 
magnitude), it is also convenient to use the condensed notation [4] that is 
applied to the piezo-electric coefficients. In this case, the second order 
nonlinear susceptibilities are specified in the principal axis system (XYZ)  of 
the piezo-electric coefficients. The Z-axis is generally adopted as the polar 
axis. This condensed notation takes the form
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dijk=^il{j,k) / [H. 7]

where

/(1,1) = 1, /(2 ,2) = 2, /(3 ,3 )-3 , /(2,3) = 4, /(1,3) = 5, and /(1,2) = 6 .

and where the subscripts z, and k are labelled 1, 2, and 3, respectively. They 
refer to the axes X, Y, and Z, respectively. The nonlinear polarization 
equations in terms of the d tensor for the three frequency interactions are 
given now by [1]

p(vp) =  e„2d:E(vs)E(vi) , [n .8 (a )]

P(Vs) = e„2rf:E*(vi)E(vp) , [n .8 (b)]

P(v;) = fio2d:E*(Vs)E(vp) , [n .8 (c)]

where the notation implies a vector sum over the axial components. The 
analysis is simplified further by calculating an effective nonlinear coefficient, 
d ^ , which is the net response of the nonlinearity, taking into account the 
relation between the E field polarization vectors and the symmetry of the d 
tensor. The term, d ^ , is a measure of the coupling between the three 
interacting fields, involving projection of all three fields on to the d tensor. 
The use of d ^  allows for scalar notation.

II. 2. (ii) The coupled amplitude equations for plane waves.

The nonlinear polarization allows for the transfer of energy between waves of 
different frequency. By inserting the nonlinear polarization (equation 11. 5) in 
the Maxwell wave equation allows for the wave equation in a nonlinear 
medium, as follows:

V ^ 'E  =  f i g ( T ~ + ^ o e + fio - ' V 9 , [H-9]
(?E
dt * 2  gp.

where jig is the permeability of free space, a  is the coefficient of absorption, 
and e = + The first term  on the right hand side allows for
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absorption, and the other two are the source terms for wave propagation. 
Equation II. 9 is a general solution to the problem of waves propagating in a 
material with quadratic nonlinearity.

The transfer of energy between waves is described by coupled 
amplitude equations, which give the dependence of the amplitudes of the 
interacting waves. Ay, on propagation through the nonlinear crystal [5 , 6 ]. 
These apply only to the case of infinite extent, plane waves. The quadratic 
nature  of the nonlinearity allows for interaction betw een any three 
frequencies which satisfy the conservation of energy relation.

The electric field is now assumed to be propagating along a direction, z. 
The plane wave assumption [1] allows the derivatives with respect to the 
orthogonal directions, x and y, to be set equal to zero. By applying the slowly 
varying envelope assum ption (the paraxial wave approximation) [2 ] (i.e. 
kdE/  d z »  <9^E/^z^), and sorting out the resulting terms into their frequency 
components, the equations of interest are as follows [2]:

+ pp Ep = iKp EgE; exp(-zMz) , [II. 10 (a)]

+ Ps E; = fXT; EpE^ exp(m z) , [H. 1 0 (b)]
oZ ^

^  + Pi E,- = iKi EpEj exp(iAfcz) , [E. 10 (c)]

w here  py=PoCJyc/ 2  are the  field  abso rp tion  coefficients, and
Kj = iTtVjdgj  ̂/  UjC are the coupling (interaction) coefficients.

The coupled differential equations, as given by equation II. 10, connect 
the three fields via the second order nonlinear susceptibility, and determine 
the growth of each wave as a function of the other two interacting fields. 
Within these equations, the initial relative phasing of the waves has been 
omitted. This relative phasing determines which nonlinear process ensues. 
The conversion of pum p radiation to signal and idler fields is maximum (for 
Ak = 0) when the initial relative phasing is equal to - ; r /2 .  If the relative 
phase term is +7u/2, then the direction of energy flow is reversed, with 
conversion from signal and idler fields to pump radiation.
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Exact solutions to these equations exist [2]. However, a commonly used 
approxim ation, which allows solution of the am plitude equations, is to 
assume that the pump beam is not substantially depleted by conversion to the 
signal and idler waves (Ep(z) = Ep(z) = constant, dE^jdz -0 ) . The undepleted 
pum p approxim ation reduces the three coupled equations to two 
sim ultaneous differential equations (signal and idler terms), allowing 
solution w ith  appropriate  boundary conditions, and is valid w here 
conversion to signal and idler is small. The resulting two am plitude 
equations have been solved for the general case of input waves at both the 
signal and idler, where the commonly used simplifying assumption of equal 
signal and idler absorption has not been made [7]. By using the substitution 
into a new field variable Ay, proportional to the photon flux, such that

then the coupled equations for signal and idler, which describe the case of a 
parametric amplifier with input at both signal and idler, can be written as two 
coupled linear sim ultaneous differential equations, describ ing the 
exponential growth of the signal and idler fields as they propagate through 
the nonlinear medium, as follows;

^^dz~ ~ (z)exp(-zAkz) , [II. 12 (a)]

= i^jl^As{z)exp{iAkz) , [11. 1 2 (b)]

where absorption has been neglected, and where

, p . 13,

[n. 14]

Further m anipulation of these equations allows a general form of solution 
for the single pass gain to be derived [7].
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IL 2 . (iii) Parametric amplification of focused Gaussian beams.

The three coupled fields are now assum ed to be linearly polarized 
fundamental Gaussian beams. The length of the interaction is assumed to be 
smaller than the confocal parameter, so that the expression of the fields, 
defined along a propagation direction, z, can be given by

[ w f \
exp z(2 ;rvyf -  kyz)], j - p ,  s, L [n. 15]

i T C V j
Ej{z,r,t) =  ^A;(z)exp

 ̂ fij ^

The radial dependence, r, of the field has a Gaussian shape that is 
characterized by the beam waist, W y .  In general, if a beam having a Gaussian 
cross-section is incident on a nonlinear crystal and parametrically amplified, 
the output beam will no longer be a simple Gaussian. This occurs as a result 
of Poynting vector walk-off. In general, in an anisotropic medium, the 
direction of the electric displacement vector and the electric field vector are 
not in the same direction. Therefore, the wave-vector direction and the 
direction of energy propagation, as defined by the Poynting vector, are also 
not in the same direction. When writing equation II. 15, it is assumed that 
there is no walk-off, which would appear as a translation of the centre of the 
Gaussian as the beam propagates. The effect of walk-off is to limit the 
interaction length by reducing the overlap of the three waves. In this case, a 
more general treatment is necessary. An analysis of this problem, allowing 
for arbitrarily tight focusing and Poynting vector walk-off, has been given in 
reference [3]. The analysis considered here is restricted to the important case 
of near-field focusing and 90°, or non-critical, phase-matching, in which 
Poynting vector walk-off is absent, and subsequently, there is no limit to the 
crystal length. An analysis of this case was first given in reference [3].

A near field analysis keeps track of the transverse dependence of the 
signal, idler and pump modes, but assumes that this transverse dependence 
does not change over the length of the nonlinear crystal. Therefore, it 
requires that the confocal parameter of the focus (of all three beams) be as 
long or longer than the length of the nonlinear crystal.

Inserting the radial dependence of the fields into the coupled 
equations, the gain for each field depends on the nonlinear polarization, P y ,  

as given by
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P p ( ' - , z )  =  Ai(z)A,(z)exp -r
iWpj

exp[-zAkz] , [II. 16 (a)]

P,(nz) = — ^ if" '^ ^ Ap(z)4'(z)exp
Uptli

- r

W h
exp[zAkz] , [n. 16 (b)]

P,(r,z) = ! f ^ ^ ^ ( z K ( z ) e x p
Ttpflg

~r exp[/Akz] [n. 16(c)]

The strength of the coupling is given by the effective nonlinear coefficient, 
obtained by projecting the nonlinear tensor on the polarization direction 

of the fields. The transverse dependence of the polarization depends on the 
parameters, Wj,  which are the beam waist radii ( 1 / e  electric field radius), and 
are defined as

w f  w f  '

[n. 17(a)]

[n. 17(b)]

[n. 17(c)]

For instance, the idler and the pump mix to yield a polarization at the signal 
frequency of the form

exp exp
Vff

exp [n. 18]
V

These polarization radii are always smaller than the radius of either of the 
Gaussian beams which mix to produce them. Overlap integrals m ust be 
calculated [9], to compute the coupling between the two normalized modes. 
This results in a set of coupled wave equations for the fields, as generated by 
the nonlinear driving polarization:
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d«p
dz

das
dz

d(%i
dz

-2m/(z)as(z)exp[-fAkz] ,

2 KŒp (z)a* (z) exp[/Akz] ,

2mp(z)ag(z)exp[zAkz] ,

where ay is defined by

«/(z) =
^ c S o v jn ^ J

hYjfij J J y

— z
ftVpHp ^

Ay (2), /=  S , I  ,  

Ap(z) .

and K is now given by

K  —  d g j j r M
ISTThVpVsVj

\l/2
/ where

M =

 ̂£0  ̂ y

WpWgW,.

[n. 19(a)] 

[n. 19(b)] 

[E. 19(C)]

[E, 20]

[E.21]

[E.22]

a is normalized to represent the numbers of incident photons per unit 
time in the mode y; i.e., to a photon flow. The parameter k now incorporates 
the familiar spatial coupling factors [8] which illustrate the failure of the 
driving polarizations to completely overlap the desired Gaussian modes.

To maximize the coupling factor, M, for fixed signal and idler waists, 
Wg and Wj, then the pumping beam size should be as follows [8]:

1 1 +wj wf '

in which case the coupling factor, M , will be

[n.23]
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M.max
2 'yws^+w?

[E. 24]

To maximize the parameter, M , the beam waists, Wg and Wj, should be 
chosen to be as small as possible. However, since the present analysis is 
restricted to the near field, the smallest allowed spot sizes are approximately 
those of the confocal condition; i.e.

ImgVs

cl
ImiVi

[n. 25 (a)]

[n. 25(b)]

From equation II. 23, if both the signal and idler are confocally focused, the 
pump should also be confocally focused [8].

Equations II. 19 can be integrated by developing the expression of the 
fields in powers of z. As mentioned previously, only the zeroth-order terms 
in the expression of the gain are considered. Integrating then yields the 
following expressions for the three fields:

«pW = «p(0) - 2/ a ; { 0K ( 0) ,

“ s (0  =  “ s(0 ) +  2% «p (0)«; (0) , 

«i(l)  = ai{0) + 2xap(0 )a l{0 )  ,

[E. 26 (a)] 

[E. 26(b)] 

[E. 26(c)]

where % is a function of the nonlinear gain coefficient of the medium, as 
given by

X = K'/sinc 'iAkf
_ 2 _

exp
. 2

[n.27]

Equations II. 26 describe the steady-state equations for the fields propagating 
through the nonlinear medium. Phase-matching enters into the nonlinear 
conversion process through the phase-synchronism factor, sinc(Ak//2), which
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is unity at Akl = 0. For Akl^O, the efficiency of the device will drop by the 
factor sinc^(A/c//2).

In the case of confocal focusing that is analysed in this chapter, it is 
useful to rewrite the expression for the coupling parameter as follows:

Izl' eff
1-5^) sinc^P\ / 2

2£„c^n^
{hVp) , [n.28]

where 5 is a measure of how far removed from frequency-degeneracy the 
signal and idler frequencies are phase-matched. It is referred to as the 
degeneracy factor, such that

2 Vg -  Vp ^ V p - 2 Vi [11.29]

When the signal and idler frequencies are exactly equal, as in the case of exact 
frequency degeneracy, then the degeneracy factor, d = 0 .

Finally, before starting the analysis of the pump power thresholds, it is 
useful to express the relation between the photon flows, aj  , and the powers, 
Pj,  as follows:

[n. 30]

This expression is used to determine the powers of the three fields entering 
and leaving the OPO, and in particular the pump power required to reach 
threshold.

II. 3 Pump power thresholds.

Before radiation can be transferred effectively from the pum p field to the 
signal and idler fields, it is necessary to build up resonant fields within an 
optical cavity, containing the nonlinear gain medium. This is achieved only 
when the oscillation thresholds are overcome (i.e. when the round-trip gain 
exceeds the loss), and steady-state oscillation is provided. In this section, the 
pum p power required to reach threshold is calculated for different cavity
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configurations. The study can be divided broadly into two different sections, 
depending on whether the interaction of the pump field with the nonlinear 
gain m edium takes on the form of travelling waves or standing waves. The 
ring cavity resonator is used to model the effects of the travelling waves, and 
the linear cavity resonator models the standing-wave configuration.

For each cavity design, an analysis is given for the general case of the 
triply-resonant oscillator (or pump-enhanced doubly-resonant oscillator), in 
which all three waves are strongly resonant within the optical cavity. The 
pum p power thresholds are described conveniently in terms of the cavity 
finesses and the free spectral ranges of the resonant waves. O ther 
combinations of resonant, non-resonant, and double-pass pum p fields are 
then sum m arized, and further, compared to the initial triply-resonant 
oscillator analysis.

II. 3. (i) Ring cavity resonators.

The first geometry described involves the nonlinear crystal located in a ring 
cavity that is formed by three external mirrors. The ring cavity is the simplest 
configuration to study since all the fields propagate in one direction and 
experience the nonlinear interaction only once in each round-trip. (The 
other geometry analysed involves standing-wave fields, brought to resonance 
within a linear cavity design.)

The most general case of the ring cavity oscillator is when all three 
waves are strongly resonant within the cavity. This is the case of the triply- 
resonant oscillator, or the pump-enhanced doubly-resonant oscillator. In this 
arrangem ent, an incoming pum p wave is resonated in a low loss, high 
finesse OPO cavity for the pum p frequency. In addition, the two OPO fields 
(signal and idler) resonate in this same cavity with low losses and high 
finesses. The optim um  operating condition of this OPO configuration is 
shown to be when the conditions of exact cavity resonance for the pum p, 
signal and idler frequencies are fulfilled. A detuning of any one of these three 
fields from exact cavity resonance causes an increase in the param etric 
threshold, and a decrease in the conversion efficiencies of input pump power 
to external signal and idler output powers.

When the constraint of resonating the pump field is eliminated, and 
only an input, single-pass, pump field contributes to the parametric gain, then
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the doubly-resonant oscillator is formed. This geometry is shown to exhibit 
an increased pum p pow er threshold compared to the triply-resonant 
oscillator. However, this geometry displays more freedom over the triply- 
resonant oscillator in having to satisfy only two conditions of cavity 
resonance.

Finally, by allowing only one of the generated OPO frequencies to 
resonate, m any of the difficulties associated w ith the doubly-resonant 
oscillator, with and without pum p field enhancement, can be eliminated. 
Two different configurations are analysed. These provide for both single-pass 
and resonant pump fields within the ring-cavity resonator. These designs are 
compared to both triply-resonant and doubly-resonant oscillators with respect 
to the aforementioned resonance properties, and further, to the pump powers 
required to reach threshold.

II. 3. (i) (a) Doubly-resonant oscillator with resonant pump field.

The most common type of resonator used to operate cw OPOs is the doubly- 
resonant OPO. With the exception of only one experiment [10,11], all reports 
of cw OPOs have used this geometry [12]. Many of these devices have 
involved the use of resonant pump fields to enhance the input pum p field 
w ithin the cavity [13]. The ring-cavity, doubly-resonant oscillator w ith a 
pum p-enhanced, resonant field, is illustrated schematically in figure II. 2. 
The OPO cavity is formed by three external mirrors that provide the high 
finesse cavities for the resonant fields of the OPO.

The length of the nonlinear crystal is denoted by /, and the total length 
of the cavity in the absence of the crystal is denoted by 1^^ .̂ Therefore, the
empty length of the cavity can be defined as

h — ^cav ~~ ̂  ‘ [H" ^1]

For simplicity, it is assum ed that two of the m irrors, M2 and M3 in
figure II. 2, are perfectly reflecting (R = 1), and that the other one, called the
coupling m irror, M%, has field am plitude reflection and transm ission 
coefficients equal to r^, r^, r(, and tp, tg, respectively. (This 
approximation is used only to simplify the algebra. It is shown shortly that 
this analysis is valid for the case of separate coupling mirrors.)
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Figure II. 2.
Ring cavity resonator consisting of a crystal of length, /, with a pump- 
enhanced interaction through the nonlinear medium and doubly- 
resonant signal and idler frequencies. The incoming pump field, 
produces one output signal field, and one idler field, A
part of the pump field, , is reflected from the cavity.

When the transmission coefficients of the coupling mirror, j j ,  are small (as 
in the case of high-finesse, low-loss, optical resonators), the am plitude 
reflection and transmission coefficients can now be written as

= 1 - 7 / [n.32]

[ÏÏ.33]

with Yj « 1 -  When the mirrors are free of absorption and scattering, ry and 
tj are related by the following expression:

|2
’■/I + ‘i =  1 . [ÏÏ.34]

Equation II. 34 can be written in terms of the power coefficients of reflection 
and transmission, Rj and Ty, as follows:
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2
Rj = rj

2 [n.35]

The complex am plitudes of the three interacting fields at an arbitrary 
position, z, inside the optical cavity are denoted by ap{z), (%g(z), and «/(z), for 
the pum p, signal and idler frequencies, respectively. As discussed in 
section II. 2, they are normalized in such a way that , \oc f̂f and \a if  are in 
units of photon flow. (Within parametric down-conversion, the signal and 
idler photons are created in equal photon numbers. Therefore, it is intuitive 
to express the field relations in terms of their photon flows.) They are 
expressed in term s of the electric-field envelopes, A j ,  by the use of 
equation II. 20, defined in the previous section. The waves entering into the 
cavity are denoted by a'p, and a'^, and the waves leaving the cavity are 
given by and

To determine the equations for the field amplitudes, it is necessary to 
take into account the gain and losses experienced by the various fields when 
they propagate inside the cavity. In the steady-state regime, the parametric 
gain on one round-trip must match the losses. Consider first the coupling of 
the fields at the coupling mirror, as illustrated by figure II. 3

M

a
j

a
j

, ou t
i

Figure II. 3.
The coupling of the fields entering and leaving the resonator at the 
partially reflecting cavity mirror.

The intra-cavity fields, a j  and a'j in figure II. 3, are related to the fields 
entering, aJ", and leaving, the cavity by the following relations:
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a'j = Tjaj + t j a f

where vj and tj are the coefficients of reflection and transmission for the 
electric fields.

In a round-trip of the ring-cavity, each field experiences a linear phase 
shift, <pj, as given by

i K V j  ,  \
(Pj = — + . [n. 36]

In this section, the effects of the phase shifts resulting from the reflection on 
the cavity mirrors are not taken into account. Their effect is important only 
in the case of a linear standing-wave cavity with forward and backward 
travelling waves, and is studied in section II. 3 (ii).

Equating gain and losses in one round-trip, the equations governing 
the three fields in the steady-state regime are

«P l-''pexp(((pp) =-2z*asairpexp(i(pp'^ + tpap , [n.37(a)]

as[l-rsexp(i(pg)] = 2xccpa{rsexp{i(ps) , [D.37(b)]

«,[1  -  n exp((%)] = exp(;%) , [H. 37 (c)]

where denotes the input pum p field. No input signal and idler modes 
are considered in this analysis, although their effect on the performance of 
doubly-resonant oscillators has been considered [14]. Note that the signal and 
idler fields are symmetric under interchange of indices.

The phase detunings, Ôçj, of the fields from the exact cavity resonances 
are defined such that

(pj = IpjTü + ô(pj , [n. 38]

where pj is an integer. It is assumed that these detunings are small, and such 
that
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|5<P;| «  2 k [D.39]

It is useful for future calculations to express the phase detunings, ÔÇj, in 
terms of the cavity frequency detunings, Avy, and the free spectral ranges of 
the optical cavity, FSRj .  Allowing for dispersion in the nonlinear medium, 
the free spectral ranges, FSRj, within the ring-cavity, are defined by

FSRi
nâ + L

1 +
nd + L

V.

[n.40]

When the effects of dispersion are neglected, this expression reduces to the 
more familiar relation for the free spectral range in terms of the optical length 
of the cavity. Therefore, the free spectral ranges, FSRj ,  in the absence of 
dispersion, are defined by

p .  41]

As discussed previously, doubly-resonant oscillation of the signal and idler 
frequencies requires the sim ultaneous resonance of these two fields. 
However, as shown in equation II. 40, the effects of birefringence within the 
nonlinear m edium  causes different free spectral ranges, or axial-mode 
spacings, for the two waves. Therefore, the sim ultaneous resonance 
condition occurs only at discrete intervals in frequency (or cavity length), 
when the two axial modes are in coincidence.

A useful device for understanding the requirement for simultaneous 
cavity resonances is a type of diagram used first in reference [16], and more 
recently in reference [17] The cavity resonances of the signal and idler 
frequencies are plotted as a function of the respective frequencies, as shown 
schematically in figure II. 4. The difference between the signal and idler axial 
mode spacings, or free spectral ranges, FSR^ and FSRj,  respectively, is 
exaggerated in this figure for the purpose of illustration. One frequency, here 
the signal, increases from left to right. The other frequency scale, the idler, is
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determined by the first scale and the conservation of energy condition in such 
a way that any vertical line drawn through the diagram will give signal and 
idler frequencies that satisfy the conservation of energy relation. If a signal 
and idler resonance pair lies on a vertical line, it satisfies the simultaneous 
resonance condition. If the birefringence of the nonlinear medium changes, 
the position of the resonances will advance along the scales, one to the left 
and one to the right, at slightly different rates because of dispersion, but the 
scales will not change. If the pump frequency changes, the frequencies of the 
cavity resonances will not change, but one of the scales will be displaced with 
respect to the other, and the respective resonances will move with that scale.

Av FSR

u u
FSR.

Figure II. 4.
Diagram that shows the relationship between the doubly-resonant 
oscillator signal and idler resonance frequencies and the conservation 
of energy condition. A signal-idler mode-pair that has both resonances 
centred on a vertical line is in coincidence, satisfying conservation of 
energy. Dispersion is exaggerated in this schematic representation.
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Simultaneous resonance of signal and idler mode-pairs occurs as a tuning 
parameter is adjusted continuously. However, in general, the coincidence is 
not perfect, and oscillation of a particular mode-pair depends on the degree of 
frequency matching and phase-matching. Typically, there is a mis-match in 
the frequencies of the signal and idler waves from exact cavity resonances. 
The frequency mis-match, Av, of a signal and idler mode-pair is defined as 
the shift in frequency that is required of either the signal or the idler in order 
to bring the two resonances into coincidence to satisfy equation II. 1. This 
frequency mis-match plays a significant role in the mode-selection and tuning 
properties of the output frequencies, and is discussed in detail in section II. 5. 
The frequency mis-match of the signal and idler frequencies from perfect 
resonance is expressed as the sum of two frequency components as follows:

Av = AVg + AVj . [n. 42]

Here, AVg is the frequency shift from the peak of the signal resonance (exact 
cavity resonance) to the signal frequency that is most favourable for 
oscillation of that mode-pair (as defined by a vertical line in figure II. 4). 
Correspondingly, AVj is the frequency shift from the peak of the idler 
resonance to the idler frequency that is most favourable for oscillation. The 
signal component is measured on the signal frequency scale, and the idler 
component is measured on the idler frequency scale. The direction of these 
scales are opposite. One increases from left to right, and the other is reversed, 
increasing from right to left. Therefore, AVg and Av/ appear in opposite 
directions even though they have the same sign.

The phase-detunings (ring/linear cavities) can be expressed as follows:

27üAVj
FSSf ■

In addition to the losses resulting from the transmission of the coupling 
mirror, spurious losses may occur because of absorption in the nonlinear 
crystal, or scattering on the optical interfaces. The spurious energy loss 
coefficient for each field is denoted by 2/ty, assumed small. Equations II. 37, 
when only the terms of the lowest order in yy, jUy, ôçj, and % are retained, 
become
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«p{r'p-iS(Pj,) = -2x*asai + .^2r^a^ , [H. 44 (a)]

«sir's-iS<Ps) = 2xapai , [D. 44(b)]

« i{ fi- iSV t)  = 2x«pal , [n .44(c)]

where

r'i = 7 i+ li j . [n.45]

The param eter, y'j, is simply the sum of the total electric field losses, as 
experienced on a round-trip. It is convenient to express the phase-shifts and 
the losses on a round-trip as the relative detunings. Ay. These are defined by:

Ô Ç j
[3.46]

Tj

The steady-state equations of the triply-resonant oscillator now become

apr'p{l-iAp) = -2x*asa i+ -s}^ap  , [3.47(a)]

asrs{^-i^s) = 2xapai , [3.47(b)]

air 'i( l- i^ i)  = 2xap«s ■ [3.47(c)]

Therefore, the parametric gain, experienced over the length of the nonlinear 
medium, must compensate both for a decrease in amplitude and for a phase 
change that is due to propagation in the cavity.

Equations II. 47 (b) and II. 47 (c) can be used to determine the oscillation 
conditions of the triply-resonant oscillator. This is achieved by multiplying
equation II. 47 (b) by the complex conjugate of equation II. 47 (c), and this
yields the following expression for the pum p field intensity in terms of the 
signal and idler losses and detunings:

= . [3.48]
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This equation can be split up into its real and imaginary terms. Each term 
relates to important operating characteristics of the oscillator. The imaginary 
part of equation II. 48 provides the following expression:

A( = A [n.49]

Equation II. 49 illustrates that the ratio between the detunings and the total 
losses must be identical for the two fields, and a (. If this condition is not 
fulfilled, then oscillation cannot occur. To understand this, consider the 
outgoing fields of the oscillator: i.e., the number of photons emerging from 
the cavity modes, j  = s, i, per unit time. The outgoing fields of the oscillator 
are given by

\aout = 2 y;. [ÏÏ.50]

Equation II. 50 represents the useful output coupling of the intra-cavity 
electric field intensity. By m ultiplying equation II. 47 (b) by a ] , and 
equation II. 47 (c) by aJ , the outgoing signal and idler fields can be related by

\aout [3.51]

This expression shows that, when equation II. 49 is verified, and when the 
system operates in the steady-state condition, the total number of photons 
emerging from the cavity (including spurious losses) is the same for the two 
fields. This condition must be strictly fulfilled since the photons are produced 
at the same rate in the crystal for each of the signal and idler fields.

Consider the num ber of photons that are transm itted through the 
coupling mirror. Their flows are given by

I j - a out = 2y. [n.52]

The ratio between the two flows is given by

h  rsl«sP . Tsfi 
A- Y i h f ’ T'/s

[3.53]
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In general, this ratio is not unity. This implies that spurious losses introduce 
an imbalance between the beams emerging from the cavity at frequencies Vg 
and Vj. When the predom inant source of loss is from the useful output 
coupling, and therefore yj ~ 7y, then the ratio between the two flows 
approaches unity, i.e. 1^/ I j~ l .

The previous analysis resulted from isolating the imaginary part of 
equation II. 48. Consider now the real part of equation II. 48, as given by

ICC-r
_  7s7i(1 + a2 )

4|%|'
[3.54]

This relation shows that the pump field inside the cavity is constant above 
threshold (neglecting a second-order term in % in the lim it of the 
approximation). To calculate the threshold pump field required, the signal 
and idler fields, ofg and aj, are set to zero in equation II. 47 (a). This provides 
the following expression that relates the incoming pum p intensity at 
threshold to the intra-cavity pump field:

a. 1 + A1,) = 27f a in [n.55]

Therefore, the incoming pump intensity necessary to reach threshold is

a in

8 |%l
(l + A^)(l + A^) . [3.56]

The minimum value is obtained for zero detunings. This corresponds to the 
situation in which all three waves are on exact cavity resonances within the 
oscillator. Exact pum p resonance provides the maximum intra-cavity pum p 
field, and exact and simultaneous signal and idler resonances provide perfect 
overlap of these two fields.

The above relations can be written in a more convenient manner, by 
expressing them in terms of the cavity finesses, Fy, and the free spectral 
ranges, FSRj.  (In practise, it is often easier to measure the ratio of the 
resonance width to axial-mode spacing than it is to measure losses directly.)
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For small losses, the amplitude loss coefficients, y'-, can be related to the 
cavity finesses, Fy,by

n

y]
[n.57]

The relative detunings of the waves from perfect resonance can now be 
expressed as

Ai =
2AvjFj

> FSRj
[3.58]

Therefore, the expression for the intra-cavity pum p field, as given by 
equation II. 54, can be rewritten as

K
1+ 2AVgFgF/

FsFSRi+FSRiFs y
[ÏÏ.59]

The input pump intensity at threshold can be expressed as

ZAvFgF^2 f
1 +

p th ix f - F s F i V FJSRi + FjFSRs

\2"
1 +

f2AVpFp^
2"

y 2YpFp FSRp J
[n. 60]

The maximum enhancement of the pum p field inside the cavity occurs for 
zero detuning of the pump field from exact pump resonance, Av^ = 0 , and can 
be written in the limit of low losses as [18]

2 -  '^yy^p
y - tm x  ~  ^2 [n. 61]

Substituting equation II. 61 in equation II. 60 provides a useful expression for 
the incident pum p intensity to reach threshold, in terms of the three 
frequency detunings and the pump field enhancement on resonance:
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2 ^2 fK
1 +

p th i \x f F s F i V

2AvFgF,.
FjFSRs + FsFSRI y -p~max

1 +
FSRV . [n. 62]

Again, the minimum pum p threshold is obtained by setting the detunings to 
zero. Therefore, in terms of the signal and idler finesses and the pum p field 
enhancement on resonance, the minimum pump power threshold reduces to

a in K
th-m in  i \x fF s F iE p _

[3.63]
p-m ax

To obtain an expression for the incident pump power required to reach 
threshold, the focusing and coupling of the pump field to the cavity modes 
m ust be considered. However, it is important to realise that the derivation 
above is adequate to model the effects of detunings on the threshold, and will 
be used to examine these effects in section II. 5, with respect to mode-selection 
and fine frequency control.

II. 3. (i) (b) Doubly-resonant oscillator with single-pass pump.

In the previous section, the oscillating conditions were derived for the case of 
the doubly-resonant oscillator with a resonant pump field. The effects of the 
pum p resonance were shown to contribute to an additional detuning 
constraint on the threshold. The effects of pump resonance can be eliminated 
by allowing for single-pass, non-resonant pum p field interaction in the 
nonlinear gain medium. This is the case of the doubly-resonant oscillator 
with a single-pass, non-resonant pump field.

In this configuration, the pump field incident on the OPO cavity is set 
equal to the pump field incident on the nonlinear crystal. The OPO cavity is 
formed again by three external mirrors that provide high finesse cavities for 
the signal and idler frequencies. The mirrors that constitute the cavity are 
assumed to be perfectly reflecting for the three waves, except for the coupling 
mirror, which has amplitude transmission and reflection coefficients equal to 
rg and rj, and tg and tj, for the signal and idler fields, respectively. However, 
the coupling mirror, in figure II. 2, is assumed to be perfectly transmitting 
for the pump field; i.e.
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Tp — 0

tp = 1
[n. 64]

This allows for single-pass, non-resonant pump field interaction w ith the 
optical cavity.

The threshold analysis of the doubly-resonant oscillator with a single
pass pum p field follows closely the analysis of the triply-resonant oscillator, 
but with the above correction for the coupling mirror. Therefore, using the 
same approximations for low-loss cavities for the resonant signal and idler 
fields, and small phase-detunings of the resonant fields from exact cavity 
resonances, the threshold equation can be expressed as follows:

2 f
1 +

V th ~ V

lAvFgFj [n. 65]

The minimum value of equation II. 65 is obtained for zero detuning of the 
signal and idler fields from perfect coincidence. As expected, this value is 
equal to the minimum intra-cavity pum p intensity for the triply-resonant 
oscillator. When the resonances of the signal and idler frequencies overlap 
perfectly, as in the case of zero detuning (Av = 0), the m inim um  pum p 
threshold can be expressed as follows:

octn 2

th~min

K [n. 66]

The minimum threshold intensity for the single-pass pump, doubly-resonant 
oscillator can be equated to the equivalent value for the pum p resonant, 
doubly-resonant oscillator, by the pump enhancement factor, Fp-max‘

a tn , (DKO) = Ep.
th~intn

■max X a in (TRO)
th -m in

[n.67]

Therefore, as expected, the threshold conditions for the single-pass doubly- 
resonant oscillator are identical to the pum p-enhanced doubly-resonant 
oscillator, when the pum p field enhancement is taken into consideration. 
When the conditions for perfect resonance are satisfied, the threshold of the 
triply-resonant oscillator is reduced by a factor equal to the cavity
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enhancem ent of the pum p field, compared to the equivalent single-pass 
pum p device.

II. 3. (i) (c) Singly-resonant oscillator with resonant pump field.

In this configuration, only one of the generated OPO fields is brought to 
resonance, in addition to the resonance of the pump field. In this analysis, it 
is assumed that the idler frequency is brought to resonance and that the signal 
frequency is completely non-resonant. The mirrors that constitute the cavity 
are assumed to be perfectly reflecting except for the coupling mirror, in 
figure II. 2 , which has am plitude reflection and transmission coefficients 
equal to and tj, and tp and tj, for the pump and the idler frequencies, 
respectively. The coupling mirror is assumed to be perfectly transmitting for 
the signal frequency; i.e.

Tc = 0
[11-68]tg — 1

The threshold analysis of the singly-resonant oscillator with a field-enhanced 
pum p interaction follows closely the analysis of the triply-resonant oscillator, 
but with the above correction for the coupling mirror. The Gaussian beam 
analysis of the doubly-resonant oscillator is maintained such that the signal, 
idler and pump waves can be described by well defined spatial variations, as 
defined by the modes of the resonator. It should be noted that this is not 
necessarily correct for singly resonant oscillators, where the non-resonant 
wave can propagate freely w ith the radial variation of the driv ing 
polarization. The assumption of equal confocal parameters in the following 
analysis is made primarily to enable a direct comparison with the doubly- 
resonant oscillators. For an exact derivation of the threshold, the analysis of 
reference [19] should be consulted.

Therefore, using the same approximations for low-loss cavities for the 
resonant pum p and idler fields, and small phase-detunings of the resonant 
fields from exact cavity resonances, the threshold can be written as follows:

! « / = - %  • [3.69]
4M
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This relation shows that the internal pump field above threshold is constant, 
and does not depend on the exact resonant cavity frequency. This is a 
consequence of singly-resonant operation. The following expression relates 
the incoming pump intensity to the intra-cavity pump field:

a. (i + A^) = 27^ a in [n.70]

Therefore, the incoming pum p intensity to reach threshold is given by

,2

a in
th

{r'p) r'i 
% P rp

[n. 71]

The minimum value is obtained for zero detuning of the pum p frequency 
from exact cavity resonance. Only the pum p detuning plays a role in the 
threshold of the pump-enhanced singly-resonant oscillator. This is related to 
the amount of pum p radiation that is coupled effectively into the resonator, 
and the degree of pump enhancement within the cavity.

When written in terms of the cavity finesses and the free spectral 
ranges, equation II. 69 reduces to

a. K

4 x fF i
[n.72]

The input pump intensity can be expressed as

a in K
X

n
th 4|%| FI '̂ .'YpFp

2A v„f„l
2'

1 + p p
FSR„\  V )

[n. 73]

For the minimum pum p threshold, the detuning of the pum p field is zero, 
and the above expression becomes

octn 2

th-m in

K
i ] x \ m

[3.74]
p-tnax
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It is interesting to compare the relative thresholds of the pump-enhanced 
doubly-resonant oscillator and the pump-enhanced singly-resonant oscillator. 
The ratio of these can be written as

 ̂ (D R O )= a 'y  (SRO) X f .^ 1  . [H. 75]
" th-m inth-m in

Therefore, the threshold of the doubly-resonant oscillator is shown to be 
significantly lower than the equivalent singly-resonant oscillator. For 
example, for a signal cavity with a finesse of Fg ~ 300, the threshold is reduced 
by two orders of magnitude when compared to the singly-resonant oscillator. 
However, the disadvantage of an increased pump power threshold for the 
singly-resonant oscillator is partially offset by the relaxed resonance 
requirements. Mode-selection from these different cavities is directly related 
to these resonance conditions, and is discussed in more detail in section II. 5.

II. 3. (i) (d) Singly-resonant oscillator with single-pass pump.

The final ring cavity configuration to be studied is for the case when only one 
of the generated OPO fields is brought to resonance within the cavity, and 
when the pum p field makes a single-pass through the gain medium. This is 
the singly-resonant oscillator with a single-pass pump field. The OPO cavity 
is formed by three external mirrors that provide a high finesse cavity for the 
resonant idler frequency only. It is assumed that the mirrors that constitute 
the cavity are perfectly reflecting except the coupling m irror, which has 
am plitude reflection and transmission coefficients for the idler frequency 
equal to rj and tj, respectively. To ensure single-pass pump interaction and a 
non-resonant signal frequency, the coupling mirror is assumed to be perfectly 
transmitting for the pump and signal frequencies; i.e.

r = r„ = 0

This allows for only one resonant field in the cavity. The singly-resonant 
oscillator with arbitrary feedback at the signal frequency has been analysed 
recently in reference [11].

57



The threshold analysis of the singly-resonant oscillator with a single
pass pum p field follows closely the analysis of the singly-resonant oscillator 
with an enhanced pump field, but with the above correction for the coupling 
mirror. Therefore, using the same approximations for low-loss cavities for 
the resonant idler field, and small phase-detunings of the resonant field from 
exact cavity resonance, the threshold is

= - r 4 — • [3.77]
th-min 4\x\ Fj

Therefore, the pum p intensity to reach threshold is independent of the 
relative dephasings of any of the three frequencies. The requirement on the 
pum p frequency detuning has been eliminated by removing the resonance 
condition for the pump frequency within the resonator. The idler frequency 
is simply set by the cavity resonance frequency, and the signal frequency takes 
on that frequency which satisfies the conservation of energy relation.

A comparison of the m inim um  pum p intensities for the singly- 
resonant oscillator, with and without a resonant pump field, confirm that the 
threshold of the pump enhanced system can be lowered by the factor Fp-fnax' 
when the pump field is exactly on resonance.

II, 3. (ii) Linear cavity resonators.

In section II. 3 (i), the simple case of the ring cavity resonator was studied. In 
this section, the linear cavity resonator is analysed. The linear cavity 
resonator has been extensively utilized for cw OPO experiments. In 
particular, all the experimental OPO configurations that are described in this 
thesis (chapters IV to VII), involve the use of linear, standing-wave cavity 
resonators.

The most important difference in standing-wave oscillators, compared 
to travelling-wave oscillators, is the existence of both forward and backward 
travelling waves over the length of the gain medium. Subsequently, the 
linear cavity resonator and the ring cavity resonator have different values for 
the pum p threshold intensity (and for the signal and idler conversion 
efficiencies) when the reflection phase shifts on the cavity mirrors for the 
different interacting waves are taken into consideration.
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II. 3. (ii) (a) Doubly-resonant oscillator w ith resonant pump field.

The first linear-cavity to be analysed is the standing-wave, doubly-resonant 
oscillator, with a strongly-resonant pum p field. This type of oscillator is 
illustrated schematically in figure II. 5. The OPO cavity is formed by one 
external mirror, M ', and one mirror coated directly on one end of the crystal, 
M. This represents a semi-monolithic cavity design that provides the high 
finesse cavities for the three resonant fields. The threshold and conversion 
efficiency analyses are identical to a linear, standing-wave cavity design with 
two discrete cavity mirrors, external to the crystal. The semi-monolithic 
device is analysed only to simplify the algebra.

a tn
P

a o u t <-

a ou t

a:o u t

>'4-

Crystal

M

 <---

M ' 

R = 1

Figure II. 5.
Sketch of a semi-monolithic linear-cavity doubly-resonant oscillator 
w ith a resonant pum p field. The crystal length is I, and the cavity 
length is l + L. Mirror M is coated directly on one end of the crystal.

The length of the nonlinear crystal is denoted by /, and the distance 
separating the crystal from the external mirror is denoted by L . The external 
mirror, M ', is assumed to be perfectly reflecting for the three resonant fields. 
The other mirror, M, has amplitude reflection and transmission coefficients 
equal to tp, Vg, r ,̂ and tp, tg, respectively.

The reflection phase-shifts on mirrors M and M' are denoted by Ôj 
and ôj, respectively. The main difference between the ring cavity OPO and 
the standing-wave, linear cavity OPO is that the three waves interact only 
once per round trip in the ring cavity and twice in the linear cavity case, with
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a specific phase shift accumulated during the propagation between the two 
parametric interactions.

The equations relating the three interacting waves in the cavity on 
m irror M ,  at lowest order in the parametric interaction parameter, %, are as 
follows [20]:

apl-Vpexip{i(pp) = e x p ( î ç ) p + rgTjexp(z0'- zAk/)] + , [II. 78 (a)]

as[l-  rg exp{i(pg)] = exp(z%)[rg + r^rfexp{-i6' + zAW)] , [E. 78 (b)]

aj[l -  Tj exp{i(pi)] = 2%«p«g exp(i(pi)^ri + r̂ Vg exp{-id' + zAk/)] , [H. 78 (c)]

where 0' is the accumulated cavity round-trip phase shift for the three waves, 
such that

6' = ô'g + ô<-ô^ . [n. 79]

In the simple case of small reflection losses, where tj = 1 -  yj - 1 ,  and quasi
resonant fields, where (pj =2pj7t+ ôcpj, w ith  ô(pj«27C, the steady-state 
equations become

c(p{ïp -  = + exp(z0' -  im )]  + ̂ ^2y^a}p , [IL 80 (a)]

«S(7s -  idcps ) = 2xapdi [l + exp(-z6' + iAkl)] , [II. 80 (b)]

ai[y'i -  iô(pi) = 2%«p(%g[l + exp(-z0' + iAkl)] . [II. 80 (c)]

Equations II. 80 coincide with equations II. 47, written in the same conditions 
for the ring cavity OPO, provided that the coupling coefficient, %, is replaced 
by the quantity

X' = %[l + exp(-z d' + iAkl)] , [H. 81]

or, as a function of the crystal effective nonlinear coefficient, zc,by
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X' -  zdsincl^-^ + exp(zM/ - id')] [n.82]

Therefore, the discussion for the ring cavity is valid in this new 
configuration, but w ith a slightly changed form of the phase-m atching 
function. This is because standing waves, and not travelling waves as in the 
ring case, must be matched for optimum coupling in the crystal. The phase- 
matching now depends on the m irror phase shifts, which determine the 
relative position of the nodes and antinodes of the three interacting standing 
waves and the value of their overlap. Following the same steps, as outlined 
for the ring oscillators in section II. 3 (i), the oscillation threshold can be 
expressed as follows [20]:

a m
th

f j

sin —  c o s ----------
2 ) I 2 2

[n. 83]

For cavity length values in which the pum p, signal and idler modes are 
exactly resonant, the threshold for OPO oscillation is given now by

a in 2
th 32k^ 1 \ Akl'] 2 fAfci e' [3.84]

A function, F[Akl,0'), is defined as the reduction factor for linear-cavity, triply 
resonant oscillators with three high finesse fields, as follows

F{Akl,d') /
sin^^^^jcos^ (Akl G'\ ‘

\  2 2 y

[n. 85]

Figure II. 6 shows how this quantity varies as a function of Akl /  2 when 6' is 
altered (assuming that 6' is positive). The individual parabolas describe an 
envelope for the threshold m inima, w ith the actual threshold curve 
consisting of very narrow dips tangent to this curve for specific values of the 
param eters given by the resonance conditions. A non-zero value of 6'

61



induces a shift of the curve minimum to non-zero positive values of Afc. 
W hen d' reaches the value of d' - n ,  the curve has two minima of equal 
value, centred at A k l-±  2.33, and then the absolute minimum jumps to 
negative values of M , and again reaches the ring cavity value of zero when 
Q '~2k . At low pum p intensities, the OPO will work only near these 
threshold minima, and therefore, a linear OPO will generate signal and idler 
frequencies that are different from those of a ring cavity OPO. Figure II. 6 

shows also that the minimum threshold is achieved when 0' = O (it is then 
equal to the ring cavity OPO threshold divided by four, as could be expected in 
a system in which the crystal is used twice per round trip), and increases only 
by a factor of 1.92 when 6' = k .

0 = 0  
o ' = ttIZ 
o ' = K
o' = 2>kH

F

1 -

K K
0 +Akl

Figure II. 6.
Variation of the threshold reduction factor as a function of the phase- 
matching coefficient, Akl / 2, for different values of the mirror phase- 
shift parameter. O',

Therefore, for the standing-wave doubly-resonant oscillator with a resonant 
pum p field, the minimum pump intensity required to reach threshold can be 
expressed as follows:
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a in K
th-min 16K^fF^FiE„_

[n.86]
gi t^p-max

II. 3. (ii) (b) Doubly-resonant oscillator with non-resonant pump field.

The next linear-cavity configuration to be analysed is the standing-wave, 
doubly-resonant oscillator, with a non-resonant pump field. The OPO cavity 
is formed again by one external mirror, M ', and one mirror directly coated on 
one end of the crystal, M. This cavity design provides for high finesse 
cavities for the signal and idler resonant fields, and suppresses the resonance 
for the pum p field. There are two different variations of this cavity design; 
the single pass pump and the double pass pump.

The first configuration studied is for the single-pass pum p field. The 
phase-shift upon reflection for the pump-reflecting mirror, M ', is defined as 
0 ', and such that

[ÏÏ. 87]

This system has been discussed in reference [21]. The threshold can be written 
as

a in
m
2

th 1 + 4-2 k cos(M/ -  0 ')
[n. 88]

For rp=0, this equation reduces, as expected, to the expression for a doubly- 
resonant oscillator with a single-pass pump field. Therefore, the threshold 
for this configuration is

a in [n. 89]

The threshold reaches a minim um  value for Akl -  0. The m inim um  
threshold for the single-pass pump doubly-resonant oscillator is now written 
as follows:
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a in -  ^ 
th-min 4:K̂ l^FgFi

[n.90]

As expected, this expression is the same as the doubly-resonant ring-cavity 
oscillator with a single-pass pump field.

For finite values of r^, the threshold depends upon both 0' and AkL 
Again, a function F{Akl, O'), is defined as the reduction factor for doubly- 
resonant oscillators with a finite pump reflectivity, as follows

(  m '

F{Akl, 0') =

V  2
1 + + 2 cos{Akl -  O')

p .  91]

This function is plotted in figure II. 7 for different values of the electric field 
pum p reflectivity, Vp. The threshold always depends on 0' and Akl. 
However, for values of hpl> 0.35, the double-pass doubly-resonant oscillator 
always has a lower threshold than the single-pass oscillator [21]. For the ideal 
case of \rp\=l and 0' = O, then F{Akl, 0') = 1 /  4, and the threshold is reduced 
by a factor of four, and can be expressed as follows:

a in K
th-min IOkĤ F^Fi

[It. 92]

For this specific example, the maximum gain in the forward direction is 
obtained when the phase of the pump wave leads the phase of the sum of the 
signal and idler waves by ;r /2 .  If this phase-relation is maintained upon 
reflection, the interaction length is 21, and the round-trip gain is four times 
the forward gain; the threshold intensity is a quarter of that for single-pass. 
For this case of Wp\=l, the threshold is considerably lower than the single
pass threshold, regardless of O'. In addition, the gain curve for 1 is about 
half as wide as for the single-pass case. Conversely, if the relative phase 
changes by 7t upon reflection, the round-trip gain is zero for Ak = 0. 
However, for other values of Ak, the round-trip gain is not zero, and the 
device operates at the particular value of Ak providing the lowest threshold: 
figure II. 7. As the pum p reflectivity approaches unity, maximum reductions 
in threshold are provided irrespective of the phase change on reflection, as 
implied by the depth of the minima of figure II. 7 (c).
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Figure II. 7.
Variation of the threshold reduction factor for different values of the 
external mirror pump reflectivity. Shadings as indicated in figure II. 6.
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II. 3. (ii) (c) Singly-resonant oscillators.

The final linear-cavity configuration to be analysed is the standing-wave, 
singly-resonant oscillator. Once again, the resonant wave is taken to be the 
idler frequency. The most simple geometry involves a resonant idler wave, 
with single-pass pum p and idler fields. Extensions to this involve double 
passing the pum p wave or both the pum p and the non-resonant signal 
frequency waves. Finally, the effects of pump resonance, with and without a 
double-pass non-resonant wave, are considered.

In the first case, the idler frequency is brought to resonance, with the 
pum p and the signal frequencies passing once through the gain medium. 
This is the linear cavity singly-resonant oscillator. The pum p power 
threshold for this geometry is identical to that of the ring-cavity resonator 
with a non-resonant pump field. Therefore, the pump field can be expressed 
as follows:

^ [n.93]
th-min 4 kV F i j

As expected, the threshold is independent of the phase-detuning of the 
resonant idler frequency. The threshold takes on its minimum value at line 
centre, where Akl = 0.

When the pump wave is reflected by the external cavity mirror, this 
forms the singly-resonant oscillator with a double-pass pump field. In this 
case, the non-resonant wave is assumed to remain single-pass. The threshold 
can be expressed as follows [21]:

K
2,2 .  /  . -  • [= 94]th~min Ak I Fi ( i  + L . 2( smc ----

V 2

The phases of the forward-going pump wave and the resonant idler wave at 
2 = 0 , and of the backward-going pump and resonant idler wave at z = / are 
un im portan t provided that both the cavity m irrors are com pletely 
transm itting for the non-resonant signal wave. Thus any changes upon 
reflection at z = / are not of consequence, and maximum gain for the resonant 
idler wave occurs for Ak = 0. (Note that this was not true for the double-pass.
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doubly-resonant oscillator.) For the ideal case of =1, the threshold is a 
factor of two lower than the single pass singly-resonant oscillator.

The singly-resonant oscillator with double-passed signal and pum p 
frequencies (or the round-trip singly-resonant oscillator) has been considered 
in reference [11]. Similar to the doubly-resonant oscillator examples, the 
threshold is dependent on the relative phase of the reflected waves. The 
reduction is identical to that obtained from double-passing the pum p field in 
the analysis of the doubly-resonant oscillator. Therefore, the pum p power 
threshold can be expressed as follows:

a in % I 2

Sin
,

1 +  ITy)
I  2  J 1 P + 2|r^|cos(M l- 0 )̂

[n.95]

For rp=0, this equation reduces to the expression for a singly-resonant 
oscillator with a single-pass pum p field. For the ideal case of = 1, the 
threshold is a factor of four lower than for the single-pass singly-resonant 
oscillator.

The effects of pum p resonance are now incorporated into the above 
analysis. The first case considered is for a singly-resonant idler frequency, a 
single-pass signal field, and a strongly resonant pum p field. This 
configuration can be considered to be identical to the double-pass pum p 
configuration, w ith the addition of a resonant pum p field. Therefore, 
assuming that the pump field is exactly on resonance, the minimum pump 
power threshold can be expressed as follows:

a:in fC
th-min SK l̂^Fj ^p-max

[n.96]

The final cavity configuration involves strongly-resonant idler and pum p 
fields, and a double-passed non-resonant signal field. The threshold for this 
can be expressed as follows:
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Similar to the doubly-resonant oscillator configurations with a double-pass 
pump field, the relative dephasings must be considered.

II. 3. (iii) Summary.

The threshold intensities for different cavity configurations have been 
analysed, in the limit of small parametric gain and high finesse cavities for 
the resonant fields.

First, the ring-cavity resonator was analysed, with travelling waves and 
a single-pass parametric interaction. The lowest threshold was obtained 
when all three waves were exactly on resonance within the cavity. However, 
removing any one of the three resonant fields off exact cavity resonance has 
the effect of increasing the threshold. This requirement is studied in more 
detail in section II. 5, with regard to the amplitude and frequency stability of 
the signal and idler outputs from this OPO. The highest threshold was 
obtained for the singly-resonant oscillator with a non-resonant, single-pass 
pum p interaction. However, the threshold for this configuration was, as 
expected, shown to be independent of the dephasing of all three frequencies. 
This will be shown to allow for greater ease in controlling the amplitude and 
frequency stability of the output from this OPO configuration, and is discussed 
also in section II. 5.

The linear-cavity resonators were analysed to study the effect of 
param etric gain in two directions through the nonlinear medium. The 
threshold intensities were identical to the ring-cavity when the pump passed 
through the crystal in one direction only. However, when double-passing 
was allowed for, significant reductions in the threshold were shown to be 
possible. The same conditions with respect to amplitude and frequency 
stability apply to the linear-cavity geometry, depending on the num ber of 
fields that are required to be brought to resonance simultaneously.

The results of this section are sum m arized in table II. 1. The 
m inim um  pum p power thresholds (in units of Watts) are evaluated
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assuming confocal focusing and optim um  dephasings where appropriate. 
The terms within the coupling factor are as defined in section II. 2.

Table II. 1.
Pump power thresholds for cw OPOs.

Configuration Ring - cavity Linear - cavity

Doubly-resonant

Resonant pump r r
Fg Fj 4 Fg Ff

Non-resonant 
single-pass pump

Non-resonant 
double-pass pump

Singly-resonant

Resonant pump, 
single-pass signal ^  p /q ^p-max

K ------------

Resonant pump, 
double-pass signal

r  ^  
4F-E^^i^p-max

Non-resonant 
single-pass pump

Non-resonant 
double-pass pump

Non-resonant 
double-pass p, $

2 4

\defff
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IL 4 Conversion efficiencies.

Optical parametric oscillators have been demonstrated to be highly efficient 
devices for converting fixed frequency pum p radiation to tunable signal and 
idler frequency outputs. In this section, there is an analysis of the conversion 
efficiencies from these devices. Again, the analysis is divided into two sub
sections, depending on the nature of the fields within the OPO resonator. In 
this respect, the cases of the doubly-resonant and singly-resonant oscillators 
provide significantly different values for the external conversion efficiencies.

II. 4 (i) Doubly-resonant oscillators.

This section analyses the external conversion efficiencies of the doubly- 
resonant oscillator, both with and without pump field enhancement. First, a 
dimensionless parameter, cr, is defined as follows:

<T =
a in

a in 2

th-m in

[n.98]

such that a  can be regarded as the pumping level, or how far above threshold 
the OPO operates. The external conversion efficiency can be expressed as the 
ratio of the sum of the signal and idler output intensities to the input pum p 
intensity. This is defined by the parameter, r]gxt> such that

^ext
_ 2(rs|«;s f  + r i k P

rxjf
2 [n.99]

The doubly-resonant, ring-cavity oscillator w ith a single-pass pum p 
interaction has been analysed in reference [22], and this analysis is equally 
valid with a pump-enhanced field. The external conversion efficiency can be 
expressed as follows [22]:

[n. 100]
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This value reaches a maximum value when cr = 4; i.e., when pum ping at 
four times above threshold. The maximum efficiency can now be expressed 
as follows:

next = • [n. 101]

W hen the only sources of loss are those of useful output coupling, the 
finesses can be expressed as Vj - k /  yj, and the conversion efficiency can 
attain a maximum theoretical value of T{qxï ~ 100 %, when pum ping at four 
times above threshold. (However, for cw OPOs, parasitic losses generally 
constitute the majority of the signal and idler round-trip losses, and in 
practise, the conversion efficiencies are reduced significantly from the 
theoretical maximum value.)

The conversion efficiencies in the linear-cavity, doubly-resonant 
oscillator w ith a single-pass pum p interaction were first treated in 
reference [23]. The external conversion efficiency can be expressed as 
follows [23]:

, [n. 102]next ^

which takes on a maximum value of r\Qxt ~ 50 %, when pum ping, again, at 
four times above threshold. The transmitted (forward) pump power limits at 
the threshold power which forms the basis for the optical limiter proposed in 
reference [23]. The linear cavity involves signal and idler waves travelling in 
the forward and backward directions. The reflected (backward) pum p 
intensity can be expressed as follows [23]

a™j^^(VCT-lf . [n. 103]

This reflected pum p power is not truly reflected, but is generated by sum 
generation of the back-travelling signal and idler waves. The back generated 
pum p acts to reduce the signal and idler powers, and can simultaneously feed 
power back into the pum ping laser which can induce pum p laser frequency 
and power instabilities.

2

V
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The case of a double-pass pum p, doubly-resonant, linear-cavity 
geometry has been analysed in reference [21]. This analysis is equally valid for 
the case of the pump-enhanced, doubly-resonant configuration. The external 
conversion efficiencies can be written as follows [21]:

Vext ~ (j
1 +

I
+ 1■̂ p

\
cos(AkZ -  0')

1 +
V

cos(AJcl -  6')
)

Fsïs + FjYi 
TV

j ( V â - i )  . [n. 104]

Therefore, the conversion efficiencies, similar to the threshold pum p powers, 
can be increased by double-passing the pump field. The conversion efficiency 
depends on the relative dephasing of the backward generated waves. When 
the relative dephasing of the backward travelling wave is at its optimum 
value, the conversion efficiency is identical to that of the ring-cavity 
oscillators.

II. 4 (ii) Singly-resonant oscillators.

For the singly-resonant oscillator, the external conversion efficiencies of the 
resonant and non-resonant waves are significantly different. It is assumed 
again that the idler frequency is resonant and that the signal frequency is 
completely non-resonant. Further, the case of singly-resonant operation at 
line centre is studied.

The following analysis is valid for all of the singly-resonant devices 
w ith no reflectivity at the cavity m irrors for the non-resonant signal 
frequency. The effect of a double-pass pump interaction is incorporated in the 
factor Tjj. By setting this factor to zero, the analysis reduces to that of the 
singly-resonant devices with a single-pass pump interaction (either in the 
form of a resonant or non-resonant ring cavity, or a non-resonant, single-pass 
linear cavity). For these configurations, the fields for the non-resonant wave 
are calculated in the two possible directions of photon flow. The output 
intensities can be expressed as follows [1]:

a out a m Em
2k

1 - cos^p{^Tp cos^p + 1 - [n. 105 (a)]
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a out a in sirrp

a out a m

r  = a out

, where

a

ccm

[n. 105 (b)]

[n. 105 (c)]

[n. 105 (d)]

In the above expressions, the subscripts (+) and (-) refer to the fields in the 
forward and backward directions, respectively.

Equations II. 105 m ust be solved by numerical analysis [24]. The 
maximum external conversion efficiency is found to be produced when [24]

[n. 106]

Consider the ideal case of = 0 , and Fj - J i  /  n, when the pum p is travelling 
in one direction, and the losses of the resonant field are the sum of useful 
output couplings. The signal and idler intensities become

out

a out

2 ^ 1
2

2 ^ 1  
2

a m (l-cos^jS) ,

a m sin p

[n. 107 (a)] 

[n. 107(b)]

For maximum conversion, p  = - k / 2 ,  and equations II. 107 reduce, as 
expected, to the following:

[n. 108]out 2 out 2 _  1
I max s max ~  2 P

Equation II. 108 illustrates that, under optimum conditions, all the pum p 
photons are converted into signal and idler photons, and further, all of these 
photons are transmitted out of the OPO cavity in the form of useful OPO 
outputs. The equal numbers of signal and idler photons is consistent with
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the conservation of energy relation. Further, the efficiency of the resonant 
wave is close to 100 % over the wide range 2.5 < cr < 8.5 [24].

II. 4 (iii) Gaussian wave modifications.

The above analyses were confined to the general case of plane waves. Early 
comparisons of experimental results to the calculated efficiencies and pum p 
depletions did not show close agreement, and the plane-wave analyses were 
replaced by beams with Gaussian intensity profiles [25]. The mode considers a 
plane-wave pump beam with a Gaussian intensity profile:

/(r) = Jpexp 2r'
W

[n. 109]
p j

w here Wp is the beam radius, incident on the param etric oscillator. 
Following the analysis of reference [25], and by integrating over the Gaussian 
profile  trea ting  the above-threshold  and below -threshold  regions 
independently, the conversion efficiency of the single-pass pump standing- 
wave resonator can be expressed as follows:

next = - 1  -  In v ^ )  . [n. 110]

Com pared to the plane-wave case, the doubly-resonant oscillator w ith a 
Gaussian intensity does not show power limiting, and reaches a maximum 
efficiency of only 41 %, at a pumping level of cr = 12.5. Similarly, for the ring 
resonator, the efficiency is only 82 %, at <7 = 12.5, instead of 100 % as in the 
plane-wave analysis [25].

The singly-resonant oscillator can be treated in a similar manner. In 
this case, the solution remains in an integral form [25]. The maximum 
efficiency is found to be 71 % at 6.5 times above threshold [25].
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II. 5 Tuning, spectral output, and stability requirements.

The spectral characteristics of an optical parametric oscillator include the 
tuning range and method of tuning, the gain bandwidth, and the detailed 
spectral structure within the gain bandwidth determined by the resonance 
properties of the optical cavity. The tuning behaviour can be separated 
broadly into two different areas. First, the coarse frequency outputs of the 
signal and idler frequencies are determined by the phase-matching condition 
of the nonlinear material for a given pump frequency. Unlike the laser, the 
param etric  oscillator does not depend on resonant transitions and 
consequently can be tuned over wide frequency bandwidths. Second, the fine 
frequency content of the outputs, for a given phase-matching geometry, 
determ ines the linewidths of the signal and idler output frequencies. 
Whereas coarse frequency tuning defines a broad spectral region over which 
the signal and idler frequencies are phase-matched, the fine tuning properties 
are the critical requirement in providing narrow-linewidth, amplitude-stable, 
and continuously-tunable radiation from OPOs.

II. 5 (i) Coarse frequency tuning.

The parametric gain linewidth is determined by satisfying the conservation of 
energy relation and the wave-vector condition:

Vp = Vs + V { , [n. I l l ]

kp  =  ks +  k i +  A k  . [n. 112]

where Ak is the momentum mis-match. The centre of the gain linewidth 
occurs at Ak = 0 .

With a fixed source of pum p frequency, any process which changes the 
refractive indices at the signal, idler or pum p frequencies will tune the 
ou tpu ts of the oscillator. Tuning m ethods include the following: 
temperature [26], angular variation of the extra-ordinary refractive index [27], 
or electro-optic variation of the refractive indices [28]. In general, temperature 
and angular tuning have been used to tune OPOs over broad, coarse ranges, 
w ith fast electro-optic tuning restricted for fine frequency control [29].
However, for stable operation of OPOs, it is highly appropriate to use
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nonlinear materials which exhibit a low sensitivity to temperature. In this 
respect, temperature tuning can be applied as a further method for smooth 
frequency tuning [29,30].

Assuming a fixed source of pum p frequency (and collinear phase- 
matching), the rate of tuning can be expressed as follows:

Afc = - |^ A V s - |^ A V i . [E. 113]
dVs dVi

The dispersive constant, b, is defined as

& = • [E. 114]dVi dVs

From conservation of energy, the change in the idler frequency is equal in 
magnitude, and opposite in sign, to the change in the signal frequency; i.e., 
Av = AVj = -AVg. Therefore, equation [II. 113] can be re-written as

^  = ■ [E. 115]

As discussed previously, the half-power gain linewidth is determ ined 
approximately by the condition Akl /  2 -  7t. Therefore, the tuning range can be 
expressed as follows:

Av = ^  , [E. 116]

which also describes the phase-matching bandwidth contribution to the OPO 
linewidth. In general, materials that possess a small dispersive constant give 
rise to large tuning rates.

Tuning curves for parametric oscillators are determined by solving the 
phase-matching equations for the signal and idler frequencies, for a given 
pum p frequency, as a function of the tuning variable. The indices of 
refraction are given by an analytical expression in the form of a Sellmeier 
equation [31, 32]. The tuning curves for a variety of nonlinear materials, 
appropriate for use within cw OPO arrangements, are discussed fully in 
chapter III.
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II. 5 (ii) Fine frequency tuning.

The fine frequency output properties of the generated signal and idler 
frequencies in an OPO are highly dependent on the resonance conditions of 
the OPO cavity [8,11,16,17, 20,33 - 36]. In general, the mode selection of the 
output frequencies becomes more complicated as the num ber of resonant 
waves w ithin the OPO cavity is increased [36]. As expected, the spectral 
properties of the singly-resonant OPO, with a non-resonant pum p field [11], 
are the least complicated. The addition of extra cavity resonances serves only 
to complicate further the tuning properties of these devices. The most 
intricate cavity design involves a single-cavity OPO with all three frequencies 
brought to resonance simultaneously between two common cavity mirrors, 
as occurs in a doubly-resonant oscillator with a pump-enhanced field [20].

These tuning difficulties are transferred directly into practical 
difficulties associated with constructing amplitude and frequency stable OPO 
cavities. Therefore, it is important to consider first why additional resonances 
complicate the output properties of an OPO, the requirements on the stability 
of the pum p source and the OPO cavity length, to maintain stable OPO 
operation, and, further, steps that can be taken to introduce additional tuning 
parameters by altering the design of the OPO cavities that have been discussed 
to date.

This section analyses the amplitude and frequency stability of the 
outputs of the different types of linear cavity OPOs that were studied in 
section II. 3. The section is divided into two sub-sections, outlining the 
properties of singly-resonant and doubly-resonant OPO cavity designs, with 
and without resonant pum p fields. In both sub-sections, simple expressions 
are derived to predict the level of stability required from the pump source and 
the OPO cavity length to m aintain amplitude and frequency stable OPO 
operation. In addition, methods of smooth frequency tuning are presented, 
w ith emphasis on the design of a dual-cavity oscillator, which perm its 
separate resonant cavities to be formed within a single OPO configuration.

II. 5 (ii) (a) Singly-resonant oscillators.

When deriving the threshold conditions for the singly-resonant oscillator, it 
was assumed that one of the generated OPO frequencies, in this case the idler 
frequency, was resonant in the OPO cavity. The signal frequency was
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assum ed to be completely non-resonant, such that this frequency was 
independent of any cavity resonance constraints. For the analysis of tuning, 
these resonance conditions are m aintained. Two different regimes are 
examined depending upon the interaction of the pum p frequency in the 
cavity. In section II. 5 (i) (a) (i), the singly-resonant oscillator with a non
resonant pum p frequency is considered. In section II. 5 (i) (b) (2), pum p- 
resonance effects are incorporated.

II. 5 (ii) (a) (1) Singly-resonant oscillator with a non-resonant pump field.

With regard to fine frequency tuning, the most simple cavity to consider is 
the singly-resonant oscillator w ith a non-resonant pum p field [11]. In 
section II. 3, the threshold for this cavity configuration was shown to be as 
follows:

 L —^  . [n. 117]

Therefore, the threshold pum p pow er is independent of the relative 
detunings of the three frequencies, and the output amplitudes of the signal 
and idler waves should remain constant [11].

Single-resonance dictates that the resonant idler frequency is set simply 
by the cavity length constraint and the phase-matching condition. Within a 
standing-wave linear cavity, the coincidence with a cavity mode requires that

■̂• = 2 ( 5 ^ ) '  P " ' ]

where m̂- is the longitudinal mode number of the idler frequency. The signal 
frequency simply takes on the value that satisfies the conservation of energy 
relation, and such that

Vs^Vp- Vi  . [n. 119]

W ith a fixed frequency pum p source, the effects of perturbations and 
detuning of the cavity length can be evaluated. Instabilities in the cavity
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length are manifested as instabilities in the idler frequency. For a cavity 
length perturbation of ALf, the corresponding frequency shift of the resonant 
idler frequency is given by AVj, and such that

For a fixed source of pum p frequency, the frequency output of the signal 
frequency will show the same level of frequency stability as the idler 
frequency, such that

V s ± A V s  =  V p - { v i ± & V i )  . [n. 121]

The allowable frequency excursion, or smooth frequency tuning, of the OPO 
output frequencies, for a fixed frequency pum p source, is one half of the 
cavity free spectral range either side of the peak of the phase-matching gain 
bandw idth curve [11]. This is because singly-resonant oscillation occurs on 
the cavity mode nearest parametric gain centre. Therefore, the range of 
smooth frequency tuning from a singly-resonant oscillator with a fixed pump 
frequency is given by

\A^i-Tnax\~\^^s-max\~ FSRj . [11. 122]

When the cavity length is fixed, the idler frequency will be fixed. Now the 
pum p frequency can be considered as a free tuning parameter. Changes in the 
pum p frequency, either from frequency jitter, or controlled frequency 
detuning, will be taken up by the signal frequency, required by the 
conservation of energy relation. Therefore, for a fixed resonant idler 
frequency, the non-resonant signal frequency is given simply by

Vg ± AVg = ( Vp ± A Vp ) -  Vi . [n. 123]

Increased tuning bandwidths are now possible by holding the idler frequency 
constant while detuning the pump frequency. In this manner, the maximum 
range of smooth frequency tuning of the non-resonant signal frequency is 
limited by the range of smooth frequency tuning possible from the pum p 
source. The pump frequency change required for the parametric gain peak to 
be shifted by one half of the free spectral range either side of the gain peak
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from the idler cavity resonance is given by the stability factor, defined in 
reference [37] as:

s-m ax

dkc
dVc v.(o) Vi(0)

0kc
dVc

FSRi .

Vs(o)

[n. 124]

w here the subscripts of the index derivatives represent the values at 
parametric gain centre.

It has been shown that the singly-resonant oscillator w ith a non
resonant pump field should display high degrees of amplitude and frequency 
stability. Furthermore, the single resonance condition allows for smooth 
frequency tuning w ithout the need for complicated servo-control of the 
pump frequency or the OPO cavity length [10].

II. 5 (ii) (a) (2) Singly-resonant oscillator w ith a resonant pump field.

The above analysis is now extended to include the effects of pump frequency 
resonance within the OPO cavity. This configuration represents the case of 
the singly-resonant oscillator w ith a pum p enhanced resonant field. 
Therefore, the OPO cavity must satisfy simultaneously the resonant idler and 
pum p frequency conditions. The threshold for this cavity design was shown 
to be as follows

a tn
th

Sine
t f ]

[n. 125]

Therefore, the threshold pum p intensity is proportional to the detuning of 
the pum p frequency. As the cavity length changes, the intra-cavity pum p 
field will come on and off resonance, and the input threshold intensity will 
vary accordingly. When exactly off pum p resonance, no pump radiation can 
be coupled into the resonator and the OPO cannot oscillate.

The cavity length over which the pum p-enhanced singly-resonant 
oscillator operates can be estimated by considering the optical bandwidth of
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the resonant pum p field, defined by a unity relative detuning parameter: 
i.e. A p = l. (Note that, despite the factor of two difference in the ring and 
linear cavity definitions of the free spectral ranges and the phase-detunings, 
these factors are cancelled out by the relative detuning parameter.) The pump 
resonance effects are illustrated in figure II. 8 .

FSR

FSR
2 f

Pump cavity 
modes

>V

Figure II. 8 .
Optical bandwidth of the pump frequency in a pump enhanced OPO, as 
a function of the free spectral range and the cavity finesse.

The total cavity length over which the OPO can operate is taken as the total 
cavity bandwidth, defined as follows:

AL = [n. 126]

Therefore, the maximum smooth tuning of the idler frequency can be 
expressed as

IA  I I a  1 FSR{ V; [n. 127]

For a comprehensive analysis of the single-cavity, pump-enhanced, singly- 
resonant oscillator, it would be necessary to calculate the exact intra-cavity 
pum p intensity when operating at cavity lengths detuned from exact cavity 
resonance. In addition, when the conversion efficiencies of the OPOs are 
appreciable, then the generated signal and idler fields w ould cause the
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im pedance m atching of the pum p source into the resonator to change 
significantly.

In conclusion, there are additional tuning complexities involved when 
resonating the pum p field within a singly-resonant OPO cavity. These 
considerations must be balanced against the requirements for threshold of an 
equivalent single-pass-pump singly-resonant oscillator, or indeed the single- 
pass-pum p doubly-resonant oscillator. A practical solution could involve 
servo-locking the pump frequency to the OPO cavity length, or to an external 
cavity formed by separating internally the pump and resonant OPO fields. 
W ith the recent dem onstration of highly compact, m onolithic OPO 
resonators [38 - 41], such a technique could prove particularly effective. Here, 
the pum p frequency could be locked to the monolithic resonator, and one of 
the OPO fields resonated via an external cavity mirror.

II, 5 (ii) (a) (3) Singly-resonant oscillator with a multi-mode pum p source.

One interesting feature, not yet demonstrated experimentally, is the use of a 
multi-longitudinal-mode laser to pum p a cw singly-resonant oscillator. In 
this case the linewidth of the pump wave would be typically at the GHz-level, 
comprising a number of cavity modes with random amplitude and phase 
distribution. The non-resonant wave would take on a correspondingly large 
frequency linewidth. This method has been proposed [42], but demonstrated 
only with pulsed pump sources [43].

W ithin the equivalent cw singly-resonant configuration, the noisy 
non-resonant wave would be discarded, and the usable output would be the 
leakage field of the narrow-linewidth, high-finesse, resonant wave. This 
differs from the pulsed configurations, in which the more powerful non
resonant field is considered often as the usable frequency output. In this 
device, the pum p wave could not be resonated, since this would impose 
frequency selection of the multi-mode input pum p field. However, the 
pum p field could be double-passed to lower the threshold, without affecting 
the frequency stability of the resonant OPO field.
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II. 5 (ii) (b) Doubly-resonant oscillators.

The doubly-resonant OPO is configured routinely in experim ental 
demonstrations of cw OPOs [12]. The double-resonance condition results in 
significantly lower pum p power thresholds compared to singly resonant 
OPOs, and lowers the linewidth of the resonant outputs [44]. (This latter topic 
is discussed further in section II. 6 .) However, the tuning properties are 
constrained by having to satisfy simultaneously four conditions; energy 
conservation, phase-matching, and cavity resonances for the signal and idler 
frequencies. This results in complicated mode selection properties as the 
pump frequency or the OPO cavity length is detuned from a perfect overlap of 
the signal and idler cavity resonances [33 - 35]. There has been substantial 
theoretical modelling of the causes of these frequency instabilities, and on 
methods of overcoming these constraints.

In this section, mode selection in doubly resonant OPOs is examined. 
This involves a study of the doubly-resonant OPO with a non-resonant pum p 
field, and the more complicated triply-resonant OPO. For each configuration, 
the effects of cavity length and pump frequency detunings on the outputs of 
the OPO are considered in detail.

II. 5 (ii) (b) (l) Doubly-resonant oscillator with a non-resonant pump field.

In this section, two different cavity configurations are analysed; the single- 
and dual-cavity doubly-resonant OPOs. Figure II. 9 (a) illustrates the 
conventional single-cavity doubly-resonant oscillator, in which two mirrors 
are coated to be highly-reflecting at both the signal and idler frequencies. The 
dual-cavity doubly-resonant OPO is shown schematically in figure II. 9 (b), in 
which an additional optical component separates spatially the signal and idler 
fields and a third cavity mirror forms a second optical resonator [45 - 48].

The conditions for resonance of the signal and idler frequencies in a 
doubly-resonant OPO are given by

' ' ' • = 2 ( 5 f ï ô '
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where and m/ are the longitudinal mode numbers of the signal and idler 
frequencies, respectively. The empty cavity lengths are denoted by and Lj 
for the signal and idler frequencies, respectively.

(a)
a tn •I

M.
HR at Vg 
HR at Vf

4—k crystal -4—►-

M l
HR at Vg 
HR at V{

->cc.ou t
s
ou t

o u t

(b) Pc i"

M.

4—►-

HR at Vg 
HR at Vi

crystal

HR at Vg 
AR at 
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ex.

ai
4—►-

4 a o u t

4 a o u t

M l  , HR at Vi

a o u t

Figure II. 9.
Schematic representation of doubly-resonant oscillator cavity designs. 
In (a), the single-cavity oscillator employs two mirrors, both highly- 
reflecting (HR) at the signal and idler frequencies. In (b), an intra-cavity 
beam-splitter (BS) separates the signal and idler fields into different 
resonators to allow for independent cavity length control. The beam
splitter is highly-reflecting for one frequency, and anti-reflecting (AR) 
for the other frequency.

It is necessary to make an important distinction in the theoretical approach 
adopted w hen m odelling the frequency properties of doubly-resonant 
oscillators. This involves the effects of dispersion within the nonlinear 
medium, and their effect on the respective optical cavity lengths of the signal
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and idler fields. When the optical lengths, or free spectral ranges, of the 
signal and idler cavities are approximately equal, then the effects of dispersion 
become critical [17, 34]. This is particularly true for single-cavity type I phase- 
matching geometries operating near frequency degeneracy [49 - 52]. In this 
geometry, the nearly-equal signal and idler frequencies are polarized along 
the same crystal axis and have almost identical free spectral ranges.

When the tuning properties of the type I phase-matching geometry 
near frequency-degeneracy are analysed, it is imperative to account for the 
dispersive properties of the nonlinear medium. This topic has been 
considered uniquely in reference [17]. The analysis is complicated and requires 
considerable numerical modelling. This specific geometry is not studied 
analytically within this thesis. However, comparison is made to the results of 
reference [17], with regard to a computer program that was developed to 
m odel mode-selection in doubly-resonant oscillators [35], and which is 
discussed later.

The following analysis is specific to the case when the dispersion terms 
used within the definition of the free spectral ranges are small with respect to 
other tuning parameters, and can be neglected. In particular, this applies to 
type I phase-m atching geometries significantly removed from frequency- 
degeneracy [54 - 56], and to type II phase-matching geometries [57 - 59]. The 
case of the type II phase-matching geometry is important because the signal 
and idler frequencies are polarized along orthogonal axes of the biréfringent 
nonlinear medium. Therefore, the free spectral ranges of the signal and idler 
fields are necessarily different, even when operating at the exact frequency- 
degeneracy point within a single-cavity resonator arrangement.

Changes in the optical lengths of the signal and idler cavities of ALg 
and ALj cause the resonant frequencies of the signal and idler fields to alter by 
AVg and Av/, respectively, and such that
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The remainder of the analysis is presented in terms of the free spectral ranges, 
FSRj ,  and the finesses, Fy, of the cavities. Therefore, the above expressions 
can be rewritten as

AW; =  ̂ [Q 130 (a)]

Av,- = . [n. 130(b)]
C

The mis-match in the free spectral ranges is defined as AFSR ,  such that

clAn
(m + ry

A F S R  =  F S R s - F S R i < -  _ _  _  2 ■ [n. 131]

where An is the difference of the refractive indices of the signal and idler 
frequencies within the nonlinear medium, such that An = |ng-nj|, n is the 
average refractive index, given by it= (n g + n /) /2 , and L is the average 
(empty) optical cavity length.

II. 5 (ii) (b) (1) (A) Mode-hopping.

In general, the signal and idler output frequencies are determ ined as a 
comprom ise betw een the optim um  phase-m atching condition and the 
requirement that both frequencies lie close to longitudinal mode frequencies 
of the resonating cavities. Pairs of signal and idler modes that come close to 
satisfying the requirement for conservation of energy are termed signal and 
idler mode-pairs. Within the phase-matching bandwidth, there are usually a 
num ber of different signal and idler frequency mode-pairs for which the loss 
is low enough for the OPO to oscillate. Comparatively small changes in 
either of the cavity mode frequencies or the pump frequency may lead to the 
OPO output switching from one mode-pair to another. Depending on the 
degree of mis-match in the free spectral ranges and in their finesses, the new 
mode-pair is either adjacent to the original (termed a mode-hop) or many 
mode-pairs removed (termed a cluster-hop). This mode- and cluster-hopping 
behaviour has been discussed by a number of authors [16,17].
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The mis-match in the F S R s  of the signal and idler cavities dictates the 
level of cavity length or pum p frequency detuning required to cause the 
output of the OPO to hop to an adjacent signal and idler m ode-pair [17]. 
Assum ing that the original m ode-pair is exactly on resonance, then by 
changing the cavity mode frequencies by a total amount equal to the mis
match in the F S R s ,  a mode-hop will occur. Therefore, the condition for a 
mode-hop is given by

|Av,| + |Av,|=: + AFSR . [n. 132]

In the single-cavity OPO, it is assumed that the cavity length detunings and 
the F S R s  of the signal and idler frequencies are approximately equal; i.e. 
ALg = ALj = AL and FSR^ = FSRj = F S R . Therefore, the cavity length detuning 
required to cause a mode-hop is provided by substituting AL = AL/̂ ^̂  in 
equation II. 132 to yield

Substituting for the refractive indices and cavity lengths, as given by 
equation II. 131, in the above expression, the common cavity length detuning 
required for the output of the OPO to hop to an adjacent signal and idler 
frequency mode-pair is given by

Alternatively, the pump frequency detuning required to cause a mode-hop is 
given by

'̂^p-hop ~ ^ S R  . [n. 135]

II. 5 (ii) (b) (i) (B) Stability conditions.

To evaluate the stability requirements on the pump frequency and the cavity 
length, it is necessary to examine the range over which the available pum p 
pow er is sufficient to m aintain oscillation on a single signal and idler
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frequency mode-pair. Consider figure IL 10, which illustrates the signal and 
idler frequencies.

Any vertical cursor line drawn through both scales corresponds to 
values of the signal and idler frequencies that satisfy the conservation of 
energy relation. A change in cavity length is modelled by shifting the 
resonance peaks higher or lower in frequency. A change in the pum p 
frequency is modelled by rotating the cursor line slightly away from the 
vertical. In both cases, the operating condition of the OPO can be predicted by 
shifting horizontally the line until a resonance condition for the signal and 
idler fields can be accessed simultaneously. This figure can be used to derive 
expressions to predict the tolerance to the fluctuations in the cavity length or 
the pum p frequency regarding operation of the OPO on the same signal and 
idler frequency mode-pair.

Idler cavity 
modes

Signal cavity 
modes

AVj = *

A v. = ------ 5

Figure II. 10
Signal-idler resonance diagram sim ilar to figure II. 4, expanded in 
detail. The doubly-resonant oscillating frequencies divide the 
frequency mis-match, Av, into the components, AVg and Av .̂
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From figure IL 10, the maximum detuning allowed, Av, while retaining 
operation on a single signal and idler frequency m ode-pair, is given 
approximately by

Av = AVg + AV/ < —
'  ' 2Fe

+  ■
FSRj
IF;

[n. 136]

This relation can be compared to equation II. 65 in section II. 2, which
represents the threshold parameter, , for a single-pass pum p doubly-

thresonant oscillator. This threshold parameter was shown to be

2 f
1 +p th V

2AvFgFj-
FsFSRi+FiFSR ŝ J

[n. 137]

Therefore, equation II. 136 is related to the second term of equation II. 137, a^d
acorresponds to the detuning required to double the value of 

Equation II. 136 is used directly to derive the stability requirements on tfie 
cavity length to maintain the OPO above threshold, and operating on the 
same signal and idler frequency mode-pair. Within this section, the point at
which the threshold parameter. a in doubles is taken as the range over
which the OPO remains operational, fey substituting equation II. 130 for the 
change in the signal and idler frequencies, equation II. 136 becomes

^(ALg VgFSFg + AL;. V i F S R i  )
FSRj

Pi
[n. 138]

In the simple case of a single-cavity OPO, with approximately equal finesses 
for the signal and id ler fields, then FSR^-FSRi, Fg -  F̂  -  F, and 
ALg = AL; = AL. Therefore, the cavity length stability, ALĝ ;;̂ , required to 
maintain the OPO above threshold is given by

2 VpF
[n. 139]

For a single-cavity OPO with significantly different finesses for the signal and 
idler fields, equation II. 138 is dominated by the lower cavity finesse, F̂ ĵ̂ . 
The corresponding requirement on the cavity length is now given by
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^^stab ~  ~  ^  V F ' P "  140]

For the dual-cavity OPO configuration, the FSRs of the signal and idler fields 
may be significantly different. In this case, and assuming that both cavities 
are subject to the same change in cavity length and have comparable cavity 
finesses, the stability requirements become

stab ^  / and [H. 141 (a)]4 VjFj

^stab  “ for FSRs »  fSR; . [D. 141 (b)]

Therefore, for a dual-cavity OPO, the length stability requirem ents are 
dominated by the finesse of the shorter of the two cavities. Therefore, the 
pum p power threshold can be reduced by increasing the finesse of the longer 
cavity length without any significant decrease in the stability requirements.

The stability conditions for the pum p frequency are now considered. 
For fixed cavity lengths, which are initially in perfect resonance for both the 
signal and idler waves, the influence of pump frequency detuning, AVp, can 
also be obtained directly from equation II. 136. Similar to the cavity length 
detuning analysis, an indication as to the pum p frequency detuning over 
which the OPO remains on a single signal and idler frequency mode-pair, is 
given by

FSRg^FSRi [n. 142]
2Fs 2Fi

For a single cavity OPO with approximately equal finesses for the signal and 
idler fields, the required stability of the pump frequency, is given by

FCR
/ÏVp-sfob = , [II. 143]

where FSRs  -  «  F SR,  and Fg « F/ -  f .

For a single-cavity OPO with significantly different finesses for the 
signal and idler fields, equation II. 142 is dominated by the smaller of the two
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finesses. Therefore, in this case, the stability requirement for the pum p 
frequency becomes

FSR
^^p-stab ~ / [h. 144]

where is the smaller of the two cavity finesses.

As with the cavity length stability requirements, the finesse of the high 
finesse cavity can be increased without affecting the pump frequency stability 
requirements. Note that, unlike cavity length stability, the requirements on 
the pum p frequency stability become more stringent as the cavity length is 
increased.

Similar to the expressions for the cavity length stability, the pum p 
frequency stability requirements can be re-written for the case of a dual-cavity 
oscillator, in which the FSRs and the finesses of the signal and idler cavities
may differ significantly. For the case of unequal finesses and unequal FSRs,
the pum p frequency stability requirements are given by

for FSRs «  FSRi , [H. 145 (a)]2Fi

FSR
FSRg»FS% . DT145O0]

Therefore, in general, a short, low-finesse cavity for either the signal or idler 
field can reduce the demands on the pump frequency stability.

IL 5 (ii) (b) (l) (C) Smooth frequency tuning.

To date, the requirements on the stability of the cavity length and the pump 
frequency have been studied w ith a view to m aintaining the double
resonance condition within single- and dual-cavity resonators. M ultiple 
param eter tuning is now introduced to illustrate that some of the above 
requirements can be relaxed, opening up the possibility for extensive smooth 
frequency tuning of the OPO outputs.
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From equation II. 136, the relationship between the pum p frequency 
detuning and the cavity length detuning required to maintain the double 
resonance condition can be expressed as

Av„ = Av, + Av, = - 2 ^ W S R ,  _ 2 A L ^  [n.146]
c c

This equation illustrates that even when using a somewhat unstable pum p 
source, the double-resonance condition for the signal and idler fields can be 
maintained by suitable control of the length of the signal and /  or idler cavity.

For a single-cavity oscillator, equation II. 146 reduces to

flv^FSR'^
AVp = -AL [n. 147]

Smooth and continuous tuning of the signal and idler frequencies can now be 
obtained by changing the cavity length while controlling simultaneously the 
pum p frequency to maintain the double-resonance condition.

In general, for a fixed pum p frequency and by simply changing the 
common cavity length, a single-cavity oscillator cannot be used to tune 
continuously the signal and idler outputs while maintaining both the signal 
and idler fields on resonance. To achieve significant degrees of continuous 
tuning w ith a fixed frequency pum p source, it is essential to have 
independent control of the signal and idler cavity lengths.

Given a fixed, non-tunable pump frequency, the change in the signal 
frequency is equal in magnitude, and opposite in sign, to the change in the 
idler frequency; i.e.

AVg = -AVi . [n. 148]

The relation between ALg and ALj- to provide smooth frequency tuning from 
the dual-cavity oscillator can be expressed as
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Therefore, in addition to allowing for relaxed stability requirements on the 
pum p frequency and the OPO cavity length, dual-cavity oscillators offer the 
possibility for continuous frequency tuning of the OPO outputs. This may be 
provided by holding the pum p frequency fixed, and altering the two cavity 
lengths to satisfy equation II. 149.

Alternatively, one of the cavity lengths (frequencies) can be fixed. In 
this case, detuning the pump frequency can be compensated by controlling the 
optical length of the other OPO cavity. For a fixed signal frequency cavity 
length, the relation between ALj and AVp to provide smooth frequency 
tuning can be expressed as

^ ^ ’’ 2ViFSRi
[n. 150]

In summary, dual-cavity oscillators are ideally suited for providing highly 
stable OPO radiation. Having eliminated the constraints of mode /  cluster 
hopping, signal and idler frequencies can be tuned over frequency regions 
that can approach the entire phase-m atching bandw idth  of the OPO 
( AV « 10s GHz), when pumped with a fixed /  known pump frequency.

II. 5 (ii) (b) (2) Computer model.

A com puter model was developed to study further the mode-selection 
properties of single-cavity doubly-resonant oscillators [35]. Consider 
equation II. 68, which describes the threshold for each signal and idler mode- 
pair. This equation can be re-written as the product of three separate terms; 
i.e.

^ in 2 r
f  \  

1 /
1 4_

th \

2AvFgFi
FsFSRi + FiFSRŝ

[n. 151]

The first term describes the reduction in threshold achieved by forming a 
doubly-resonant OPO. This quantity is equivalent to the number of round 
cavity trips made by the signal frequency multiplied by the number of round 
cavity trips made by the idler frequency. The second term describes the 
increase in threshold due to non-perfect phase-matching in the crystal. The
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third term describes the increase in threshold when the signal and idler 
frequencies do not match exactly the cavity mode frequencies.

The computer model used the above expression to calculate directly the 
threshold of every possible signal and idler mode-pair within the phase- 
matching bandw idth of the OPO: see appendix II. For given values of the 
pum p frequency, the OPO cavity length, and the crystal temperature, the 
signal and idler mode-pairs with the lowest thresholds can be identified and 
the actual values of the signal and idler frequencies can be calculated. 
Subsequently, by varying one of the input parameters, the tuning behaviour 
of the OPO can be predicted.

Before studying the results of the computer model in detail, the general 
principles governing the selection of the lowest signal and idler mode-pairs 
are considered. For cavity lengths above a few 10s millimetres, many possible 
modes fall within the phase-matching bandwidth, and the threshold of a 
mode-pair is dominated by the degree of overlap between the signal and idler 
modes. A range of mode-pairs over which the overlap is good form a mode- 
cluster [16]. The number of signal modes between each cluster, M^/, can be 
expressed as [34]

Several m ode-clusters fall w ithin the phase-matching bandw idth. The 
number of modes within each cluster, N^/, is a function of the finesses of the 
cavity at the signal and idler frequencies. From equation II. 152, the number 
of mode-pairs within a cluster, for which the threshold is within a factor of 
five of its minimum value, is given approximately by

N qi — [n. 153]

W hen FSRg « FSRi, each cluster comprises many mode-pairs and the central 
mode-pair will always have a good overlap, such that

FSRs FSRi rjj
cluster centre p * p • [H* 154]
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In this case, the lowest threshold mode-pair will lie at the centre of the cluster 
that is itself closest to the phase-matching condition, i.e. M  « 0 .

When the FSRs are significantly different, it can no longer be assumed 
that the central m ode-pair w ithin any particular cluster will show good 
overlap. The cluster closest to the phase-matching condition may not 
necessarily contain the m ode-pair with the best overlap and the lowest 
threshold mode-pair may lie in a neighbouring cluster.

The nonlinear m edium  chosen for the com puter m odelling was 
lithium triborate (LBO) [60]. At the moment, the actual material used is not 
important. The critical param eter that was studied was the effect on the 
output frequencies caused by different mis-matches in the free spectral ranges 
of the signal and idler optical cavities, as discussed above. For this, it was 
necessary to know the refractive indices, their change with temperature and 
the therm al expansion of the chosen crystal. To calculate the refractive 
indices, the Sellmeier equations with coefficients as given in reference [61] 
were used. The temperature dependence of the refractive indices was based 
on the results as presented in reference [62]. This data is valid only near room 
temperature, but in the absence of more accurate coefficients, they have been 
used over the entire temperature range of interest. The thermal expansion 
data for LBO have also been published [63].

Two different configurations were analysed, corresponding to different 
mis-matches in the free spectral ranges of the signal and idler cavities. The 
first configuration examines the type I phase-m atching geometry near 
frequency-degeneracy; case (a). As discussed previously, in this phase- 
matching geometry, the free spectral ranges of the signal and idler frequencies 
are similar. In this configuration, the mis-match in the free spectral ranges 
was set to AFSR « 0.16 %. The second configuration examines the type II 
phase-matching geometry near frequency-degeneracy; case (b). Although the 
frequencies of the three waves were identical to the former type I phase- 
matching case, the mis-match in the free spectral ranges is significantly higher 
due to the type II phase-matching geometry. In this case, AFSR ~ 1.24 %.

In each configuration, the cavity m irror separation was set to 
« 33 mm and the finesses of the resonant signal and idler fields were 

Fg ~ F( « 300. In addition, the pum p frequency was set to Vp = 583 THz. (This 
specific frequency corresponds to a high gain transition line from an argon-
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ion gas laser, operating in the visible spectral region, and corresponds to a free 
space pum p wavelength of Ap = 514.5 nm).

Table II. 2. 
Modelling o f type I  and type II 

phase-matching.

(a) Type I (b) Type II

Pump frequency 583 THz 583 THz

Signal frequency 317 THz 317 THz

Idler frequency 267 THz 267 THz

Temperature 173.4°C 20.0°C

Signal/idler finesse 300 300

1.6054 1.5797

1.6070 1.5924

«i 1.6035 1.5647

An =|Mg- n \̂ 0.22 % 1.75 %

33 mm 33 mm

I 20 mm 20 mm

AFSR 0.16 % 1.24 %

Therefore, since all the other parameters are equal except for the mis-match 
in the free spectral ranges, the differences in the outputs of the OPO can be 
attributed entirely to the mis-match in the free spectral ranges of the signal 
and idler fields. This explains why the nonlinear material LBO was selected 
for the analysis. For the chosen pum p frequency, both type I and type II 
phase-matching geometries can be selected to give the same signal and idler 
output frequencies. The input param eters for the computer model are 
summarized in table II. 2.

96



In each case, as described above, graphs were produced to display the 
influence of the pum p frequency, the OPO cavity length, and the crystal 
temperature, on the selection of the lowest threshold mode-pair. In each case, 
the threshold is plotted against detuning for the five lowest threshold modes. 
The graphs do not show the exact frequencies of the signal and idler waves, 
but the mode number of the oscillating modes. The numbers shown on the 
graph correspond to the mode number of the signal field.
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Figure II. 11.
The effects of detunings in the cavity length, the pum p frequency, and 
the crystal temperature on the selection of the lowest threshold signal 
and id ler m ode-pairs, for the case of the type I phase-m atching 
geometry near frequency-degeneracy.
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For case (a) (type I phase-matching near degeneracy) the mode-selection 
properties are displayed in figure II. 11. Under sufficient detuning, the lowest 
threshold mode-pair hops by one mode to the adjacent mode-pair in the same 
cluster (mode-hop). This phase-matching geometry has approximately equal 
free spectral ranges, and the change in frequency between adjacent mode-pairs 
is small. Therefore, a mode-pair possessing good overlap is always present 
w ithin the cluster closest to the perfect phase-matching condition, and the 
lowest threshold mode-pair always lies in the central mode cluster.
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Figure II. 12.
The effects of detunings in the cavity length, the pump frequency, and 
the crystal temperature on the selection of the lowest threshold signal 
and idler mode-pairs, for the case of the type II phase-matching 
geometry near frequency-degeneracy.
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For case (b) (type II phase-matching), the mode-selection properties are 
displayed in figure II. 12, where the mis-match in the free spectral ranges is 
significantly different to the type I geometry. Therefore, this system may 
exhibit cluster-hops. Any particular mode cluster is not guaranteed to have a 
mode-pair with good overlap, and the lowest threshold mode-pair may fall in 
a cluster away from perfect phase-matching. Tuning is characterized by the 
lowest threshold mode-pair hopping to a mode-pair in a neighbouring 
cluster, away from perfect phase-matching. After several cluster hops, the 
lowest threshold mode jumps back to an adjacent mode within the original 
cluster. It is revealing to contrast the thresholds between the mode-pairs in 
adjacent clusters with the mode-pairs in the central cluster. In general, the 
threshold for a signal/idler mode-pair in an adjacent cluster is significantly 
greater than those in the central cluster. Therefore, for pump powers close to 
threshold, the tuning of the OPO will be characterized by mode-hopping to an 
adjacent mode-pair within the same cluster. However, in contrast with type I 
phase-matching, the OPO will operate only for discrete values of the pum p 
frequency and the OPO cavity length, near to mode-pair coincidences. This 
behaviour points towards stable operation on single signal and idler mode- 
pairs with sufficient control of the three tuning parameters.

The stability requirements for the two different configurations are 
displayed in table II. 3. The stringent tem perature requirem ents are a 
consequence of the thermal expansion of the nonlinear material and at this 
level do not affect the phase-matching. Therefore, the tem perature drift 
could be compensated by accurate, closed-loop control of the cavity lengths.

Table II. 3.
Stability requirements to hold operation on a 
single signal and idler frequency mode-pair in 

a single-cavity, doubly-resonant OPO.

Type I Type II

Pump frequency ± 0.24 MHz ± 15 MHz

OPO cavity length ± 0.1 nm ± 0.8 nm

Crystal temperature ± 0.3 mK ± 9.8 mK
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A further comparison can be made between the modelling of the type II 
phase-matching geometry and equations II. 139 and II. 143, derived in the 
previous section for such an OPO configuration. Equations II. 139 add II. 143 
predict cavity length and pum p frequency stability requirem ents of 
^stab  ~ -  0.86 nm and « ± 12 MHz, respectively, in good agreement
with case (b) above. Further, equations II. 134 and II. 135 predict hopping
between adjacent mode-pairs for cavity length and pump frequency shifts of

« ± 3.2 nm and ± 42 MHz, respectively.

In conclusion, type II phase-matching geometries offer significant
advantages over type I geometries, given the same values of pum p, signal, 
and idler frequencies. When type I phase-matched geometries are operated 
w ith signal and idler frequencies significantly removed from frequency 
degeneracy, then the mis-match in the signal and idler frequencies increases, 
and the mode-selection characteristics become similar to the type II geometry, 
analysed above.

Therefore, the critical parameter is the mis-match in the free spectral 
ranges of the signal and idler fields, regardless of the phase-m atching 
geometry. However, the orthogonal signal and idler polarizations of type II 
phase-matching allow for further advantages in the frequency control of the 
OPO outputs, by assisting the formation of dual-cavity oscillators. (This topic 
is discussed further in chapter VI.)

II. 5 (ii) (b) (3) Doubly-resonant oscillator with a resonant pump field.

When the cavity is resonant also at the pum p frequency, then the mode- 
selection properties of the doubly-resonant oscillator are further complicated. 
Similar to the effects of pum p resonance on the outputs from the singly- 
resonant oscillator, the cavity length must satisfy first the requirement for 
pum p resonance in order to reach oscillation threshold.

For most cavity configurations, the pump resonance condition will not 
alter significantly the mode-selection properties of the doubly-resonant 
oscillator. This is because the stability requirements to maintain operation on 
a single-frequency signal and idler mode-pair are generally more stringent 
than the requirements to maintain the pump frequency on resonance within 
the optical cavity. The mode-selection properties of the single-cavity doubly-
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resonant oscillator with a pump enhanced field have been studied in detail in 
reference [20].

When the dual cavity configuration is employed, pum p resonance 
conditions in either of the optical cavities will affect the range of smooth 
frequency tuning that can be provided from the dual-cavity resonator. The 
following analysis assumes again that the OPO operates with an intra-cavity 
pum p field at twice the threshold intensity. For a resonant pump field within 
the idler cavity, the range over which the idler cavity can be scanned, while 
maintaining an OPO output, is given approximately by

A L , = - ^ ,  [n. 155]

where Fp is the finesse of the idler cavity for the pump field. This places an 
upper limit on the length over which the cavities can be scanned and 
therefore, a limit on the smooth tuning range of the dual-cavity OPO. The 
maximum tuning range can be expressed as follows:

Fp Vp

Similarly, if the pump frequency is resonant within the signal cavity, then the 
range of smooth frequency tuning becomes

= = ■ P .  157]
^p Vp

where is the finesse of the signal cavity for the pump field.

II. 4 (iii) Summary.

The key equations governing the mode-selection within doubly-resonant 
OPOs are summarized in table II. 4.
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Table IL 4.
Key stability and tuning expressions for  

doubly-resonant optical parametric oscillators.

Single-cavity

F S R s F S R i  ^FSR  
Fs~~F,~~r

Dual-cavity 

F S R s »  FSRi

^^hop ~
c An I 

2Vp (nl+L)

^^p-hop ~ AFSR

^^stab ~ + ^ + F.
2VpF 4 %

^p-stah  ~ 4. FSR ^ F S R ,
F

OPO tuning
AL, =-AL,with a fixed

pump frequency V , FSR,

OPO tuning »

w ith a tunable AL--AV ^ AL j = -Av„ — ------
pump frequency ^ 2Vj,FSR ' 2ViFSRf

OPO tuning **

A . „ -w ith a resonant
pump field *  F , V ,

* Fixed signal cavity length. 
Pump resonant in idler cavity.

Although the analysis of this chapter has treated only linear cavity designs, 
the same conditions hold for ring cavity oscillators, with the appropriate 
modifications to the free spectral ranges. However, the transition from 
single- to dual-cavity oscillator is more complicated, as illustrated in 
figure II. 13.

102



a

(a)
Crystal

HR at Vs 
HR at Vi

HR at Vg 
HR at Vi a.

HR at Vs 
HR at Vi

HR at Vc HR at Vc
AR at Vi 

M
AR at Vi

M '

Crystal

HR at V; HR at Vi

M
a.

Figure II. 13.
The transition from (a) single-cavity to (b) dual-cavity oscillator, 
for the case of ring cavity oscillators.

To operate a dual-cavity oscillator within a ring cavity configuration would 
require the use of two intra-cavity beamsplitters, as shown in figure II. 13. 
(Similar to the ring cavities described earlier, the ring cavity of figure II. 13 
neglects the effects of astigmatism, caused by the intra-cavity fields interacting 
with the confining cavity mirrors at oblique angles. However, astigmatism is 
not an issue that affects OPO tuning characteristics, and further, can be 
compemsated for easily by standard techniques.)
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II. 6 Further properties of the doubly-resonant oscillator.

II. 6 (i) Phase-diffusion linewidths and coherence properties.

Of fundam ental im portance in the application of optical param etric 
oscillators to schemes that require high precision frequency outputs are the 
linewidths of the signal and idler frequencies and their difference frequency. 
In a theoretical study of the parametric oscillator [44], it was concluded that 
the signal-idler phase sum follows the pum p phase, and that the phase 
difference undergoes phase diffusion. Therefore, the linewidths of the signal 
and idler frequencies have two noise sources: the fluctuation of the input 
pum p source and the diffusion of the phase difference. This linewidth (half
w idth, half-maximum), for the case of a single-cavity resonator, is given 
by [44,64]

t,s

(Fs + Pi) ^ S,t
FSR^

.{Fs+piy
+ Av̂ {ns + Ui+l) , [n. 158]

;

where the terms have their usual meanings, n is the average thermal photon 
num ber (analagous to the effects of spontaneous emission w ithin laser 
oscillation), and single-cavity OPO operation is assumed with nearly-equal 
FSRs.

For nearly degenerate OPO operation ( Fg = Ff), exact cavity resonances, 
and for optical frequencies (iTg = ni «  1), equation II. 158 can now be reduced 
to

AVj = A Vg = — AVp + hv^K^FSR^
^PsPf

[n. 159]

The first term is due to the pum p linewidth, and the second term is the 
quantum  phase diffusion term, similar to the usual Schawlow-Townes laser 
linewidth [65], in which the amplification of spontaneous emission creates 
random phase fluctuations in the laser output.

The pum p term of equation II. 159 indicates an output fractional 
stability of 1 /  2(Av^ /  Vp); a factor of two better than the pum p source. To 
assess the effect of the phase-diffusion term, consider the example of a signal 
output with a frequency of Vg =3xlO ^^H z, an output power of Pg =10 mW,
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and a cavity spectral linew idth of FSjR/F = 1.5x10^sec~^. The phase 
diffusion linewidth is then « 1 mHz, yielding a diffusion-limited fractional 
stability of 3 parts in 10̂ ®. The difference frequency, ô,  which is limited by 
phase diffusion, is therefore stable and can be easily phase-locked to a 
reference source.

When the signal and idler frequencies are removed from frequency 
degeneracy, then this allows for the interesting possibility of generating 
tunable radiation with ultra-narrow linewidths, as discussed in reference [64]. 
In a non-degenerate OPO with unequal finesses, Fg »  Fj, the linewidth of the 
higher finesse signal wave can be significantly smaller than either the pum p 
or idler linewidth. For example, consider a pump linewidth of Av^ = 10 kHz 
and a 1:10 ratio in the signal and idler output coupling (F/=0.1Fg). 
Equation II. 158 predicts a pum p induced signal frequency linewidth of 
AVg = 90 Hz, compared with a linewidth of AVg « 2.5 kHz if the finesses are 
equal. The signal frequency can be determined by locking it to a reference 
atomic transition. Therefore, a signal frequency can be generated that is much 
more stable than the pum p laser. This could provide an efficient and 
convenient way to generate tunable sources w ith extremely narrow  
linewidths for ultrahigh-resolution applications.

Experimental coherence studies of doubly-resonant OPOs have been 
limited by their extreme sensitivity to cavity stability and pum p fluctuations. 
Recently, by using an all-solid-state pump source stabilized at the kHz-level, 
and a monolithic ring OPO resonator, pum p /  OPO phase-locking at 
degeneracy, pum p /  OPO phase correlations, signal-idler heterodyne 
m easurem ents, and pum p /  OPO phase transm odulation, have been 
demonstrated [66]. To determine the OPO linewidth, a heterodyne beat-note 
measurement of the signal frequency from the OPO and an independent ring 
laser was performed. This showed that the OPO did in fact reproduce the 
linewidth of the pum p laser. The OPO operated reliably at frequency 
degeneracy without any form of injection locking, and was a phase-locked 
sub-harmonic of the pump [66].

II. 6 (ii) Squeezed states of light.

Another application that takes advantage of the unique coherence properties 
of OPOs is squeezed light. The quantum fluctuations in the fields emitted by
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optical parametric amplifiers (OPAs) and OPOs have been studied in great 
detail during the past few years [67]. The degenerate OPO and OP A have 
shown both in theory and in practice to produce non-classical light; i.e. 
quadrature-phase squeezed light.

The limits on the detection of small changes in amplitude of the 
electromagnetic field is of fundamental and practical importance in optical 
physics. While a variety of noise sources of technical origin often limit 
sensitivity, the fundamental limit on the detection of a small absorption of 
loss, IX, has been the so-called shot-noise limit, which sets a lower bound on 
the minimum detectable change ÔA of the coherent amplitude A  of the field 
given by ju^ ÔAjA  = 1/Vn , where N is the number of photons from the input 
beam detected during the chosen integration time of the measurement. With 
conventional laser light in a coherent state, it is not possible to proceed 
further to a sensitivity greater than that specified by the shot-noise limit. 
Improvements in precision beyond the shot-noise limit can be realised by 
employing squeezed states of light. A squeezed state is characterized by a 
phase-dependent redistribution of quantum  fluctuations such that the 
variance of one of two quadrature components of the field is reduced below 
that of the vacuum state [68].

In a non-degenerate OP A /  OPO, there is almost perfect correlation 
between the signal and idler photon flux. This correlation can be used to 
generate photon states with substantially reduced photon-number variance. 
The correlation between the signal and idler fields can be accounted for only 
by a quantum treatment since the unexcited modes gain excitation by way of 
spontaneous parametric fluorescence.

The initial squeezed-state experiments used cw lasers to generate 
squeezing of the electro-magnetic field, either by four-wave mixing or by 
parametric amplification [69]. Because the nonlinear susceptibilities available 
for both these systems are small, it was necessary to enhance both the pump 
and the squeezed field within high-finesse cavities to obtain large degrees of 
squeezing.

In OPO photon counting experiments, the signal and idler channels are 
considered. The quantum parametric amplifier emits one photon into the 
idler channel for each photon which it adds to the signal charmel, making it 
possible to observe non-classical photon correlations between the twin beams. 
In such an experiment, the photon noise is suppressed in the difference
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between the intensities, M  = 1 ^ - If. Therefore, it is the signal-idler intensity 
difference that is squeezed, while the anti-squeezed variable is the phase- 
difference of the signal and idler frequencies.

When taken individually, the signal and idler beams show no such 
non-classical behaviour. In fact, either beam on its own should have statistics 
indistinguishable from narrow-band thermal light. On the other hand, these 
excess fluctuations are strongly correlated such that, for large gain in a lossless 
system, the quadrature amplitudes of the signal and idler beams become 
quantum copies of each other over a bandwidth set by the OPO linewidth.

In the OPO, one can expect an important quantum noise reduction for 
the following reasons: (i) It is based on a second order nonlinear process 
using a nonlinear crystal very far from its absorption band, having a very 
weak residual linear absorption. This device turns out to be almost free of 
excess noise sources; (ii) In the OPO, the ultimate quantum noise reduction 
factor, R, in the intensity difference. A/, between the twin beams is equal to

R = [n. 160]

or the ratio of useful to total round-trip losses in the resonator. This 
efficiency can be viewed as the ratio of the number of photons emitted from 
the OPO to the num ber that are created within the nonlinear medium. 
Therefore, the noise reduction factor, R,  can be reduced by increasing the 
output coupling. However, the drawback to this is an increase in the pum p 
power threshold. To allow for this, the use of the triply resonant oscillator is 
often applied; (iii) The noise reduction is particularly insensitive to changes 
in various parameters characterizing the system. These include pum p field 
intensity, provided that the OPO is properly balanced (the m irror 
transmissions and the losses are the same for the signal and idler fields), and 
cavity detunings from the resonant fields. The noise reduction factor 
p roduced  in experim ents can be close to the value predicted  by 
equation II. 160. In addition to intra-cavity loss mechanisms, the other 
limiting factor in squeezed state experiments is the imperfect quantum  
efficiencies of the detectors used to monitor the signal and idler channels, and 
the effect of slightly unbalanced detection channels for non-degenerate OPO 
frequencies.
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Such experiments have all utilized single-frequency, cw pum p sources 
in the green spectral region [13, 50,52,57,58, 70, 71]. These sources have been 
either gas lasers operating at lasing transitions of v» « 600 THz, or frequency- 
doubled near infra-red Nd:YAG lasers. The OPOs have been phase-matched 
to provide signal and idler frequencies close to frequency-degeneracy, with, in 
general, all three waves resonant within the OPO cavities. Both type I and 
type II phase-matched nonlinear materials have been used. In particular, 
when type II phase-matching is employed, this enables a convenient way to 
separate and monitor externally the intensities of the twin beams, and their 
noise spectrum. When the pum p source is derived from a Nd:YAG laser 
fundamental, then this source can act as a local-oscillator frequency or phase- 
reference, against which the squeezed light can be compared [13]. It is possible 
to generate squeezed states from a sub-threshold, multi-mode OPO [50] (one 
pump mode, but a multitude of pairs of cavity modes for the signal and idler 
fields that satisfy both the cavity resonance conditions and the phase- 
m atching requirements). This allows for the construction of a low-loss, 
single-port cavity w ithout requiring frequency selectivity to enforce 
degenerate operation, and without the technical difficulties that accompany 
stable operation above threshold.

Substantial noise reductions below the shot-noise limit have been 
observed by a number of workers, with reduction factors in excess of R « 50 % 
reported. Potentially, the use of squeezed light affords a better performance 
than coherent-state light in high-sensitivity measurements, such as gravity- 
wave interferometry and spectroscopy.

II. 6. (iii) Frequency division and comb generation.

The most demanding application currently being proposed for cw OPOs is as 
optical frequency dividers [64]. As discussed earlier, a number of precision 
measurem ents are currently limited by the resolution of interferometric 
measurements to approximately 1 part in 10̂ ® [72]. The capability of making 
precise frequency comparison and calibration will also be important to the 
areas of optical frequency standards and coherent communications.

In general, interferometric wavelength comparisons are limited by the 
uncertain ties in the m irror phase-shifts. In order to meet future 
requirem ents of 10 '^^ or better resolution, non-interferom etric direct
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frequency measurements are necessary. Frequency synthesis chains have 
been constructed [73] involving harmonics of laser and klystron sources to 
compare, for example, the Iz-stabilized 633-nm He:Ne laser to the 9.2 GHz 
caesium clock.

A new technique of frequency division has been proposed recently [64], 
based on coherent down-conversion in an OPO. An OPO satisfies all the 
fundam ental requirem ents of a frequency m easurem ent and synthesis 
system : high efficiency, resolution, and precision, w ith  frequency 
uncertainties that are limited by the inputs and not by the apparatus. A 
measurement of the output difference frequency of a nearly-degenerate OPO, 
d = Vg -  Vf, in conjunction w ith  the conservation of energy relation, 
V p  = V s  + V j ,  determines precisely the signal and idler frequencies. Such a 
frequency divider is illustrated schematically in figure II. 14.

known w
(a) --------------OPO

--------------

Servo loop Microwave reference 
frequency

known v,

unknown v,
(b) OPO

Ô

Servo loop Microwave reference 
frequency

Figure II. 14.
Schematic configurations of an OPO divider for (a) synthesizing new 
frequencies, and (b) for measuring an unknown input frequency (from 
reference [64]).
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As a frequency divider, the difference frequency can be phase-locked to a 
reference frequency source, such that the known input frequency is divided 
into two precisely known frequencies. Since ô is adjustable, the divider can 
operate as a frequency synthesizer. The frequency divider can be used also to 
measure accurately an unknown input frequency. Here Ô is locked to the 
microwave reference and the signal frequency is measured by beating it with a 
reference optical frequency. The special case of exact division by two has been 
demonstrated [66], with self-phase locking at degeneracy. The outputs from a 
near degenerate KTP OPO have been offset-locked, using the above technique, 
resulting in a beat-note linewidth at the Hz-level [29,30].

Extensions to this scheme involve cascading the frequency dividers in 
serial and parallel configurations to measure, synthesize and compare 
frequencies [74 - 76]. The parallel configuration could be adapted as a 
precision  optical frequency comb generator over THz frequency 
band widths [75]. A single laser could act as the pump source for a set of OPOs 
whose evenly spaced outputs form the major frequency markers of the comb. 
The OPO outputs could then be externally modulated [77] to generate nearly 
overlapping combs of m odulation sidebands that could serve as minor 
frequency markers and facilitate the phase locking of the OPOs.

Absolute frequency reference of the signal, idler and pum p frequencies 
can be provided in frequency dividers by locking one of the three frequencies 
to an atomic or molecular resonance with kHz frequency precision. This 
technique is significant for metrology and spectroscopy, for which frequency 
chains are required across a variety of spectral bands, and for this, higher 
order phase-locked frequency dividers (3:1, 4:1,...) than the 2:1 frequency 
degenerate OPOs discussed above, are currently required.

II. 7 Mode-matching,

It was discussed in section II. 2 that the nonlinear coupling within the gain 
medium was dependent on the exact spatial overlap between the three fields. 
To obtain maximum benefit from the nonlinear interaction, the beams 
should be focused to small spot sizes within the nonlinear material to obtain 
high power densities.

In phase-m atching geometries where propagation is significantly 
removed from a principal crystal axis, the effects of Poynting-vector walk-off
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can present a limit to the size of the focused spots desired within the optical 
cavity. It is then necessary to compare the reduction in threshold from tight 
focusing, due to the high power densities, with the possible increase in loss 
due to walk-off caused by the tight spot sizes. These considerations are 
addressed regularly when operating pulsed OPOs in critical phase-matched 
geometries.

As discussed earlier, the low pump powers associated with cw lasers 
require that the effects due to Poynting-vector walk-off over the length of the 
gain region should be eliminated, or at a level that does not cause a large 
increase in the threshold of the OPO; see appendix I. It is reasonable to 
suggest that cw OPOs can only be operated above threshold by focusing the 
input pum p radiation to small spot sizes to obtain high power densities. It 
was assumed that the optimum focusing of the fields in cw OPOs can be 
approximated by the analysis of section II. 2, in which the confocal parameters 
of the three waves were set equal to the length of the nonlinear crystal.

This section summarizes the basic equations that are relevant to the 
focusing requirements of cw OPOs. The beams considered are assumed to be 
lowest order fundamental fields (confined most strongly near the optical axis) 
w ith a Gaussian radial intensity distribution. In general, higher order 
transverse modes are suppressed in cw OPOs due to the magnitude of the 
gains involved compared to the diffraction losses experienced by higher order 
modes.

The most important mode-matching consideration involves matching 
the beam parameters of the input pump source to those desired within the 
OPO cavity for optimum coupling. These matching requirements become 
more stringent when the OPO cavity is designed to enhance the circulating 
pum p field, in for example the triply-resonant oscillator. In this case, 
deviations from the conditions of exact mode-matching can result in 
decreased coupling of the input pump field into the OPO cavity.

Consider a nonlinear crystal of interaction length, /, situated within a 
linear, standing-wave, two-mirror, optical cavity with an empty (free-space) 
cavity length, L . The confocal parameter is defined by b and such that

6 = . [n. 161]
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where zj^ is the Rayleigh range.

Setting the confocal param eter equal to the length of the crystal 
provides the optimum spot sizes for the three waves. This is because the 
region from -Zji to +zj^ can be regarded as the focal zone, or the approximate- 
collimated region. Therefore, in this region (crystal), beam diffraction has less 
of an effect on the overlap of the three interacting waves over the length of 
the gain medium. The spot size of the waist (1/e electric field radius) at the 
centre of the nonlinear crystal is then defined as follows:

12
. [E. 162]

 ̂ iTvrij

The spacing of the m irrors m ust provide these spot sizes, while 
simultaneously satisfying cavity stability for the resonator. In most cases, this 
is conveniently provided by placing two curved mirror surfaces either side of 
the crystal, equidistant from the crystal faces. While this provides a reliable 
method of satisfying the optimum focusing conditions, other possibilities 
m ust be considered. These include direct fabrication of the dielectric 
reflecting coatings on spherically curved crystal faces, thus forming compact 
and mechanically stable monolithic resonator configurations. However, this 
requires accurate polishing of the surfaces and cannot always be provided 
w ith given crystal grow th procedures. Another variation involves 
asymmetric resonator designs with one extended optical mirror spacing that 
allows for the incorporation of intra-cavity components (e.g. within the dual
cavity resonator). For the remainder of this analysis, the resonators are 
assumed to be concave symmetric designs, but the method of analysis is valid 
for the other cavity configurations described above.

The most convenient procedure for location of the cavity mirrors is to 
propagate the desired Gaussian beam from the waist size at the centre of the 
nonlinear crystal, over a free-space distance, until the radius of curvature of 
the beam matches that of the chosen curved mirror surface. The spacing of 
the mirrors must then satisfy the following relation [78]:

R = + -  ' [n. 163]ij,
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where U is the effective length of the cavity, as defined by

L' = L + (z/ny) . [n. 164]

Therefore, the cavity geometry, as dictated by the mirror curvatures, defines 
confocal focusing. Further, cavity stability is necessarily achieved since the 
wavefront curvatures match the m irror curvatures, thereby retracing the 
same (stable) pattern each time across the cavity. The next step involves 
ensuring that the pump source is properly mode-matched into this resonator. 
To provide this, the curvature /  spot size of the incident pum p beam (as 
characterized by the complex q-heam param eter [78]) is matched to that 
required in the OPO cavity.

Mode-matching can be accomplished by selecting the appropriate lens 
(or lenses) to transform the input pump beam accordingly. Given the sizes, 

laser ^ p ,O P O '  of the input pum p waist and the OPO cavity waist, 
respectively, and a lens of focal length, / ,  the position of this lens to match 
the two beams can be found by specifying the distances , dî gĝ  and dQpQ, of 
the two waists, either side of the focusing lens, such that [78]

^laser ~  f
w p,laser

W p,OPO
[n. 165 (a)]

^OPO =/ +
Wp,OPO

p.laser
■fc [n. 165(b)]

where fc  is the minimum, or characteristic, focal length that can be used, and 
is given by [78]

f c
^ ^ p ,O P O ^  p,laser [E. 166]

Therefore, suitable mode-matching lenses can be selected if the waist sizes 
and their relative locations are known, either side of the focusing lens.

The above equations can be greatly simplified by assuming that the 
pum p beam is being focused at a point in the far field of the beam divergence 
profile (i.e. at locations »  \zp\). Therefore, assuming that the focusing power
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of the lens dominates over the initial divergence, the new waist (W2) is 
located near to the focal point of the lens, and is of the size

p .  167]

where W/ is the spot size at the lens.

Finally, note that equations [II. 165 (a)] and [II. 165 (b)] reduce to the 
classical Newton object/image expression if f c~0;  i.e. the spot sizes are 
reduced to zero.

II. 8 Conclusions.

This chapter has outlined the theory required to model the performance of 
cw-pum ped OPOs. It has focused on two main aspects: pum p power 
thresholds and tuning characteristics. Both of these depend critically on the 
num ber of resonant fields within the OPO cavity, and the subsequent 
constraints placed on the cavity mirrors of the resonator.

Since the nature of these studies is three-wave mixing, then up to three 
fields can be brought to resonance within the OPO cavity. Their first effect is 
on the pum p power threshold. As expected, increasing the num ber of 
resonant fields within the OPO results in lower pum p power thresholds. 
Predictably, full benefit is achieved only when all the resonant fields satisfy 
simultaneously exact cavity resonances.

The detuning of resonant fields also plays an important role in the 
tuning characteristics of cw OPOs. To obtain smooth frequency tuning from 
cw OPOs, the fields that are subject to resonance conditions must be tuned 
together so that the energy conservation relation is always satisfied. There are 
several different methods for continuously tuning cw OPOs. The first 
consideration is whether or not the pum p can be considered as a tuning 
param eter. This depends ultimately on the desired application. In any 
application that requires precisely determined, absolute frequencies, it is 
highly unlikely that the pump frequency can be considered to be tunable. For 
less demanding applications (e.g. spectroscopy), a tunable pump source may 
be tolerated.
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When the pum p frequency is tunable, then single-cavity, singly- 
resonant and doubly-resonant OPOs allow for multiple param eter tuning. 
For the singly-resonant device, the resonant OPO field can remain fixed or be 
scanned with the pum p frequency. Either way, both sum and difference 
frequency selection arises. In the doubly-resonant OPO, tuning the pum p 
frequency must be matched by both the signal and idler resonance conditions. 
The addition of pum p resonance effects to lower the pump power thresholds 
can only be decoupled from the tuning characteristics by resonating the pump 
field in a separately formed build-up cavity that does not affect directly the 
signal an d /o r idler resonance conditions.

When using a fixed pump frequency, only truly singly-resonant OPOs 
allow for difference frequency control in a simplified, free-running manner. 
If doubly-resonant OPOs are to match this performance, they must be formed 
with independent cavity length control via dual-cavity resonators. Dual
cavity, doubly-resonant OPOs allow for pum p power thresholds at the mW- 
level, smooth frequency tuning from either a fixed frequency pum p source or 
a tunable pum p source, and a convenient m ethod of controlling 
independently the finesses and free spectral ranges of the signal and idler 
fields. The dual-cavity, doubly-resonant OPO can be regarded as the ideal OPO 
configuration for high precision frequency applications. Only when other 
applications are targeted in which the specifications are considerably relaxed 
(or w hen m ulti-watt, kHz, single-frequency lasers are available at any 
frequency from the ultra-violet to the mid-infra-red spectral regions) can 
other types of cw OPOs be considered.

This chapter also discussed conversion efficiencies in cw OPOs, mode- 
matching, and coherence properties of cw OPOs.

The internal conversion efficiencies of OPOs, irrespective of the fields 
resonated, are considerable. This is because, once above threshold, additional 
pum p power is diverted directly to signal and idler photons. The main 
differences arise in the external conversion efficiencies, dictated by the 
resonance conditions of the OPOs. When the signal or idler fields are 
constrained to high finesse cavities, then, as expected, the ratio of useful to 
parasitic losses governs the external conversion efficiency. The most practical 
method of providing high external conversion efficiencies is to eliminate the 
resonance condition for either the signal or idler field, as in a singly-resonant 
oscillator. However, as with any optical resonator, high external conversion
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efficiencies can always be obtained by operating well above threshold, and 
adjusting the output coupling such that this value is significantly above the 
other (parasitic) cavity losses. In general, the extreme dependence of the 
pump power threshold on cavity finesses does not allow for such flexibility in 
experimental designs.

The mode-matching of the three fields over the length of the gain 
medium can be achieved by setting the cavity mirror spacings/curvatures to 
fix the resonant transverse beam dimensions, and focusing the pump field to 
optimize the three wave interaction. The degree of overlap between the three 
fields is optimized when all the fields are approximately collimated (low 
diffraction effects) in the focal zone of the gaussian beam profile. Perhaps the 
most im portant case to consider is when the input pum p field is itself 
resonant in the OPO cavity. In this case, the pum p enhancement factor 
depends upon the precise spatial mode overlap between the intra- and extra
cavity pump fields.

While, in most cases, the stability of the OPO outputs is dictated by the 
pum p frequency stability, the limit to the signal and idler frequency is 
determined by phase-diffusion effects. Whereas the sum of the signal and 
idler phases remains fixed, the phase-difference diffuses randomly, similar to 
the effects of spontaneous emission on the coherence of a laser oscillator.
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III. 1 Introduction.

In general, the steady development of optical parametric oscillators (OPOs) 
has relied upon the widespread availability of high power, narrow-linewidth 
pum p lasers, and high quality nonlinear optical materials. This has been 
especially true for continuous-wave (cw) OPOs, where the pum p source and 
nonlinear material specifications are at their most stringent. This chapter 
examines the properties of currently available pump sources and nonlinear 
materials that can be considered for use within cw OPO systems. The pump 
threshold and stability requirements are compared when using pum p sources 
operating in different spectral regions, and when resonating various fields 
within the OPO cavities. The phase-matching configurations of the different 
nonlinear media are discussed, with the emphasis on generating amplitude 
and frequency stable outputs.

Following the initial demonstrations of cw OPOs [1, 2], their reliable 
operation was hampered mainly by a lack of suitable pum p sources and 
nonlinear optical materials. In the late 1960s, the highest power single
frequency radiation in the visible spectral region was obtained from argon-ion 
lasers [3-5]. In general, these gas lasers are inefficient, difficult to stabilize in 
frequency, and can be tuned in frequency over a narrow spectral region, as 
defined by the gain-bandwidths of the lasing transitions. As pump sources for 
cw OPOs, argon-ion lasers are of limited use, other than to investigate the
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frequency properties of specific OPO configurations /  phase-m atching 
geometries. These initial cw OPOs operated with multi-longitudinal-mode 
pum p sources. As expected, the spectral outputs from these devices were 
unsatisfactory, caused by the random  phase and am plitude distribution 
associated w ith multi-mode operation of the pum p sources, and their 
corresponding effect on the frequency mode selection from the OPOs.

The first demonstration of frequency stability in the output of a cw OPO 
was reported in 1973 in reference [6], which compared the use of argon-ion 
lasers and frequency-doubled Nd:YAG lasers as the pump source for an OPO 
with signal and idler frequencies near degeneracy. The OPO cavity finesses 
were altered to provide increased output power levels when operating 
significantly above threshold. When the pum p source was isolated 
effectively, and was actively stabilized on a single-frequency, the output of the 
OPO maintained some degree of stability on single-frequency mode-pairs, 
although only for time periods of a few seconds [6].

The most positive conclusion that can be draw n from the early 
research into cw OPOs was that these devices could operate consistently above 
threshold with pum p power thresholds at the mW-level if the pump beam 
was focused to provide optimum spatial overlap with doubly-resonant, high 
finesse, signal and idler fields. Pump sources operating only in the green 
spectral region, and OPO operation with signal and idler frequencies near 
frequency degeneracy [1, 7, 8] or in a near 3:1 frequency ratio [2,9,10], had been 
dem onstrated in these initial designs. This lim ited range of output 
frequencies was due to the lack of available cw pump sources in other spectral 
regions, and a lack of high quality nonlinear materials that could provide 
suitable phase-matching geometries for these pump frequencies. These early 
cw OPOs had used the nonlinear materials lithium niobate (LiNbOg) [2, 9], 
and barium sodium niobate (BaNaNbgOis) [1, 6 - 8, 10] in temperature-tuned, 
type I non-critical phase-matching geometries. These materials had been 
selected for use within cw OPOs due to information that had been obtained 
from their more regular application as second-harmonic frequency converters 
of near infra-red laser sources [11 -13], and in particular for converting the 
radiation from NdtYAG lasers to the visible spectral region.

The more general conclusion from this early research was that cw 
OPOs displayed erratic and unstable behaviour, and would require a level of 
pum p frequency stability that was not then available. In addition, nonlinear
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materials were yet to be developed that could prevent the familiar problems 
of crystal damage, caused by tightly focused pump spot sizes and high intra
cavity circulating fields.

Given the emergence of dye laser technology throughout the 1970s, it 
was hardly surprising that reports of cw OPOs were confined only to brief 
mentions within the summaries of OPO work during this period [14-16]. 
Dye lasers were marketed shortly after their initial demonstrations [17], and 
cw devices could be tuned over extensive frequency bandwidths in the visible 
and near infra-red spectral regions [18]. Their wide tunability was only one 
advantage: more specifically, dye lasers could be pum ped by the standard 
multi-line output from ion lasers, could operate with cw powers at the Watt- 
level [19], could easily attain single-frequency operation [20], and could be 
actively stabilized to kHz-frequency precision [21]. Therefore, some of the 
most desirable attributes of a workable cw OPO based system could be obtained 
from a commercially-available product.

Despite the obvious advantages of dye lasers over cw OPOs in the 
visible spectral region for smooth /  coarse, narrow-linewidth, frequency 
tuning, research involving cw OPOs was re-examined in the early 1980s. 
Their use was not then for widely tunable radiation from a single 
pum p /  crystal geometry, but rather, within high precision applications that 
utilized some of the unique properties of cw OPOs, as discussed in 
section II. 6 .

The developm ent of compact, efficient, narrow -linew idth, and 
frequency-stable, all-solid-state, diode-laser-pumped Nd-based lasers [22], and 
the introduction of new high-quality nonlinear optical materials [23], allowed 
for this renewed interest in cw OPOs. Nonlinear m aterials include 
m agnesium  oxide doped lithium  niobate (Mg0 :LiNb0 3 ) [24], potassium  
titanyl phosphate (KTP) [23], lithium triborate (LBO) [24] and potassium  
niobate (KNbOg) [25]. This has allowed for the application of cw OPOs to 
produce squeezed states of light, with signal - idler intensity correlations 
below the shot-noise level [28, 29]. The materials used within this context 
were KTP [29,30,31], MgO:LiNbOg [32,33], and KNbOg [34]. The pump sources 
were either frequency stabilized argon /  krypton-ion lasers [30, 31] or 
frequency-doubled Nd:YAG lasers [32, 33]. To date, this area of research 
constitutes the only application that has been able to utilize the properties of 
cw OPOs. (Other less researched applications include high-resolution

125



1
?

spectroscopy [34], optical frequency division [35], and optical frequency comb 
generation [36 - 38].)

At present, the em phasis of the research involving cw OPO 
development is not concerned with the coarse frequency tuning properties 
available from these devices, or their immediate packaging through a 
commercial product, bu t is geared towards the new challenges w ithin 
applications that require high-precision, frequency-stable outputs [39 - 43]. 
These are the schemes involving cw OPOs as optical frequency dividers 
within frequency chains spanning the optical spectrum [35 - 38].

The pum p sources required for optical frequency division techniques 
should be frequency-tunable, narrow-linewidth, and high-power single
frequency lasers, or their frequency harmonics. Pump frequency tuning is 
essential to operate the frequency divider w ith specific frequency ratios, 
allowed from the freedom in selecting both the sum  and difference 
frequencies of the OPO outputs [44], and these can be referenced to known 
and /  or unknown frequency sources. W ithout any frequency reference 
m arkers, the cw OPO remains simply an interesting frequency down- 
converter of visible laser radiation.

One of the most urgent requirem ents for such optical frequency 
division schemes is to demonstrate stable cw OPOs that can use tunable lasers 
(or their frequency harmonics) in different spectral regions, as their pum p 
sources. For this, phase-matching geometries that can deliver desired integral 
ratios of signal:idler frequency outputs (1:1 [39, 41], 2:1, 3:1, etc.), and can be 
tuned sm oothly in frequency over « GHz-bandwidths [41, 43] around a 
reference frequency marker need be identified.

III. 2 Pump sources.

This section considers the requirements on the pump sources for cw OPOs. 
The equations are recalled from chapter II for the pum p power thresholds, 
and for the pum p frequency stability to maintain amplitude and frequency 
stable operation of the cw OPO on single-frequency signal and idler mode- 
pairs. Typical values are calculated, and compared directly to the pum p 
sources that are currently available for use. Finally, there is a discussion of 
the pum p sources that are most likely to emerge within the next few years 
that will be suitable for incorporation within cw OPO applications.
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The first critical requirement for the pump source is the pum p power 
required to reach threshold for the OPO. Recall that there are several 
different cavity variations available, which are outlined in chapter II, and that 
these provide different expressions for the pump power threshold of the OPO. 
These cavity designs can be divided broadly into three categories; singly, 
doubly, and triply-resonant oscillators. The pump power thresholds for these 
systems were summarized in section II. 3. The equations for the minimum 
pum p power thresholds (in units of Watts) for the three above-mentioned 
configurations are as follows:

Singly-resonant: (pjf) = ------— x , [HI. 1]

P

Doubly-resonant : = ----------- 5—  x -----  , [IH. 2]

p

Triply-resonant : ^  x

where it is assumed that the signal and idler frequencies are approximately 
equal, and that there are no additional double-pass pum p conditions, as 
discussed in chapter II. (Operation away from frequency-degeneracy requires 
simply an additional multiplicative factor to the following analysis. In 
addition, these minimum pum p power thresholds assume that the resonant 
waves satisfy exact cavity resonances.)

To obtain realistic experimental pum p power values, the following 
typical values are inserted into the above equations:

1 = 20 mm, deff = 3 p m /V , = 1.6 . [HI.4]

For resonant OPO fields, the signal and idler finesses are assumed to be 
Pg ~ F/ « 300, and for resonant pum p fields, the maximum pum p field 
enhancement is assumed to be = 10.

Threshold values are calculated now for pump sources operating in 
d ifferent spectral regions (ultra-violet, visible, and near infra-red).
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corresponding to frequencies (wavelengths) of Vp = 1000 THz ( Xp = 300 nm : 
u ltra-violet), = 500 THz (A^ = 600 nm  : visible) and 
{Xp = 1.2 jxm : infra-red). The results are displayed in table III. 1.

Vp = 250 THz

Table III. 1.
Pump power thresholds.

Pump frequency, Vp 
Pump wavelength, Xp

1000 THz 
0.3 jLim

500 THz 
0.6 jim

250 THz 
1.2 |im

Singly resonant oscillator 
(Watts) 0.54 4.32 34.6

Doubly resonant oscillator 
(mW) 5.66 45.3 362

Triply resonant oscillator 
(mW) 0.14 0.57 2.27

There are two important distinctions that can be interpreted from the above 
analysis. First, due to the dependence of the pump power threshold with the 
inverse of the third power of the pum p frequency, significant reductions in 
pum p power threshold can be obtained by using the higher energy photons 
associated with short-wavelength, ultra-violet pump sources [45]. Second, as 
expected, the pum p power thresholds for singly-resonant oscillators are 
significantly higher than those of the other cavity geometries [46]. The lowest 
thresholds ( « îW) are obtained when all three waves are resonant, as
in the case of the triply-resonant oscillator [30 - 32].

These figures can be related to those values of pump power threshold 
that have been reported from experimental cw OPO configurations. The only 
singly-resonant oscillator reported to date has operated, as expected, with a 
threshold at the W att-level, for a pum p source in the visible spectral 
region [46, 47]. Doubly- and triply-resonant oscillators have operated 
consistently with pump power thresholds at the mW-level for pum p sources 
operating in each of the three spectral regions studied (ultra-violet [45], 
visible [6 ], and near infra-red [44]). The lowest threshold from a cw OPO
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{P̂ p_fh ~ 0.4 mW) has been obtained from the extension of a triply-resonant 
oscillator to a quadruply-resonant oscillator. This requires simultaneous 
resonance for the signal, idler, and pum p frequencies, in addition to the sub
harmonic frequency of the pum p. Such a cavity geometry is analysed 
explicitly in reference [48]. (It is significant that all the experimental designs 
have employed confocal focusing geometries, combined with phase-matching 
geometries contributing negligible losses from the effects of Poynting vector 
walk-off, and in particular, non-critical phase-matching; see appendix I.)

The pum p frequency stability requirements are now reviewed. The 
following analysis is specific to cavities in which the signal and idler 
frequencies are resonant, and consequently, low pum p power levels are 
required to reach OPO threshold. The modelling in chapter II illustrated that 
the pum p frequency should be a single-frequency source, stabilized, in 
general, at the MHz-level, to maintain OPO operation on a single signal and 
idler frequency mode-pair. Recall the pum p frequency requirements for 
single- and dual-cavity resonators, as derived in chapter II:

F 8 R
Single-cavity ^^p-stab ^

F9R
Dual-cavity -  " ^ F ^  ' [1 .̂ 5]

where it is assumed that, within the single-cavity oscillator, the finesses of the 
signal and idler fields are similar (i.e. Fg « F/ « F), and within the dual-cavity 
oscillator, the free spectral range of the signal field is significantly greater than 
the idler field (i.e. F S R ^ »  FSRi). When the signal and idler free spectral 
ranges are similar within the dual-cavity oscillator, then the analysis of the 
single-cavity oscillator is approximately valid.

For a single-cavity resonator, w ith signal and idler finesses of 
Fg «F/ -300 , corresponding to round-trip power losses of -  2.1 %, and free 
spectral ranges of FSRg -  FSRj « 4 GHz, corresponding to standing-wave 
optical cavity lengths of -  37.5 mm, then the pum p frequency stability, as 
given by equation III. 4, is ^Vpstah ~ 13.3 MHz. The desire to increase the 
cavity finesses to lower the threshold has the undesirable effect of increasing 
the level of pum p frequency stability required for stable OPO operation. 
Therefore, the selection of cavity finesses must be considered carefully in the
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design of a cw OPO, as explained specifically in reference [40]. For the single
cavity  oscillator, short cavity lengths should be em ployed (w ith 
correspondingly large free spectral ranges).

For a dual-cavity oscillator with significantly different free spectral 
ranges for the signal and idler fields, the threshold and stability requirements 
can be partially decoupled. In this respect, a short, low finesse cavity for either 
the signal or idler frequency can reduce the requirements on the pum p 
source. Low pump power thresholds can now be maintained by increasing 
the finesse of the longer cavity length without affecting the pum p frequency 
requirements. Again, the advantages of the dual-cavity oscillator over the 
single-cavity oscillator, are evident. (The dual-cavity oscillator is discussed in 
detail in chapter VI, which includes the first experimental realization of such 
a device.)

While frequency stability at the MHz-level is adequate to prevent 
hopping to adjacent mode-pairs, it is unsuitable for high precision frequency 
applications. Such schemes require pum p sources stabilized to sub-kHz 
levels [49 - 52] to allow for accessible signal and idler frequencies displaying 
this level of frequency stability. Frequency stabilization at the kHz-level 
should be seen as acceptable for pump sources within the context of OPO 
frequency division schemes.

These two requirements (power and stability) are discussed in the 
section III. 2 (i), which analyses pum p sources that operate in the three 
spectral regions, as defined earlier.

III. 2 (i) Pump sources in the ultra-violet spectral region.

In the ultra-violet spectral region (in general, Vp > 750 THz), there is a lack of 
appropriate lasing transitions that can combine the properties of high cw 
power, and narrow-linewidth frequency output. Presently, the highest cw 
powers in this spectral region are generated from transition lines of argon-ion 
lasers, which can operate with single-frequency stability at the MHz-level [53]. 
More accessible pumping radiation in the ultra-violet spectral region is likely 
to become available soon from all-solid-state, diode-laser-based sources (either 
as the pum p source for an all-solid-state laser, or as the actual narrow- 
linewidth source), frequency up-converted to the ultra-violet spectral region. 
Such schemes may include frequency doubling Tirsapphire lasers, whose
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frequency tunability offers a significant advantage over fixed frequency laser 
sources [54,55]. (Ti:sapphire lasers are discussed further in section III. 2 (iii).)

The literature within the field of harmonic generation has focused 
primarily on experiments concerning the second-harmonic generation of all
solid-state laser sources [56 - 59], while the techniques of frequency 
tripling /  quadrupling remain largely unexplored. It is likely that the 
generation of large cw powers at the fourth frequency harmonics of solid-state 
lasers will precede third harmonic generation techniques. From a practical 
view point, it is easier to resonantly-double a single frequency source 
externally [57 - 60], than to combine a laser fundamental with its second 
harmonic frequency in a cw doubly-resonant external geometry, to generate 
efficiently the third harmonic frequency.

To date, the only reported cw OPO experiment to utilize a pump source 
operating in the ultra-violet spectral region has involved the use of an argon- 
ion laser, operating at a fixed frequency of Vp = 824THz (Xp = 363.8 nm) [45].
(This experiment is discussed specifically in chapter V of the thesis which 
includes a further discussion on the selection of pump sources in the ultra- |
violet spectral region.) j

J

III. 2 (ii) Pump sources in the visible spectral region.

In the visible spectral region (defined here as 420 >Vp> 750 THz), current 
pum p sources include high power, narrow-linewidth, single-frequency gas 
lasers (argon-ion or krypton-ion), diode-laser-pum ped, frequency up- 
converted Nd-based laser sources, and dye lasers. Indeed, many of these 
sources have been used within the past few years as the pum p sources for cw 
doubly-resonant oscillators. (An argon-ion laser operating in the visible 
spectral region is used as the pump source for the OPO described in chapter IV 
of the thesis [61].)

The above-mentioned laser sources have frequency outputs that are 
confined by the gain-bandwidths of the lasing transitions. For example, an i
argon-ion laser has a typical gain-bandwidth of Av^_^ « 6 GHz [62], whereas a 
frequency-doubled Nd-based solid-state laser has a gain-bandw idth of 
Av_ b -  200 GHz [63].
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Despite having a limited frequency output range, diode-laser-pumped, 
all-solid-state, Nd-based lasers, frequency up-converted to the visible spectral 
region, are highly appropriate as the pump sources for cw OPOs. Recently, 
such sources have been locked in frequency to absorption lines of iodine, with 
frequency precisions of a few parts in 10^^ [64]. This level of stability is 
suitable for frequency division schemes, when combined with high cw power 
radiation to pump serial or parallel OPO configurations [36,37]. High power 
levels at the second frequency harmonic can be generated efficiently by 
placing the doubling crystal within the laser cavity [56], or in an external 
cavity  in  w hich the fundam enta l laser pow er is considerab ly  
enhanced [57 - 60]. (Direct OPO pum ping with Nd-based laser sources is 
discussed in the following section.)

It is reasonable to predict that, within the next few years, cw diode- 
lasers will become available at higher frequencies and with higher single
frequency power levels; a persistent trend over the past decade [65]. When 
they become available, they will provide the ideal source of visible pum p 
radiation for cw OPOs. (The use of diode-lasers, and other tunable sources 
that extend into the visible spectral region, but which operate with higher 
powers in the near infra-red spectral region, are discussed in the following 
section.)

In the meantime, dye lasers could be used effectively as pum p sources 
for cw OPOs. Such experiments would serve to illustrate the potential of 
using pum p sources of widely-tunable visible radiation with widely tunable 
cw OPOs operating in the near infra-red spectral region [44]. Phase-matching 
geometries and nonlinear material specifications could be established that 
would enable the transfer of the pump source to, for example, diode lasers, 
when they become available with higher powers at higher frequencies.

III. 2 (iii) Pump sources in the near infra-red spectral region.

In the near infra-red spectral region, there are a number of sources that can be 
considered for pumping directly cw OPOs further into the infra-red spectral 
region. These include Nd-based lasers, Ti:sapphire lasers, and phase-locked 
diode-laser arrays. Each of these laser sources is now considered separately.
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III. 2 (iii) (a) Diode-laser pumped Nd-based lasers.

The diode-laser-pumped Nd-based laser system (e.g. Nd:YAG or Nd:YLF) is 
one of the most efficient and reliable ways of generating coherent radiation in 
the near infra-red spectral region [22]. The current generation of multi-Watt 
diode lasers offer operating lifetimes of thousands of hours, high electrical-to- 
optical conversion efficiencies, and have good spectral overlap with the 
pum p bands of solid-state lasers [65]. The output powers of all-solid-state 
lasers have gradually been increased over the past decade, driven by the desire 
to generate multi-Watt outputs at frequency harmonics, and for applications 
such as gravitational-wave detection [66, 67].

High-power performance can be obtained by side-pumping a slab laser 
with direct contact cooling [66, 67]. Multiple fibre-coupling of the pum ping 
diodes offers flexibility, since the pum p source and the laser head can be 
designed almost independently [66]. Frequency stability at high powers can be 
obtained by injection seeding a low power output laser to control the 
properties of the high-power oscillator [66 - 68]. Such all-solid-state sources 
can deliver multi-Watt output powers in a single-frequency with short-term 
linewidths of tens of kHz [66, 67].

However, these near infra-red laser sources, with output frequencies at 
Vp » 300 THz, have not been used directly as the pump sources for cw OPOs. 

This is partly due to the increase in threshold when using the lower energy 
photons associated with infra-red laser sources, and more specifically, to a lack 
of suitable nonlinear materials offering low threshold phase-m atching 
geometries for cw OPO operation. When appropriate nonlinear materials 
become available, a Nd-based laser /  cw OPO arrangement will allow for the 
generation of high power and high spectral quality radiation in the mid infra
red spectral region, in the same manner that up-conversion techniques have 
been utilized so effectively in the past decade for generating visible and ultra
violet frequency harmonics [56, 59]. (Newly developed nonlinear materials 
that may provide such radiation are discussed in section III. 3.)

III. 2 (iii) (b) Titanium-doped sapphire lasers.

The Ti:sapphire laser (Ti:Al2 0 g) was reported first in the early 1980s, and has 
since been the subject of extensive investigation [69]. The Ti:sapphire laser is 
a broadly tunable solid-state laser with emission from Vp « 450 to 270 THz

133



( Xp- 0 . 67  to 1.1 pm). Single-frequency Ti:sapphire lasers have excellent 
passive stability, and w ith active stabilization techniques, linewidths of 
iM^p-stab -  10 kHz can be obtained readily [70]. The broad tunability, high 
output powers in excess of Pp > 2 W, and the possibility of narrow-linewidth 
operation, makes the Ti:sapphire laser an excellent source for a number of 
diverse applications, including high resolution spectroscopy [71] and as a 
pump source for cw OPOs [44].

Frequency doubling of Tiisapphire lasers can generate radiation tunable 
from Vp « 900 to 540 THz (Xp ~ 335 to 550 nm) [54]. Of particular interest is 
the ultra-violet end of this range where, as discussed earlier, other laser 
sources are relatively inefficient and difficult to operate.

The peak absorption of the Ti:sapphire laser is in the region 
of « 600 THz (500 nm), allowing it to be pumped by the frequency-doubled 
output of diode-laser pum ped Nd-based lasers [72]. However, the more 
recently developed chromium-doped vibronic solid-state laser gain media 
may soon offer an alternative to Tiisapphire lasers (e.g. Cr^+iLiSrAlF^ [73]) as 
they have strong absorption bands that directly overlap the radiation from 
high power diode-lasers, and can exhibit low pump power thresholds. Other 
m ore trad itiona l chrom ium -doped vibronic solid-state gain m edia 
(e.g. Cr3+:BeCaAl2 0 3 ; alexandrite [74]) are also benefiting from the availability 
of high power diode-laser pump sources, and have also displayed low pum p 
power thresholds in end-pumped configurations [75]. Even so, Tiisapphire 
lasers currently represent the most attractive source for pum ping cw OPOs, 
either directly, or via their frequency harmonics. This is due to their 
w idespread availability combined w ith their potential to be converted 
efficiently to lower and higher frequencies, through frequency up- /  down- 
conversion techniques.

To date, there has only been one report of a cw OPO that has operated 
w ith a Ti:sapphire laser as the pum p source [44], and this experiment is 
outlined in chapter VII of the thesis, which discusses further applications that 
combine the use of Ti:sapphire lasers and cw OPOs.

II. 2 (iii) (c) Single-frequency diode-lasers.

While the properties of vibronic-based solid-state lasers make them highly 
appropriate as the pum p sources for cw OPOs, in the longer term, they are
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likely to be replaced by high-power phase-locked diode-laser arrays [76]. The 
recent developments in semiconductor diode-laser technology [65] m ust be 
considered with respect to the proposed use of cw OPOs [36, 37] operating in 
different spectral regions. This can be viewed from two standpoints: first, as 
alternatives to cw OPOs as high-precision, frequency-tunable devices; second, 
as the pum p sources for cw OPOs to down-convert diode-laser radiation to 
spectral regions where diode-lasers do not exist, or cannot be operated with 
high power and narrow-linewidth outputs.

Scalable, high power output has been obtained by the coherent addition 
of injection-locked high-pow er diode lasers [77], and by the recent 
development of monolithic integration of a master oscillator diode-laser and 
a pow er amplifier, which delivers m ulti-watt, single-frequency output 
powers [65,78].

C urrent research in diode-laser technology in the near infra-red 
spectral region offers significant practical advantages over the use of cw OPOs, 
regarding continuous frequency tuning over distinct spectral bandwidths. 
However, by combining tunable diode-lasers w ith nonlinear techniques 
involving both frequency up-conversion and down-conversion, there are a 
number of interesting applications for cw OPOs. In particular, cw OPOs have 
been considered as integral parts of several optical diode-laser based frequency 
chains [38, 79].

Ill, 3 Nonlinear materials.

This section analyses the criteria for selecting nonlinear materials for use 
within cw OPO configurations. Currently available materials are reviewed 
w ith regard to non-critical phase-matching geometries, coarse and fine 
frequency tuning properties, m aterial fabrication, and optical damage 
threshold limitations. (This section does not include an analysis of phase- 
matching in nonlinear media that can be found in a num ber of general 
review papers on nonlinear optics [14 - 16,23, 80].)

It was discussed in chapter II that, to allow for cw param etric 
oscillation, it was necessary to focus pump beams to minimum spot sizes 
within the nonlinear materials, and that high finesse cavities were required 
for the resonant fields of the OPO. This dictates that the nonlinear material 
must withstand high cw power intensities, and have negligible scattering and
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absorption losses for the resonant fields. When these two specifications are 
considered, many nonlinear materials fail to satisfy cw OPO requirements.

Taking the pump power threshold values, as calculated in section III. 2, 
and applying the conditions of confocal focusing, then the power intensities 
of the focused spot sizes within the crystals at threshold are 1.3 MW /cm^ 
(singly-resonant oscillator), 14 kW /cm ^ (doubly-resonant oscillator), and 
170 W /cm ^ (triply-resonant oscillator). These significantly different power 
intensities highlight further the difficulties in forming singly-resonant 
oscillators [47]. Further, to maintain a finesse of F ~ 300 in a standing-wave 
optical cavity, the round-trip power losses must be less than < 2%. In 
such a standing-wave resonator, the fields propagate in forward and backward 
directions through the nonlinear material. Therefore, in general, nonlinear 
materials for cw OPOs must contribute low absorption losses for all resonant 
fields.

Another im portant consideration when aiming to maximise the 
parametric gain over the whole gain element is to minimize the effects of 
Poynting vector walk-off, due to propagation away from principal optical axes. 
This implies that non-critical phase-matching geometries are preferable for 
cw OPO use. However, this does not exclude critical phase-m atched 
geometries. Within any phase-matched geometry, the walk-off should be 
evaluated. It is assumed at this stage that non-critical phase-m atched 
geometries are essential for cw OPO operation. The incorporation of critical 
phase-matching geometries with low walk-off is considered in appendix I.

Of particular importance within OPO designs is the general feature of 
tuning. However, as discussed in chapter II, this can be sub-divided into 
coarse and fine frequency tuning. Coarse frequency tuning has long been the 
favourable property of OPOs that operate with pulsed pump sources, with the 
ability of a single pum p source /  nonlinear crystal arrangement to generate 
extensive frequency bandwidths [14]. In general, for a fixed frequency pum p 
source, large degrees of coarse frequency tuning are possible through rotation 
of the crystal axes, or by changing the phase-matching temperature. However, 
neither tem perature nor angle tuning offers a convenient method for fine 
frequency control of the outputs from cw OPOs. The most appropriate 
method of controlling the fine frequency properties of an OPO is through 
piezo-electric tuning of the nonlinear medium [39,41, 42], or by independent
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cavity length control of external cavity m irrors w ithin a dual-cavity 
oscillator [43, 81].

A nother im portant property  of m aterial selection involves the 
fabrication of nonlinear crystals. This topic can also be divided into two 
categories: monolithic crystal configurations and optical coatings. One 
method of reducing cavity losses to a minimum is to deposit dielectric 
coatings directly on the crystal surfaces. In addition, by curving the ends of 
the crystal, the requirement for external cavity mirrors can be eliminated. 
This has profound effects on the pum p pow er threshold, but m ore 
importantly, on the mechanical rigidity and inherent stability of the OPO 
resonator [39,40].

When external mirrors are required, the faces of the nonlinear crystal 
should contribute negligible losses to the system. In principle, this can be 
achieved by Brewster-cut nonlinear crystals, optical contacting m irror 
substrates directly on the crystal faces, or by applying anti-reflection coatings to 
the faces of the nonlinear material. Brewster cuts are usually discarded 
within cw OPOs due to differences in the frequencies and polarizations of the 
resonant fields. Optical contacting would require an index matching fluid 
with very high specifications with regard to power densities and transmission 
for discrete, and perhaps widely-spaced, frequencies. Therefore, anti
reflection coatings are the obvious choice, and are commonly used. However, 
w hen specifications are for triple anti-reflection coatings, high power 
densities, and elevated temperature operation, the match of the coating and 
crystal materials must be examined closely.

Historically, the subject of material selection for cw OPOs has followed 
closely that of second-harmonic generation experiments. The selection of 
nonlinear materials for cw frequency-doubling is almost identical to that of 
cw OPOs; i.e. non-critical phase-matching geometries, m oderate effective 
nonlinear coefficients, low absorption losses, high damage thresholds, and 
relative ease of crystal fabrication.

Several different nonlinear materials are now reviewed, each of which 
has properties that makes it suitable for incorporation within cw OPO designs, 
following successful use within cw frequency up-conversion schemes, and in 
particular, second harmonic generation. For each m aterial, the crystal 
properties are reviewed and tuning curves are presented for non-critical 
phase-matching geometries. (The axes labelling systems adopted within this
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chapter are specific to the particular m aterials, and conform to the 
conventions that are commonly applied to w ithin their respective 
literatures.) Finally, within each phase-matching geometry, fine frequency 
tuning methods are discussed with a view to obtaining frequency stable and 
frequency tunable signal and idler radiation.

In contrast to more traditional methods of comparing nonlinear 
materials, the suitability of the materials is not evaluated simply from 
transparency ranges and figures of merit based on effective nonlinear 
coefficients. Specifically, the properties of each material relevant to the 
generation of frequency stable /  tunable OPO radiation are presented.

III. 3 (i) Magnesium oxide doped lithium niobate (MgOiLiNbOg) [24,40,82].

Lithium  niobate (LiNbOg) is well known as a technologically im portant 
optical material, which finds wide use in Q-switch applications and as a 
substrate for integrated optic devices. Historically, its use in the near infra-red 
and visible spectral regions has been limited by photo-refractive induced 
damage. Magnesium oxide doped lithium niobate (MgOiLiNbOs) has been 
developed to eliminate some of the problems associated with pure LiNbOg, 
with regard to optically induced damage and phase-matching temperatures 
for second harmonic generation. Specifically, at the standard doping level of 
5 % MgO, the phase-matching temperatures for second harmonic generation 
of Nd-based lasers are increased from below room-temperature (for pure 
LiNbOs) to = 100 °C [82].

M gO iL iN bO s has a transmission range that extends from A ~ 0.4 
to 5 pm. The absorption coefficients are typically < 0.1 % /  cm and ~ 2 % /  cm 
at wavelengths of X ~ 1.064 and 0.532 pm, respectively. The low absorption 
loss at X ~ 1 pm has enabled its successful implementation within cw intra
cavity frequency doubling schemes, and within ultra-high finesse external 
cavity designs. In particular, MgOiLiNbOg can be fabricated and coated easily 
to form external monolithic resonators. Such designs have been utilized as 
cw OPO cavities, with pum p sources operating at X ~ 0.53 pm, and OPO 
operation around frequency degeneracy. However, a wider range of pum p 
sources and OPO outputs are possible within this phase-matching geometry, 
and these are discussed within this section.
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III. 3 (i) (a) Type I non-critical phase-matching.

Similar to the phase-matching properties of pure LiNbOg, only type I non- 
critical phase-matching can be considered when using MgOiLiNbOg as the 
nonlinear material w ithin OPO applications. The effects of tem perature 
tuning for fixed frequency pump sources, under the conditions of non-critical 
phase-m atching, are displayed in figure III. 1. In this phase-m atching 
geometry, the pump field is polarized along the z principal optical axis, and 
the signal and idler fields are polarized along the y  axis, with propagation 
along the x axis (G=90^,(j)=Q°',e--^o + o;d^^ «5 .95pm /V ).
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Figure III. 1.
Calculated type I non-critical phase-matching in MgOiLiNbOs, w ith 
fixed frequency pum p sources in the visible spectral region, and 
tem perature tuning.

Figure III. 1 illustrates that type I non-critical phase-matching is available 
when using pump sources operating in the visible spectral region between 
0.5 <Ap< 0.56 pm. The outputs from these OPOs involve signal and idler 
frequencies tunable around frequency degeneracy, including, in general, 2:1 
signabidler frequency ratios. Consider now holding the crystal temperature 
fixed, and varying the phase-matching temperature under non-critical phase- 
matching. The calculated phase-matching curves are displayed in figure III. 2.
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Figure III. 2 illustrates further the possibility of using MgOiLiNbOg for 
cw OPO applications with pum p sources operating in the green /  yellow 
spectral region, and with OPO outputs tunable around frequency degeneracy. 
Note that the range of signal and idler frequencies is limited by the elevated 
phase-m atching tem peratures, and not by the transmission range of the 
material, which extends out to A « 4 pm.
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Figure III. 2.
Calculated type I phase-matching curves for MgOiLiNbOg, w ith pump 
frequency tuning and fixed phase-matching temperatures

III. 3 (i) (b) MgOrLiNbOs phase-matching conclusions.

The non-critical phase-matching curves for MgOiLiNbOg have been presented 
for pum p frequency tuning with a fixed phase-matched temperature, and for 
temperature tuning with a fixed pum p frequency. In both geometries, wide 
(coarse) frequency tuning of the OPO outputs around frequency degeneracy is 
possible. The range of available signal and idler frequencies is limited by 
increased operating temperatures. In particular, high temperature operation 
( ̂ xtal ~ ^50 °C) requires an oxygen bleed to eliminate oxygen out-diffusion, 
and subsequent browning of the crystal.
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The low damage threshold of MgOiLiNbOg for cw operation represents 
a further limit to the input pum p power that can be focused w ithin the 
material. Optically induced damage is at its most critical for radiation in the 
green spectral region, where the pum p sources for these non-critical phase- 
matching geometries exist. Recent experiments have shown that, for cw 
opera tion  at A « 532 nm , dam age occurs at pow er in tensities of 
« 0.8 MW/cm2.

The high effective nonlinear coefficients, the possibility of fabricating 
the m aterial to form monolithic ultra-high finesse resonators, and the 
electro-optic tuning capability of MgOiLiNbOg, have been critical to its 
application within cw OPO designs. The lack of non-critical phase-matching 
geometries for pum p frequencies in different spectral regions, the type I 
phase-matching geometry with parallel polarized signal and idler fields, and 
the high tem perature dependence of the refractive indices, indicate that 
M g0 :L iN b0 3  has limited use for fine frequency control within cw based 
optical frequency division techniques. However, as shown in references [39] 
and [40], highly stable fixed frequency OPO outputs can be provided, when this 
material is used within cw OPOs, and combined with a frequency stable pump 
source at the kHz-level.

III. 3 (ii) Potassium niobate (KNbOs) [27,83].

Potassium niobate (KNbOg) has received considerable attention in recent 
years due to its high effective nonlinear coefficients, its high electro-optic 
coefficients, and its capability to generate the second harmonic frequencies of 
dye lasers, AlGaAs diode lasers, and Ti:sapphire lasers, in non-critical phase- 
matching geometries near room-temperature. In general, KNbOs has been 
used for frequency doubling radiation from X « 0.85 to 1 pm into the 
blue /  green spectral region, and is the material of choice for doubling low- 
power laser diodes operating at A « 0.86 pm.

The transparency range of KNbOg is from A « 0.3 to « 4 pm. Two 
distinct type I non-critical phase-matching geometries have been utilized for 
second harmonic generation. These geometries are now studied with respect 
to using KNbOs for temperature-tuned cw OPO applications. The principal 
optical axes x, y, and z correspond to the crystallographic axes c, a, and h, 
respectively. For KNbOg, the effective nonlinear optical coefficients vanish
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for type II non-critical phase-matching. The material is stable over the 
temperature range from ~ -50 to 223 °C

III. 3 (ii) (a) Type I non-critical phase-matching; %-^z + z.

The first type I non-critical phase-matched geometry in KNbOg involves 
propagation along the crystal y  axis, with the pump field polarized along the x 
axis and the parallel polarized OPO fields polarized along the z axis 
(0  = 9Ô ,(/!? = O°; e->o + o; ~ 18 pm /V ). The tem perature-tuned non- 
critical phase-matching curves for fixed pum p frequencies operating in the 
blue spectral region, are displayed in figure III. 3.

Figure III. 3 illustrates the potential for using pump sources operating 
in the blue spectral region for cw OPO applications. Temperature tuning for a 
fixed frequency pum p source is rapid, and would require a high degree of 
precision in the exact phase-matching temperature. When this crystal 
tem perature is held fixed, then the pum p frequency could be varied. This 
behaviour is illustrated in figure III. 4.
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Figure III. 3.
Calculated type I non-critical phase-m atching in KNbOg, w ith the 
pump and OPO fields polarized along the x and z principal optical axes, 
respectively, and for tuning of the phase-matching temperature.
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Figure III. 4 is significant because it represents the range of signal and idler 
frequencies that could be generated by using the second harmonic frequency 
of a diode laser or a Ti:sapphire laser, as the pump source for a cw OPO. 
Again, this phase-matching geometry would require accurate control of the 
fixed crystal temperatures.
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Figure III. 4.
Calculated type I non-critical phase-matching in KNbOg, with the 
pump and OPO fields polarized along the x and z principal optical axes, 
respectively, and for tuning of the pump frequency.

III. 3 (ii) (b) Type I non-critical phase-matching; x y + y.

The second type I non-critical phase-matched geometry in KNbOg involves 
propagation along the crystal z axis, with the pump field polarized along the x 
axis and the parallel polarized OPO fields polarized along the y axis 
(^  = 90°,<p = 90°; e -^ o  + o; = 16 pm /V ). The tem perature-tuned non- 
critical phase-matching curves are displayed in figure III. 5.

Similar to the previous type I phase-matching geometry in KNbOs, 
tem perature tuning around frequency degeneracy is possible when using 
fixed frequency pump sources. However, figure III. 5 illustrates that pum p 
sources in the blue /  green spectral region could be used as the pum p source
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for a cw KNbOs OPO. This encompasses the second harmonic frequencies of 
Nd-based laser sources. The effects of pump frequency tuning for fixed phase- 
matching temperatures are considered in figure III. 6 .
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Figure III. 5.
Calculated type I non-critical phase-m atching in  KNbOs, w ith the 
pum p and OPO fields polarized along the x  and y  principal optical axes, 
respectively, and for tuning of the pump frequency.

III. 3 (ii) (c) KNb0 3  phase-matching conclusions

The above analyses have highlighted the possibility of using KNbOs in 
temperature tuned type I non-critical phase-matched geometries, when using 
pum p sources that operate in the visible (blue /  green) spectral region. The 
signal and idler frequencies would be tunable around frequency degeneracy, 
and, in general, could provide signalridler frequencies in the ratio 2 :1.

Despite its high effective nonlinear coefficients, the pump power levels 
m ust be considered due to the presence of optically induced damage 
mechanisms inherent w ithin KNbOs. In addition to the high temperature 
sensitivity, above temperatures of T^^ î « 40 °C, there is a thermally induced 
depoling in single domain KNbOg. Therefore, reliable heating and cooling of 
the crystal requires an applied electric field across the crystal. Further, the
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absorption in the blue spectral region is significant (> 5 % /  cm at 
X -  420 nm), and can cause local heating of the crystal by a focused laser beam, 
altering phase-matching conditions, and reducing conversion efficiencies. 
Similar to MgOiLiNbOg, the range of signal and idler outputs would be 
limited by the phase-matching temperature range accessible, and not by the 
transparency of the material.
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Figure III. 6.
Calculated type I non-critical phase-m atching in KNbOg, w ith the 
pum p and OPO fields polarized along the x and y  principal optical axes, 
respectively, and for funing of the phase-matching temperature.

Therefore, KNbOs may prove to be a useful material for cw OPO applications, 
when the pum p source is derived from a tunable near infra-red source, such 
as the frequency doubled radiation from a single frequency diode laser, a 
tunable Ti:sapphire laser, or a Nd-based laser. The high tem perature 
sensitivity in the type I phase-m atching geometry w ould require high 
precision temperature control combined with frequency stable pum p sources 
operating at the kHz-level. Smooth frequency tuning with a fixed frequency 
pump source would demand dual cavity length control of the signal and idler 
frequencies.
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III. 3 (iii) Potassium titanyl phosphate (KT1OPO4; KTP) [25,84].

Potassium titanyl phosphate (KTiOPO^; KTP) is a relatively new nonlinear 
m aterial that has been shown to have excellent properties for several 
nonlinear optical applications and, in particular, for frequency doubling the 
A « 1 jLim radiation of Nd-based lasers. Its high effective nonlinear 
coefficients, high damage threshold, wide acceptance angles, and thermally 
stable phase-matching properties, make it useful for this purpose. Its large 
electro-optic coefficients and low dielectric constants make it attractive for 
various electro-optic applications, such as modulators and Q-switches. KTP is 
highly suitable for frequency up-conversion techniques, offering high 
conversion efficiency when frequency doubling, or when generating sum and 
difference frequencies. KTP has been used to mix the radiation from Nd:YAG 
lasers and diode lasers operating at A « 0.8 pm, to provide radiation in the 
blue spectral region.

KTP has a transparency range from X ~ 0.35 to 4.5 pm, with measurable 
absorption beyond X ~ 2.8 pm. However, single crystals of KTP reveal some 
absorption over the region X « 2.5 to 4.5 pm. The absorption loss at 
X ~ 1.06 pm is « 1 % /  cm and a few % at A « 0.53 pm. KTP offers type II non- 
critical phase-matching. (The principal axes %, y, and z, correspond to the 
crystallographic axes a, b, and c, respectively.)

III. 3 (iii) (a) Type II non-critical phase-matching.

Type II critical phase-m atching is used regularly for second harmonic 
generation of near infra-red lasers, and for OPO use when pum ped with 
sources operating between X ^ 0.5 to 1.1 pm. When using pum p sources 
operating in the near infra-red spectral region (specifically Ti:sapphire and 
Nd-based lasers), KTP OPOs have been operated with an idler frequency 
output in the A « 3 to 4 pm spectral region. However, this has only been 
possible when using cw mode-locked and Q-switched lasers, where singly- 
resonant OPO geometries have been employed. For cw operation, the 
absorption, as discussed above, prevents doubly-resonant, high-finesse 
cavities when using these lasers as the pump sources.

Two type II non-critical phase-matching geometries are analysed, each 
of which has a moderate effective nonlinear coefficient. Figure III. 7 displays 
the signal and idler outputs for room-temperature operation, with the pump
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and signal fields polarized along the y -optical axis, and the idler field 
orthogonal, along the z-axis (o -» o +  e: 0 = 90°, 0 = 0°: « 3 .2pm /V ).
Only room-temperature operation is considered for KTP since the thermal 
dependence of the refractive indices is small. While this prevents wide 
(coarse) frequency tuning, as illustrated with the type I materials previously, 
low temperature sensitivity now becomes a particularly effective method for 
controlling the fine frequency properties of the signal and idler output 
frequencies.
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Figure III. 7.
Type II non-critical phase matching in KTP ( o —> o + e : 0 = 90° ,0  = 0°).

Figure III. 8 displays signal and idler outputs for room-temperature operation, 
with the pum p and signal fields polarized along the %-optical axis, and the 
idler field orthogonal, along the z-axis ( 0 = 90°, 0 = 90°: -1 .9  pm/V).

When using pump sources in the green spectral region, KTP has been 
shown to be the material of choice for cw OPO operation near frequency- 
degeneracy. The high effective nonlinear coefficient {d^ff ~ 3.2 pm /V ), the 
low tem perature sensitivity, the high damage threshold, and the type II 
phase-matching geometry, have allowed for frequency stable signal and idler 
radiation from such OPOs.
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The low walk-off angles in critically phase-matched geometries have 
extended its operation in the cw regime beyond that of non-critical phase- 
matching. As displayed in figures III. 7 and III. 8, and when operating with 
pump sources in the region X « 0.7 to 0.8 pm, signal and idler frequencies in 
2:1 frequency ratios could be generated. Therefore, KTP is an attractive 
material for use with Ti:sapphire lasers operating at wavelengths shorter than 
X » 0 .8 .
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Figure III. 8.
Type II non-critical phase matching in KTP (o o + = 90°,0 = 90°),

III. 3 (iv) Potassium titanyl arsenate (KTiOAsO^; KTA) [85];
Caesium titanyl arsenate (CsTiOAsO^; CTA) [86].

KTP is just one member of the isomorphic family of nonlinear optical 
materials with the generic composition MTi0 X0 4  where M is K, Rb, Tl, NH4, 
or Cs, and X is P or As. Some of these other m aterials have more 
advantageous nonlinear optical characteristics than KTP. In particular, the 
materials KTA and CTA have recently become viable alternatives to KTP, and 
offer improved performance for specific applications.

KTA and CTA are similar to KTP, but with one important difference; 
As discussed previously, KTP has a strong absorption band near X « 3.5 pm
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due to the orthophosphate overtone. KTA and CTA have no significant 
absorptions out to A « 3.7 jim, making them the preferred m aterials for 
constructing OPOs to operate in the mid infra-red spectral region, w ith the 
potential for tuning to wavelengths that are inaccessible with KTP. Further, 
high finesse resonant idler fields can now be considered in the A « 2 - 3 pm 
spectral region, opening up the possibility of longer wavelength pum p 
sources for doubly-resonant (cw) OPOs.

III. 3 (iv) (a) Type II non-critical phase-matching in KTA.

As with KTP, the effective nonlinear coefficient in KTA is maximised for the 
type II interaction ( 6 = 90°, 0 = 0°; o -> o + e; y -> y + z), with « 20 % larger 
than KTP. Non-critical phase-matching is also possible with a slightly 
reduced effective nonlinear coefficient: (0 = 90°, 0=  90°; o->o + e; x —>x + z). 
The transparency of KTA has been measured to be from X « 0.35 to 5 pm, 
with negligible absorption out to A ~ 3.7 pm. Non-critical phase-matched 
OPO outputs are shown in figures III. 9 and III. 10. Similar to KTP, only 
room-temperature operation is analysed.
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Figure III. 9.
Type II non-critical phase matching in KTA (o -»o  + e:0 = 90°, 0 = 0° ).
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The extended infra-red transparency allows for the use of pum p sources 
operating anywhere between X « 0.4 and 1.7 |im. In particular, this includes 
the use of Tiisapphire lasers and the fundamental wavelengths of Nd-based 
lasers. Near-degenerate OPOs can be formed when using pum p sources at 
either X « 0.55 pm (similar to KTP) or A « 1.6 pm. With pum p sources 
operating at A « 1 pm, the signal and idler frequencies are in near 2:1 

frequency ratios. In particular, this latter phase-matching geometry could 
form part of a Nd-based frequency chain, offering integral related down- 
converted frequencies, whose fractional stability could be determined by 
locking the second harmonic frequency of the Nd-based laser to a molecular 
iodine transition.
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Figure III. 10.
Type II non-critical phase matching in KTA {o -^  o + e:6 = 90®,<f> -  90®).

III. 3 (iv) (b) Type II non-critical phase-matching in CTA.

CTA has nearly the same transparency range as KTA and a nonlinearity of the 
order of KTP. However, the tuning characteristics of CTA are quite different 
from those of KTP and KTA. CTA first received considerable attention as a 
second harmonic generator of Nd-based lasers operating at A « 1.3 pm. 
However, the phase-matching properties of CTA for OPO operation are
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particularly interesting. Figure III. 11 displays type II non-critical phase- 
matching (0=  90°, (j)= 0^) o -^o  + e; y ^ y  + z). Figure III. 12 displays the 
other type II phase-matching geometry ( 6 = 90°, 0 = 90°; o -^o  + e; x - ^ x  + z).
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Figure III. 11.
Type II non-critical phase matching in CTA (o -^  o + e:6 = 90°,0 = 0°).

For CTA, the range of OPO pum p wavelengths is from À, « 0.4 to 1.4 pm, 
assuming negligible absorption out to A « 3.7 pm. For pum p sources at 
X « 0.5 pm, OPO outputs could be generated in a near 3:1 frequency ratio 
(figure III. 11) or in a near 2:1 frequency ratio (figure III. 12). For pum p 
wavelengths between A « 0.7 and 1.2 pm, OPOs could operate near frequency 
degeneracy. Of particular interest with CTA is the possibility of generating 
radiation around A « 2 pm, from either a A « 1 pm or 0.5 pm pump source.

III. 3 (iv) (c) KTA & CTA phase-matching conclusions.

Both KTA and CTA are only beginning to emerge as viable OPO materials. 
Presently, the possibility of crystal imperfections is relatively high, as they are 
relatively new crystals and their growth technology is still being perfected. In 
particular, single domain crystals have been difficult to reproduce in large
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quantities, and impurities have been reported in growth methods that can 
alter phase-matching conditions.

However, KTA and CTA share many of the advantageous properties of 
KTP, allowing for the use of preferred type II phase-matching geometries with 
low tem perature sensitivity and significant electro-optic coefficients of the 
same magnitude as KTP. Furthermore, both KTA and CTA should also allow 
for critical phase-matched geometries, important to alter the signal and idler 
frequencies into exact integral frequency ratios of the pum p source within 
frequency division schemes.
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Figure III. 12.
Type II non-critical phase matching in CTA (o o + e: 0 = 90°, (f> = 90°).

III. 3 (v) Lithium triborate (LiBsOs; LBO) [26,87].

Lithium triborate (LBO) is a recently developed nonlinear optical material 
that displays many excellent optical properties, such as high transparency in 
the near infra-red, visible and ultra-violet spectral regions, high optical 
damage thresholds, and moderate nonlinear coefficients. This material also 
has the ability to provide non-critical phase-matched geometries for pum p 
sources operating in different spectral regions. Accordingly, the optical
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characteristics of LBO are, at present, the subject of considerable interest, and 
this section discusses specifically the properties of LBO that are relevant to its 
implementation within cw OPO schemes.

The transmission range of LBO extends from À « 160 nm in the ultra
violet spectral region to A « 2.6 pm in the near infra-red spectral region, with 
negligible absorption losses above A « 280 nm. Typical absorption coefficients 
are » 0.035 % /  cm and « 0.31 % /  cm at wavelengths of A = 1.064 pm and 
A = 351 nm /  364 nm, respectively. In particular, the extended ultra-violet 
transmission has opened up prospects for the development of highly efficient 
solid-state sources of coherent radiation, by using LBO as an efficient 
frequency up-converter. LBO has allowed for highly efficient third harmonic 
generation of Nd-based lasers.

The birefringence of LBO has a high thermal dependence, which makes 
it particularly sensitive to environmental tem perature and laser induced 
heating. This feature can be used effectively to allow for coarse frequency 
tem perature tuning, especially under the conditions of non-critical phase- 
matching, but must be examined closely with regard to fine frequency tuning. 
(In the absence of ideal tem perature data for LBO, those provided in 
reference [87], valid from « 20 to 65 °C, are assumed to be valid over the 
temperature range from » 20 to 200 °C.)

There have been no specific values for optical damage when using LBO 
in cw experiments. While this prevents an exact figure, it implies that LBO 
can withstand the very high power levels that have been focused into the 
crystals (see reference [57], and the discussion of second harmonic generation 
within reference [41]). In particular, LBO probably has the highest cw surface 
damage threshold of all commonly used inorganic nonlinear optical crystals.

Crystal growth lengths of useful size = 20 to 30 mm) and optical 
quality are readily available. However, the strongly anisotropic thermal 
expansion of the crystal (with contraction along the y optical axis) places 
constraints on the choice of dielectric coating materials that can be applied to 
the crystal faces (e.g. complicated triple anti-reflection coatings combined with 
operation at elevated temperatures). When coating materials can be found 
that are more sympathetic with the thermal expansion effects of LBO, then 
the range of available coatings for this crystal will increase substantially.
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III. 3 (v) (a) Type I non-critical phase-matching.

LBO can be tem perature tuned in the type I non-critical phase-matching 
geometry ( 6 = 90°, 0 =  0°; e -^ o  + o; « 1.2 pm /V ), with the pum p field 
polarized along the y  principal optical axis, and the generated signal and idler 
fields polarized along the z axis, and with propagation along the x axis (see 
reference [87] for a definition of the optic axes. The principal optical axes x, y, 
and z are parallel to the crystallographic axes a, c, and b, respectively.)

This non-critical phase-matching geometry is used regularly in LBO for 
generating the second frequency harmonics of near infra-red laser sources. In 
particular, between room temperature and « 300 °C, this geometry can be 
used for frequency doubling sources between 0.9 < < 1.7 pm. The
combination of moderate nonlinear coefficients {dgff ~ 1 pm /V ), and a high 
damage threshold, make LBO the doubling crystal of choice for high power 
density laser beams. (For low to middle power densities, and within selective 
phase-m atching geometries, KTP can offer an advantage w ith increased 
effective nonlinear coefficients.) Therefore, this opens up the possibility of 
OPO operation under non-critical phase-matching when using pum p sources 
in the region 0.45 < Xp < 0.85 pm.
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Figure III. 13
Calculated temperature tuning under the conditions of type I non- 
critical phase-matching in LBO, for fixed wavelength pump sources.
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Type I non-critical phase-matching curves, for a selection of widely spaced cw 
pum p wavelengths, are displayed in figure III. 13, revealing some interesting 
features. As discussed above, non-critical phase-matching geometries are 
available for pump sources operating throughout the visible and near infra
red spectral regions. The phase-matching temperatures required for each 
arrangem ent can be accessed conveniently in experimental designs. OPO 
outputs are available over the entire transmission range of LBO (with an idler 
wavelength cut-off at Xi « 2.6 |xm). This indicates that LBO is an excellent 
nonlinear crystal for generating a widely tunable wavelength range from a 
fixed pum p wavelength source.

For pum p sources in the green spectral region, LBO exhibits doubled- 
value retracing behaviour, opening up the possibility of generating high- 
order integral ratios of signal and idler frequencies. Retracing here means 
that the phase-matching signal frequency is not a monotonically increasing or 
decreasing function of the crystal orientation angle or temperature. This 
feature offers possibilities within the context of using cw OPOs as optical 
frequency dividers. Such a technique is illustrated explicitly in figure III. 14, 
for the visible pump wavelength of Xp = 514.5 nm.
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Figure III. 14.
Calculated type I non-critical phase-m atching in LBO, for a fixed 
frequency pum p source in the green spectral region, illustrating its 
potential for generating integral ratios of signal and idler frequencies.
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From figure III. 14, signahidler frequencies in integral ratios of 1:1, 2:1, and 3:1 
can be accessed within this phase-matching configuration. The exact location 
of these frequencies would require a high precision in the temperature of the 
crystal, in addition to OPO geometries that would allow for smooth frequency 
tuning. As discussed in chapter II, the type I phase-matching geometry, with 
parallel polarized signal and idler fields, dictates that dual-cavity resonators 
are essential to obtain independent cavity length control. Such resonators 
would require dichroic coating separation or prism separation to split the 
intra-cavity signal and idler fields, and open up the possibility for smooth 
frequency tuning at the GHz-level.

A further possibility within the type I geometry is to hold the crystal 
tem perature fixed, and to use a tunable pum p source to access new 
combinations of signal and idler frequencies. This method of m ultiple 
parameter tuning is illustrated in figure III. 15.
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Figure III. 15.
Calculated type I non-critical phase-matching in LBO, for fixed crystal 
temperatures and tunable pump sources.

Again, a number of options exist within this type I phase-matching geometry. 
In particular, tunable pump sources, such as Ti:sapphire lasers, diode-lasers, 
or their second frequency harmonics, could be used as the pum p sources for
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cw OPOs. Another possible pump source is a visible dye laser. For example, 
consider the combination of a rhodamine 6G dye laser and type I non- 
critically phase-matched, temperature-tuned LBO. By tuning the wavelength 
of the pum p source from Xp ~ 0.56 to 0.62 jim, and heating the LBO crystal 
between ~ 10 to 190 °C, coarse cw radiation from the pum p wavelength 
range through to A « 2.6 pm could be generated, if such a requirement arose.

The ability to tune both the pum p source and the crystal temperature, 
under the conditions of non-critical phase-matching, allows for coarse and 
fine multiple parameter selection of the signal and idler frequency outputs. 
As discussed throughout the text, such a tuning method is essential to the 
implementation of cw OPOs within optical frequency metrology schemes, and 
is considered in detail in chapter VII, which describes the use of a tunable 
Tiisapphire laser as the pum p source for a LBO cw OPO operating in the 
temperature-tuned type I non-critical phase-matching geometry.

III. 3 (v) (b) Type II non-critical phase-matching.

In addition to the phase-matching geometries outlined above, there is also 
the possibility of type II non-critical phase-matching within LBO. However, 
in this case, the temperature dependence of the refractive indices is reduced 
significantly. While this excludes the wide (coarse) frequency tuning 
characteristics of the type I phase-matching geometry, it reduces the rapid 
temperature effects which can prove undesirable within the context of fine 
frequency control.

Within the type II phase-matching geometry, the pump and idler fields 
are polarized along the y principal optical axis, and the signal field is polarized 
along the x axis, with the propagation direction along the z axis ( 0 = 0°, 
(j) = 90°; o -^ e  + o ’, « 1 pm /V ). The calculated phase-matching curves for
tem perature operation from = 20 °C to 200 °C are illustrated in 
figure III. 16. This graph illustrates that pump sources in the ultra-violet, 
visible, and near infra-red spectral regions can be used with type II non- 
critically phase-matched LBO. For pump sources in the ultra-violet spectral 
region, widely-spaced signal and idler frequencies can be generated, with the 
possibility of signal frequency tuning in the near ultra-violet. In particular, 
type II non-critical phase-m atching is possible when using the fourth
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frequency harmonic of a Nd-based laser, in addition to the fundamental and 
second harmonic frequencies of a tunable Tiisapphire laser.
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Figure III. 16.
Calculated phase-matching for type II non-critical phase-matching in 
LBO, w hen tuning the pum p frequency and the phase-m atching 
temperature.

As with KTP, KTA, and CTA, the orthogonal signal and idler polarizations of 
the type II phase-matching geometry are ideally suited for separating the 
intra-cavity fields to form a dual-cavity resonator. This topic is discussed 
specifically in chapter VI of the thesis, when using LBO in the type II phase- 
matching geometry.

III. 3 (v) (c) LBO phase-matching conclusions.

The calculated phase-matching curves for both type I and type II non-critical 
phase-matching indicate that LBO is a candidate for use as the nonlinear 
material within cw OPO designs. A wide range of pump sources can be used 
to provide widely spaced signal and idler frequencies. The extended 
transparency of LBO into the ultra-violet spectral region places it in a unique 
position when using high frequency cw pump sources.
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Within any particular phase-matching geometry, mK temperature 
effects must be considered carefully, when aiming to provide frequency stable 
and frequency tunable OPO outputs. In particular, these effects are most 
critical in the type I phase-matching geometry near frequency degeneracy, and 
at the retracing turning points. The exact temperature dependence of the 
refractive indices can affect the centre of the phase-matching gain bandwidth 
and the optical cavity length through thermal expansion effects. In this 
respect, the type II phase-matching geometry is more appropriate for 
frequency stable OPO operation. The temperature effects of the type II 
geometry are evaluated in the experimental arrangement outlined in 
chapter V of the thesis.

III. 3 (vi) Silver gallium selenide (AgGaSe2) [88].
Silver thiogallate (AgGaS2> [89].

In the mid-infra-red spectral region, the number of crystals suitable for 
parametric generation is small due, in general, to the limited transparency of 
dielectric materials at long wavelengths. To date, all the materials studied in 
this chapter have allowed for phase-matching geometries in which the pump 
wavelengths were located in the visible spectral region, and the OPO outputs 
were confined to wavelengths shorter than A « 4 pm. A class of promising 
materials for the mid-infra-red spectral region are the ternary 
(semiconductor) chalcopyrite crystals, AgGaSe2 and AgGaS2 , which combine 
large transparency ranges with favourable birefringence and high nonlinear 
optical nonlinearity.

III. 3 (vi) (a) Type I non-critical phase-matching in AgGaSe2 .

The use of AgGaSe2  for nonlinear infra-red applications was proposed in the 
early 1970s. However, at this time, growth related problems made it difficult 
to obtain high quality crystals of adequate size. In particular, it was beset with 
two difficulties associated with crystal growth: crystals tended to crack during 
the growth process, and grown crystals tended to display high loss in the near 
infra-red. In recent years, improved quality boules have been grown, and this 
has allowed for OPOs to be formed with AgGaSe2 - The transparency of 
AgGaSe2  extends out to A « 13 pm.
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To date, only pulsed near infra-red laser sources have been used 
AgG aSe2 . Originally, critical phase-matched geometries were used with 
A « 2 jxm holmium-based laser pum p sources. However, thermal lensing 
difficulties with the A ~ 2 \xm pum p source cause damage site formation. 
The use of shorter wavelength pum p sources can prevent this problem.

The type I non-critical phase-matching geometry in AgGaSe2 takes 
advantage of these shorter wavelength pum p sources. For type I phase- 
matching, there are two separate branches: one for pump wavelengths in the 
short wavelength (band-gap) dispersive region, and the other for pum p 
wavelengths in the long wavelength (reststrahl) dispersive region. The 
former of these is displayed in figure III. 17.
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Figure III. 17.
Type I non-critical phase m atching in  AgGaSe2, w ith  pum p 
wavelength tuning and operation at room-temperature.

Only room -temperature operation is considered. Temperature tuning is 
neglected only because of the uncertainties in the precise values of the 
refractive indices above room-temperature. However, even if the thermal 
dependence of the refractive indices are an order of magnitude lower than 
LiNbOg, as inferred in reference [88], then temperature tuning could be 
considered. This would be important to increase the range of possible pump
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sources for OPO operation, and in particular, to allow for shorter wavelength 
pump source (e.g. Nd-based lasers or Tiisapphire lasers).

III. 3 (vi) (b) Type I non-critical phase-matching in AgGaSz-

The developm ent of AgGaSz has been driven by the desire to produce a 
convenient laser-based source for high-resolution spectroscopy applications 
in the A » 2 to 20 pm wavelength region, where virtually all fundamental 
vibrational modes of molecules and molecular ions exist. AgGaSa is similar 
to AgGaSe2 except that regions of transmission and phase-matching are 
shifted to shorter wavelengths, and it has a lower nonlinear coefficient.

A gG aS2 is transparent from A ~ 0.53 to 12 pm (typical absorption 
coeffic ien ts  = 0.04 cm"^), and crystals of high optical quality in large 
dimensions (> 45 mm) have been used for infra-red generation by mixing, up- 
conversion into the visible spectral region, and for second harm onic 
generation of CO2 lasers. (Note that an intrinsic three-phonon absorption of 
0.6 cm"^, near A « 10 pm, limits its use for second harmonic generation of 
CO 2 lasers.) In particular, the use of AgGaS2 for cw difference frequency 
generation in the m id-infra-red region is im portant for high resolution 
spectroscopy, when using pump and signal laser sources in the visible spectral 
region (e. g. dye, Tiisapphire, and diode lasers).

AgGaS2 has adequate birefringence to phase-match for both type I and 
type II interactions. For non-critical phase-matching, only the type I phase- 
m atching geom etry has a non-zero effective nonlinear coefficient

30 pm /V). Similar to AgGaSe2, room-temperature phase-matching in 
the short wavelength (band-gap) dispersive region is considered for AgGaS2; 
see figure III. 18. This figure illustrates the possibility of using pump sources 
in the visible and near infra-red spectral regions to generate idler frequency 
radiation in the mid-infra-red region, out to the transparency cut-off.

However, before being used for cw OPO applications, a num ber of 
factors must be addressed. These include the mechanisms responsible for 
optically induced damage, the tem perature dependence of the refractive 
indices, and the magnitude of the effective nonlinear coefficients. Further, 
index of refraction measurements need to be made on currently available 
high optical quality crystals to improve the accuracy of the dispersion 
equations.
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Figure III. 18.
Type I non-critical phase matching in AgGaS2, w ith pum p wavelength 
tuning and operation at room-temperature.

III. 4 Conclusions.

This chapter has analysed the two critical requirements for the construction of 
low threshold cw OPOs that can deliver frequency stable /  tunable signal and 
idler outputs; pump sources and nonlinear materials.

In general, pump sources should be single frequency lasers, or their 
frequency harmonics, providing high power, narrow-linewidth, frequency- 
stable, and frequency tunable radiation. Nonlinear materials should possess 
m oderate effective nonlinear coefficients, have high optical dam age 
thresholds, low temperature sensitivities, and should be easily fabricated.

Diode-laser based sources were considered ideal as the pump sources 
for cw OPOs. These lasers can deliver high spectral quality optical radiation, 
either for direct pumping of OPOs, or as the pump source for another solid- 
state gain medium that in turn can act as the pump source for the OPO. Of 
particular importance for cw OPO schemes are pump sources whose output 
can be selected from over a large frequency bandwidth. In this respect, diode 
lasers and vibronic-based gain media are particularly attractive.
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Nonlinear materials that can be phase-matched in type II non-critical 
geometries, with low temperature sensitivities, are ideal for OPO applications. 
Such phase-matching geometries are available when using LBO, KTP, KTA, 
and CTA. For KTP, KTA, and CTA, the low walk-off in critically phase- 
m atched geometries may allow for further signal and idler frequency 
selection. The use of KTA and CTA with a Nd-based laser as the pump source 
can allow for cw frequency tunable radiation in the A « 2 to 4 jim spectral 
region.

The im portant characteristics of the different nonlinear optical 
materials studied in this chapter are displayed in table III. 2.
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III. 5 Outline of experimental work described in the thesis.

The experimental work described within the thesis involves the use of single 
frequency pump sources operating in the ultra-violet, visible, and near infra
red spectral regions, as the pump sources for different cw OPO configurations. 
The pum p source radiation is derived from fixed frequency laser sources 
(ultra-violet and visible regions), and a widely tunable near infra-red laser 
source.

The nonlinear material for each of the devices was LBO, operating in 
both the type I and type II non-critical phase-matching geometries, outlined 
within this chapter. The type I phase-matching geometries were operated at 
elevated tem peratures and near frequency degeneracy; the type II phase- 
matching geometry was operated near room temperature and with signal and 
idler frequencies in a near 3:1 frequency ratio. In total, the signal and idler 
frequencies were tuned over selected frequency bandwidths between X ~ 0.49 
and 1.71 pm, limited by the bandwidth of the optical coatings applied to the 
resonator components. When the tunable pump source was used, a wide 
range of signal and idler frequencies was obtained by tuning both the pump 
frequency and the phase-matching temperature.

Table III. 3.
Outline of experimental work.

Pump source Nonlinear material OPO outputs
Single!

Dual-cavity

Chapter IV Argon ion 
514.5 nm LBO, Type INCPM -Degeneracy Single

Chapter V Argon ion 
363.8 nm LBO,TypeIINCPM « 3 d Single

Chapter VI Argon ion 
363.8 nm LBO,TypeIINCPM — 3:1 Dual

Chapter VII
Ti'.sapphire 
780 - 810 nm LBOrTypelNCPM -  Degeneracy Single

Single-cavity resonator geometries were constructed that allowed for 
amplitude stable operation on single signal and idler frequency mode-pairs. 
Dual-cavity resonators allowed for smooth frequency tuning of the OPO
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outputs w ith a fixed frequency pum p source. Temperature effects were 
analysed with respect to the range of smooth frequency tuning possible from 
these devices. These configurations are summarized in table III. 3.
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IV. 1 Introduction.

This chapter is the first of four experimental chapters. It describes the 
operating characteristics of the first continuous-wave (cw) optical parametric 
oscillator (OPO) that used the nonlinear material lithium triborate (LBO) as 
the gain medium [1]. The study of cw OPOs in the previous three chapters 
has been concerned solely with modelling the performance of these devices. 
As expected, w ithin experim ental arrangem ents, there are additional 
(hitherto unknown) factors that need to be addressed. This chapter examines 
in detail all the steps considered within the laboratory when building a cw 
OPO, and how some of the specific modelling of the previous chapters needs 
to be modified within the experimental (non-ideal) situation.

The OPO was optically pum ped by a cw argon-ion laser that was 
configured to deliver single-frequency radiation in the visible spectral region, 
with an operating frequency of Vp = 583 THz, and corresponding to a free- 
space pum p wavelength of Xp = 514.5 nm. The LBO crystal was cut for 
propagation along the x principal optical axis and heated to temperatures of 
Txtal -  183 °C to satisfy the conditions of type 1 non-critical phase-matching. 
The design of the linear, standing-wave, single-cavity, doubly-resonant OPO
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resonator was chosen to allow down-conversion of pum p source radiation 
into near infra-red OPO radiation, which could be tuned coarsely around the 
frequency-degeneracy point at Vg » V/ « Vp /  2 « 292 THz.

The characteristics of the pum p source for the OPO are outlined in 
section IV. 2. The argon-ion laser was selected as a convenient source of high- 
power radiation with narrow-linewidth, single-frequency, output powers at 
the Watt-level. High power levels were available from several visible lasing 
lines of the argon-ion laser in the blue /  green spectral region. The argon-ion 
laser was configured to operate free-running on a single transition line, at the 
familiar wavelength of Xp = 514.5 nm, by using an intra-cavity prism  for 
spatial frequency selection. An étalon was then placed within the linear, 
standing-wave laser resonator to provide a stable and reliable output, with 
pow er levels in excess of > 5 W radiation in a single-frequency at 

V p  = 583 THz. The short-term ( Af « 1 second) frequency jitter of the free- 
running pump source (FWHM) was measured at Av̂ _ĝ ĝ  « ± 10 MHz.

The choice of the nonlinear material, the phase-matching geometry, 
and the coatings applied to the OPO resonator components, are explained in 
detail in section IV. 3. The nonlinear material LBO was selected primarily to 
assess its performance as a gain medium within this, and, more importantly, 
further cw-pumped OPO configurations [2, 3]. The phase-matching geometry 
was guided by the requirements for minimum pump power operation of a 
LBO cw OPO above threshold. The optical coatings, the resonator geometry, 
and the phase-matching temperatures were selected specifically to provide 
double-resonance at the signal and idler frequencies at, and around, the 
frequency-degeneracy point. The two-mirror OPO cavity formed a high 
finesse resonator ( Fg « F/ « 600) for both the signal and idler fields by ensuring 
low round-trip  cavity losses at, and around, frequency-degeneracy, 
corresponding to a centre wavelength of 2Xp = 1.029 |Lim. The optical 
qualities of the OPO components were assessed by calculating the finesse of 
the OPO resonator for incident radiation from a single-frequency NdtYAG 
laser, which operated within Av « 10 THz of the OPO frequency-degeneracy 
point, at a frequency of v = 282 THz, corresponding to a wavelength of 
X = 1.064 pm. In addition, the precise phase-matching temperatures of the 
OPO around frequency-degeneracy were estimated by extrapolating from 
published temperature data on the frequency up-conversion of near infra-red 
laser sources which had used LBO in the type I non-critical phase-matching 
geometry. The phase-matching temperature and the temperature acceptance
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bandw idth for second-harmonic generation, when using the LBO crystal in 
this phase-matching geometry, were assessed by performing a single-pass 
frequency-doubling experiment with the aforementioned NdiYAG laser as 
the source of near infra-red input radiation.

The expected mode selection properties of the output frequencies of 
this OPO are discussed in section IV. 4. The consequences of operating the 
single-cavity doubly-resonant OPO under type I phase-matching and with 
signal and idler frequencies close to the frequency-degeneracy point, are 
explained. In particular, the use of a single-cavity OPO resonator design for 
this phase-matching geometry placed the most stringent requirements on the 
stability of the pum p frequency and the OPO cavity length to provide 
am plitude and frequency stable OPO outputs. The computer program , 
discussed in chapter II, was used again to examine the effects of 
detunings /  perturbations in the pump frequency, and the OPO cavity length, 
on the output of the OPO. The requirement on the frequency stability of the 
pum p source was estimated to be !l̂ Vp-stab * ± 170 kHz, and this limiting 
factor is discussed further in relation to the argon-ion laser, selected as the 
pum p source for the OPO. Further pum p source requirem ents were 
considered with a view to providing the minimum OPO pum p power 
threshold, and, in addition, to the case when the signal and idler finesses of 
the OPO cavity were relaxed to increase the ratio of useful output coupling to 
parasitic losses, and therefore to provide increased external conversion 
efficiencies from the OPO when operating with input pum p powers 
significantly above threshold.

The experimental arrangement is described in section IV. 5. The free- 
running single-frequency operation of the argon-ion laser was monitored on 
a scanning confocal Fabry-Perot interferometer with a free spectral range of 
FSRint -  2 GHz. The pum p mode was matched into the OPO resonator by 
using a single lens of focal length /  = 250 mm, which provided near
optimum spatial overlap between the pump, signal and idler waves within 
the gain medium. The free-running single-frequency operation of the pum p 
laser was isolated from back-reflections and back-conversion from the linear, 
standing-wave, on-axis OPO resonator, by using a Faraday isolator that 
provided greater than « 30 dB attenuation. The OPO output was separated 
from the pum p radiation by filters and polarizers, and monitored separately 
on a fast photo-diode and a scanning confocal Fabry-Perot interferometer.
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The results of the argon-ion pum ped cw OPO are presented in 
section IV. 6 . The OPO operated with a minimum pump power threshold of 
Pp -  50 mW. By altering the precise phase-matching temperature of the LBO 
crystal between T^tai ~ 183 and 180 the output frequencies of the OPO 
could be tuned coarsely, under temperature-tuned type I non-critical phase- 
m atching, over a frequency bandw idth of AVg + Av̂  « 40 THz, centred at 
frequency-degeneracy, and corresponding to wavelengths from Ag « 0.96 
to 1.03 pm and from « 1.03 to 1.11 pm, for the signal and idler outputs 
respectively. When the cavity mirrors were changed to provide higher 
values of output coupling for the signal and idler fields, the ratio of useful to 
parasitic losses within the OPO resonator was increased. This had the effect of 
increasing the pum p power threshold to « 250 mW, while providing 
significant external optical conversion efficiencies that approached 
Vext ~ 10 %, when operating at approximately four times above threshold.

Finally, in section IV. 7, emphasis is directed towards providing 
improvements in the amplitude and frequency stability of the outputs of a 
doubly-resonant OPO, operating with type I phase-matching and with signal 
and idler outputs near frequency-degeneracy. In particular, improvements in 
the frequency stability of the pum p source, the phase-matching geometry 
employed, the ratio of the signal to idler frequencies, and the OPO resonator 
design, are considered in detail. The conclusions of this chapter helped to 
serve as guidelines for the design of amplitude-stable and frequency-tunable 
cw OPOs that are outlined in chapters V and VI of this thesis.

IV. 2 Single-frequency pump source operating at 583 THz.

In this section, the operating characteristics of the source of pum p frequency 
for the OPO are considered in detail. This involves a description of the 
argon-ion laser, and the properties that make it suitable for use as a source of 
input radiation for the OPO. The steps taken to provide narrow-linewidth 
output radiation from the argon-ion laser are outlined, and the resulting 
frequency jitter /  linewidth of the pump source is measured and discussed.

The pump source for the OPO described in this chapter was selected to 
fulfil several criteria, as discussed in more general terms in chapter III. The 
specific characteristics of the pum p source for this cw OPO included 
continuous-wave output, single longitudinal mode operation, high power
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output, and operation in the visible spectral region, at a frequency near to 
Vp « 600 T H z, and corresponding to a free-space pump wavelength near to 
Xp -  0.5 {xm.

Single longitudinal mode operation was required to allow for the 
possibility of efficient and stable operation of the OPO outputs. High power 
radiation w ith single-frequency output at the Watt-level was required to 
operate a doubly-resonant LBO OPO reliably and consistently aboVe threshold. 
Frequency operation near to Vp ~ 600 THz was required to operate the OPO 
with signal and idler frequency outputs in the near infra-red spectral region, 
and close to a frequency-degeneracy point in the near infra-red w ith 
Vg ^  Vj ~ Vp f  2~  300 THz (i.e. 2Xp « 1 jxm). In recent years, the near infra-red 

spectral region (X -  1 to 2 |xm) has been the subject of considerable research. 
Consequently, the quality of optical coatings and nonlinear materials in this 
spectral region is well documented. This reduces substantially the level of 
uncertainty with regard to forming a low loss resonator for the proposed 
frequency-degenerate OPO.

As discussed in chapter II, when the signal and idler frequencies of an 
OPO are equal, as occurs at the point of exact frequency-degeneracy, the OPO 
frequency down-conversion process, or energy transfer, is the exact opposite 
of second harmonic generation. To summarize, a nonlinear material that can 
be phase-matched to frequency-double a source operating at a frequency of Vp, 
to provide its second harmonic at a frequency of 2 Vp, is a prime candidate for 
a frequency-degenerate OPO. In the equivalent OPO configuration, the pum p 
source operates at a frequency of 2Vp and the OPO operates at, and around, 
frequency degeneracy at Vp, given the same nonlinear material and phase- 
matching arrangement. Owing to the substantial work reported for the 
second harmonic generation of near infra-red solid-state lasers operating at 
frequencies of Vp « 300 THz [4-6], it was decided to operate the OPO under 
phase-matching conditions that were similar to these frequency-doubling 
processes. In particular, there has been substantial progress recently when 
frequency-doubling the radiation from diode-laser-pumped Nd-based lasers 
(e.g. Nd:YAG and Nd:YLF). This has been due to the excellent spatial and 
spectral properties that can be provided from these all-solid-state laser sources 
operating in the near infra-red spectral region [7 - 9], and the desire to produce 
efficiently harmonics of these frequencies in different spectral regions (e.g. 
visible and ultra-violet) where such high quality optical radiation is difficult 
to produce, or does not exist [4,10].
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Therefore, the requirement was for a pump source that operated at a 
frequency near to Vp ~ 600 THz. Such sources emit radiation in the 
blue /  green spectral region, and operate w ith w avelengths near to 
Xp -  0,5 jxm. Taking into consideration the requirements of the pump source 
w ith respect to the efficient and reliable operation of a frequency and 
amplitude stable cw OPO, there are a limited number of laser pum p sources 
that can be considered as the pump source for such an OPO. These include 
gas lasers that can be forced to operate on single transition lines, or near infra
red solid-state lasers, when frequency up-converted to the green spectral 
region. Suitable gas lasers include argon-ion [11,12] and krypton-ion 
lasers [13,14]. Argon-ion lasers have a number of transition lines in the 
blue /  green spectral region, w ith the highest gains at frequencies 
(wavelengths) of 615 THz (488 nm), 583 THz (514.5 nm) and 568 THz (528 nm). 
Krypton-ion lasers have a strong lasing line at 565 THz (531 nm). Suitable 
solid-state pum p sources include diode-laser-pum ped NdiYAG [8] and 
Nd:YLF [15] lasers, frequency-doubled with crystals of LBO [6], KTP [5], or 
MgOiLiNbOg [4], and operating at frequencies (wavelengths) of 564 THz 
(532 nm) and 574 THz (523 nm), respectively.

The pump source that was selected for the OPO was an argon-ion laser 
operating at a frequency of Vp » 583 THz. It was chosen as a convenient 
source of high power, narrow-linewidth, single-frequency radiation when 
operating at a pump frequency of Vp ~ 600 THz. (Specifically, the argon-ion 
laser was the only source available to work with in the laboratory when this 
experiment was performed.) Therefore, the argon-ion laser was suitable as a 
pum p source for this OPO arrangement when operating in the green spectral 
region. Moreover, this particular laser source could also be operated 
efficiently and reliably w ith high cw output pow er levels at higher 
frequencies, in the ultra-violet spectral region, where Vp « 900 THz. One of 
these higher frequencies would be used as the pump source for further cw 
OPO work; see chapters V and VI. The argon-ion laser used was a modified, 
commercial laser product that was manufactured by Spectra-Physics (model 
2045-E).

The Spectra-Physics model 2045-E argon-ion laser (hereafter referred to 
as the pum p source) was configured as a linear, standing-wave resonator. 
The cavity m irrors were highly-reflecting over a broadband range 
(AA« 70 nm [16]) that encompassed several of the blue /  green transition 
lines. Through the use of an intra-cavity dispersing prism, the argon-ion
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laser operated on just one transition line, corresponding to a wavelength of 
Xp = 514.5 nm. (Dispersion w ithin the prism allows only one line to be 
perfectly aligned with the high-reflector.) Figure IV. 1 displays a schematic 
representation of the laser source.

Output
coupler

ApertureEtalon
Plasma tube borePrism

Resonator axis
Brewster window

High reflector

Figure IV. 1.
Schematic representation of the argon-ion laser resonator, used as the 
source of input pump frequency for the OPO. The intra-cavity prism 
ensures single-line emission, and the intra-cavity étalon provides 
single longitudinal mode output.

In general, the gain-b and widths of gas lasers exhibit significant broadening 
due to the effects of homogeneous and inhomogeneous broadening [17]. For 
an argon-ion laser, operating on a single transition line at a frequency of 
Vp = 583 THz, or a w avelength of Xp = 514.5 nm, the frequency gain- 

ban d w id th  is Av^_^ « 6 GHz [17], due prim arily  to the effects of 
inhomogeneous broadening: Doppler broadening of spectral lines due to high 
plasma temperatures, magnetic fields via the Zeeman effect, and pressure and 
radiation broadening.

Therefore, for such a linear, standing-wave optical resonator, with a 
cavity length of L~  1.78 m, corresponding to an axial mode spacing, or free 
spectral range of FSR « 84 MHz, then without any intra-cavity frequency 
selective elements, the output consisted of a number of longitudinal modes. 
(Only if the optical length, L, of the cavity is made sufficiently short, where 
c f  2L> AVg_ ,̂ or L < 25 mm, will this laser oscillate on a single frequency.)
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However, in general, longer lengths of laser gain media are employed in 
commercial argon-ion lasers to obtain greater output powers.

Therefore, the spectral output was found to be a rapidly fluctuating 
function of time, consisting of a number of longitudinal modes with random 
amplitude and phase. To be suitable for use as a pump source for the cw OPO, 
it was necessary to reduce the linewidth of the output, by suppressing the 
unwanted longitudinal resonances to obtain single frequency output. This 
was achieved simply by placing a tilted étalon within the resonator, to select 
one of the axial modes under the gain profile. The air-spaced étalon used was 
11 mm in thickness and consisted of two thin, fused-silica, dielectric-coated 
windows separated by a hollow, low-expansion tube made also of fused- 
silica [16]: fSKgf^/on~14GHz > Av^_^. Single-frequency operation was obtained 
by tilting the étalon slightly off the axis of the resonator. The use of an intra
cavity étalon has the advantages of simplicity of fabrication, relative 
insensitivity to vibration, and a low insertion loss resulting in a high 
efficiency. If the étalon is positioned so that the loss generated by the étalon is 
a minimum in the centre of the gain curve, the modes that can oscillate are 
reduced to those where the gain exceeds the combination of étalon loss and 
output coupling loss, or about » ±2 GHz, as displayed in figure IV. 2.

In addition to the étalon, there is another mechanism that further 
reduces the number of modes which oscillate. The unsaturated gain curve 
applies only when the laser first begins to lase. As the laser oscillation builds, 
it reaches intensities which significantly reduce the population difference 
between the upper and lower laser states, with the result that the gain at the 
frequency of oscillation is reduced, or saturates, to a level that matches the 
losses that occur: hole-burning.

Longitudinal modes are close enough in frequency that, in a fully 
operating laser, adjacent modes will compete with one another. This mode 
competition arises from the fact that a given excited ion, which nominally 
will be stimulated at a specific frequency (related to its energy, relative 
velocity and any Zeeman effects) can undergo stimulated emmision over a 
narrow  range of frequencies that covers several longitudinal modes. Any 
mode w ithin this range which is slightly favoured over the others will 
essentially use all the gain available and the other neighbouring modes will 
disappear. Therefore, the étalon finesse is chosen to provide a broad-band
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intra-cavity filter to allow for power to be transferred from adjacent modes 
near line-centre into the most-favoured mode.

Ion laser 
unsaturated 
gain curve.

Single-frequency 
output.

a.

Frequency offset 
(front line centre). Modes suppressed 

by étalon.

Loss added 
by étalon.

Output
coupling
loss-line

Figure IV. 2
Single-frequency selection using an étalon for the 514.5 nm line.

Single-frequency operation was m onitored on a scanning confocal 
interferometer = 2 GHz). Free-running, single-frequency operation of
the laser is shown in figure IV. 3. Typically, single-frequency power levels in 
excess of ~ 5 W could be achieved in this m anner, representing a 
conversion efficiency of ~ 50 % from multi-mode to single-mode operation.

As explained in chapter 11, it is im portant to evaluate the exact 
linewidth, or frequency stability, AVp_gfâ , of the pump laser since this plays a 
significant role in the amplitude and frequency stability of the signal and idler 
outputs. Therefore, it is worthwhile considering the principal causes of laser 
frequency instability in such large-frame argon-ion lasers. The laser frequency 
stab ility  depends alm ost entirely  on the stability  of the cavity 
resonance [11,18]. (Frequency variations due to fluctuations in refractive 
index of the inverted population are not usually observed unless the 
discharge is electrically noisy [11,18]. At line centre, fluctuations in inverted 
population have a negligible effect on the cavity resonance [11,18].)
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Interferometer FSR = 2 GHz.

4 >
Frequency bandwidth  » 2.5 GHz.

Figure IV. 3.
Single-frequency operation at a frequency of Vp = 583 THz.

Changes in the ambient temperature and pressure are responsible for most of 
the long term drift in cavity resonance due to the cavity length and the intra
cavity étalon therm al expansions. Much more serious are mechanical 
vibrations/resonances of the cavity and /  or the optical bench generated by 
airborne sound waves. The short-term frequency jitter was determined 
primarily by cavity vibrations induced by water flow in the laser head. The 
frequency range was in the low- to mid-audio region (« 20 to 500 Hz) with 
m echanically-enhanced resonances dom inating [16]. The short-term  
( At « 1 second) frequency-jitter was measured to be i^Vp^stab ~ ± 10 MHz (half
w idth at half-maximum), by observing the fluctuations in the intensity 
transmitted through the invar-based, stable monitoring external étalon.

Table IV. 1
Characteristics o f the input pump frequency.

Pump source Argon-ion laser

Frequency 583 THz

Wavelength 514.5 nm

Jitter (~ 1 second) ^^p-stah «±10 MHz

Power pin «5WP
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In chapter II, it was shown that the important requirement for the pum p 
source of a cw OPO was the short term frequency jitter. To recap, line widths 
at the « MHz-level are usually marginal for stable OPO operation. The 
consequence of operating the argon-ion laser with a short-term frequency 
jitter at the 10 MHz-level is, as expected critical, and the effects of this are 
discussed further in section IV. 5. The important characteristics of the argon- 
ion laser, used as the source of input pum p frequency for the cw OPO, are 
summarized in table IV. 1.

IV. 3 Optical parametric oscillator design.

This section describes in detail the design of the OPO resonator. In particular, 
the crystal properties are examined that would allow for the generation of 
tunable, near infra-red, optical radiation around the frequency-degeneracy 
point, when using the argon-ion laser as the pump source operating at a 
frequency of Vp = 583 THz, and an OPO containing the nonlinear material 
LBO. The resonator components are analysed with a view to obtaining low 
pum p power thresholds, wide (coarse) frequency tuning, amplitude-stable 
OPO operation, and significant values for the external conversion efficiency.

The nonlinear m aterial chosen for the OPO was lithium  triborate 
(LiBgOs; LBO) [19]. Prior to this experiment, only Ba2NaNb5 0 i5 [20], LiNbOg 
[21] (or MgO'.LiNbOg [22]), KTP [23] and KNbOg [24] had been used as the 
nonlinear materials within cw OPOs. LBO was selected for its low absorption 
and scattering losses at both the pum p frequency and around frequency- 
degeneracy [6], non-critical phase-matching for pump sources operating at 
frequencies of Vp « 600 THz [25], m oderate nonlinear coefficients 
(£/g  ̂« 1 p m /V  [19]), and  its h ig h  op tica l dam age  th re sh o ld  
(I^am -  20 GW /cm^ [6]). Such properties suggest the suitability of LBO as the 
gain medium within cw OPO applications. The only desirable property that 
cannot be accessed when using LBO is electro-optic tuning. The electro-optic 
coefficients of LBO have gone unreported in press, bu t prelim inary 
investigations have suggested that they are not at a level that could enable 
useful electro-optic tuning [26,27].

As discussed in chapter II, nonlinear materials that possess significant 
electro-optic  tun ing  p roperties, and can be fabricated  to form  
monolithic /  semi-monolithic OPO resonators, are highly suitable for use
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w ith in  cw OPO configurations [28,29]. Indeed, other w orkers have 
highlighted the benefits of using such nonlinear materials, when operating 
with pum p sources in the green spectral region, and OPOs operating in the 
near infra-red spectral region around frequency degeneracy [22 , 23, 28, 29]. 
When the benefits of electro-optic tuning and monolithic fabrication are 
combined with room-temperature operation and type II phase-matching, the 
nonlinear material KTP is the crystal of choice [29]. For pum p sources in the 
green spectral region, KTP is a prime candidate for degenerate and near 
degenerate OPO operation. However, it is the coarse frequency tuning 
properties of LBO under non-critical phase-matching that make this a 
worthwhile system to study, with the possibility of generating large frequency 
differences betw een the signal and idler outputs in phase-m atching 
geometries that are unique to LBO [3, 30], and cannot be generated when using 
either KTP or MgOiLiNbOg (the two main contenders).

As discussed in chapter III, both type I and type II phase-matching 
geometries are available from LBO, when using pump sources that operate at 
frequencies around Vp « 600 THz. However, in general, for non-critical 
phase-matching at frequency-degeneracy, only type I phase-matching can be 
employed. This phase-matching geometry in LBO is used regularly to obtain 
the second frequency harmonic of laser sources operating in the near infra
red spectral region [6, 31]. In particular, LBO is the crystal of choice for 
frequency-doubling cw lasers w hen the power intensities w ithin the 
nonlinear materials are at a level that excludes the use of KTP and LiNbOs [6], 
whose effective nonlinear coefficients are superior to LBO, and which can be 
used more efficiently at low power levels where power intensities are reduced 
and optical induced damage is prevented [4,5].

W hen pum ped at frequencies near to Vp « 600 THz, LBO can be 
tem perature-tuned under type I non-critical phase-matching, w ith 0 = 90°, 
and 0 = 0 °  [25,32]. The crystal for this experiment was cut for propagation 
along the x-axis. In this phase-matching geometry, the pum p field was 
polarized along the crystal y-axis and the generated signal and idler 
frequencies were polarized along the crystal z-axis: e-^o+ o.

The dimensions of the crystal were specified to be 3, 3, and 20 mm 
along the y, z, and x principal optical axes, respectively. (At this time, 20 mm 
represented the longest growth of the crystal.) The crystal cut and the 
polarizations of the pump, signal and idler fields are displayed in figure IV. 4.
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The crystal was cut with plane-parallel, polished input and output faces. 
These faces were coated to be anti-reflecting at both the pump frequency and 
around the frequency-degeneracy point. The critical value is at frequency- 
degeneracy, since the signal and idler frequencies require high finesse cavities 
to ensure double-resonance with a low pump power threshold.

L = 3 mm
Coated face

Iz = 3 mm
LBO crystal

Coated face I x  = 20 mm

Signal and idler 
polarizations

y

Pump
polarization

- ^ x

Figure IV. 4.
Schematic representation of the LBO crystal, cut for propagation along 
the %-axis, to satisfy type I non-critical phase-matching.

The single-pass transmission losses, incorporating reflection losses from the 
dual anti-reflection coatings and absorption /  scattering in the material, were 
specified to be « P i , s - p  < 0-25 % around 292 THz (OPO frequencies) and
Pp^s-p < 2 % at 583 THz (pump frequency).

The crystal was placed within a temperature-controlled oven, heated to 
achieve the desired phase-matching temperatures, and surrounded by two 
cavity mirrors to form a low loss resonator for the signal and idler fields. In 
addition, m irror curvatures and spacings were selected to satisfy cavity 
stability and confocal focusing of the three waves within the gain medium.
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(a) Resonator.

AR at 292 & 583 THz
HR at = 292 THz 

R = 60 % at 583 THz

ROC =15 mm : 250 mm

20 mm

= 6.5 mm = 243 mm

(b) Oven design.
50 mm

V

V.

out

out

out

24 mm

M20 mm

Windings

LBO Crystal

Figure IV. 5.
(a) Schematic representation of the standing-wave, single-cavity, 
resonator geometry used for the OPO. The nonlinear material was 
located within a temperature-stabilized oven (b), and heated to 
temperatures of = 183 °C to satisfy the conditions of non-critical 
phase-matching. HR: high-reflecting; AR: anti-reflecting; ROC: radius- 
of-curvature.

As discussed in chapter II, to satisfy confocal focusing requirements within 
the nonlinear material of length, / = 20 mm, the resonator must provide spot 
sizes of Wp ~ 31,9 |im and Wg -W j  « 45.2 pm for the pump and signal /  idler 
fields, respectively, and these should be located at the centre of the nonlinear 
crystal (see equations II. 161 and II. 162). To provide for this, and taking into 
consideration the design restrictions of using an oven to enclose the crystal, a 
resonator geometry was selected that incorporated one cavity mirror, in
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figure IV. 5 (a), fixed in position w ithin the oven (15 mm radius-of- 
curvature), and the other cavity mirror, M2 , located external to the oven with 
its location determined by fine piezo-electric control on the mirror position 
(250 mm radius-of-curvature).

The tem perature of the crystal was reached by passing a current of 
I « 15 A along a 4.5 m length of nichrome wire of resistivity p -  25 O /m . The 
temperature was monitored by feedback to a temperature control unit which 
could m aintain the crystal tem perature to within ~ ±  OA ^C. This
cavity geometry is illustrated schematically in figure IV. 5 (b).

The cavity mirrors were coated to provide high-reflectivity at around 
frequency-degeneracy (R5 « Rj > 99.7 %) and partial reflectivity at the pum p 
frequency (R^ « 60 %). The coatings were selected primarily to provide a high 
finesse resonator for the signal and idler fields. The effects of the pum p 
reflectivity, and the corresponding finesse of the OPO cavity at the pum p 
frequency, are considered in detail in section IV. 4. To assess the optical 
quality of the OPO mirrors /  nonlinear crystal, the following experiment was 
performed to estimate the cavity finesses near degeneracy; figure IV. 6 .

Source of single-frequency 
radiation at ~ 280 THz

High-finesse
interferometer Detector

OPO
resonatorNdtYAG laser

Voltage

0 0

Oscilloscope

Figure IV. 6 .
Experimental arrangement to assess the cavity finesse for frequencies 
near OPO frequency-degeneracy. The output from a single-frequency, 
linearly-polarized, Nd:YAG laser is incident on the OPO cavity, which 
acts as a high-finesse filter for the incident radiation.
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The OPO resonator was used as an interferometer to analyse the radiation 
from a diode-laser-pum ped Nd:YAG laser, which operated on a single
frequency at v=  282 THz, corresponding to a wavelength of A = 1.064 jiim. By 
measuring the finesse of this interferometer, an indication as to the parasitic 
loss of the OPO resonator at v = 282 THz could be made. Given the proximity 
of this frequency to the frequency-degenerate point of the proposed argon-ion 
pum ped OPO (within Av « 10 THz), and the assumption that the optical 
quality of the coatings was comparable for these two frequencies, the loss of 
the OPO resonator for the signal and idler frequencies could be estimated. By 
scanning the OPO cavity length by applying a ramp voltage to one cavity 
m irror that was mounted on a piezo-electric element, and monitoring the 
intensity of the transmitted output, the finesse of the cavity at the frequency 
V = 282 THz was calculated by examining the resonance peaks of figure IV. 7.

Two different sets of finesse peaks are shown in figure IV. 7. (a). These 
correspond to the two orthogonal polarization components within the LBO 
crystal, resolved along different crystal axes of the resonator. (Within the 
resolution of the apparatus used, the two free spectral ranges appear equal, 
although dispersion within the biréfringent LBO crystal causes unequal free 
spectral ranges.) The resonance peaks of higher intensity corresponded to 
radiation at v = 282 THz polarized along the y-axis of the LBO crystal, and 
simulated the finesse that would be provided by an idler frequency of the 
argon-ion pum ped OPO, detuned by Av « 10 THz from the exact frequency- 
degeneracy point. The finesse of these peaks was examined in more detail in 
figure IV. 7. (b).

From figure IV. 7, the finesse of the cavity can be calculated by using 
the following expression that relates the cavity finesse (F^) to the cavity free 
spectral range (FSR^) and full-width power at half-maximum (FWHM)  of the 
resonance peaks [33]; i.e.

The round-trip cavity loss, Pc,r~tf can be expressed as a function of the cavity 
finesse, in the case of low loss resonators, as follows [33]:

P c ,r - t  = ^  • [IV. 2]
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Therefore, by combining the above two expressions, the round-trip cavity 
power loss can be written approximately as follows:

P c , r - t  *  27T
FWHM

FSR^ [IV. 3]

(a) (b)

FSR « 3.3 GHz

4 >

I I
11

FWHM 
-  5.5 MHz

I

4 >
Frequency bandwidth -  5.2 GHz. Frequency bandwidth ~ 49 MHz. 

Figure IV. 7.
Finesse peaks of the OPO resonator for an input frequency at 
V = 282 THz, and within Av = 10 THz of the proposed degenerate signal 
and idler OPO frequencies. In figure IV. 6 (a), the two sets of peaks 
correspond to linearly-polarized input radiation polarized along 
orthogonal axes of the LBO crystal. In figure IV. 6 (b), the resonance 
peak from the higher intensity polarization component along the y 
principal LBO axis, is expanded to evaluate the FWHM.

Hence, from figure IV. 7, and for a frequency of v = 282 THz, the finesse is 
calculated to be F « 600, and the round-trip cavity power loss is estimated to 
be j3c^^_ (̂v = 282THz)~ 1.0 %. This latter value is now taken as an 
approximation as to the signal and idler round-trip power losses in the OPO.

Another critical parameter in the successful operation of the OPO is the 
exact phase-matching temperature of the nonlinear crystal for this specific
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phase-matching geometry. For most commonly used nonlinear materials, 
this can be calculated readily from data on the temperature dependence of the 
refractive indices that can be found in literature. However, for LBO, the 
published data at this time was valid only near room -tem perature [34]. 
Therefore, another method was required to predict the tem perature of the 
phase-matching process in the OPO. This was obtained by extrapolating from 
tem perature data reported for second-harmonic generation experiments 
using LBO in the type I non-critical phase-matching geometry [35 - 37].

There is substantial information on the phase-matching temperatures 
for second harmonic generation of near infra-red laser sources into the visible 
(blue /  green spectral region), using type I non-critically phase-m atched 
LBO [6 , 31, 35, 36]. As discussed, the phase-m atching geom etry and 
tem perature for second harmonic generation are identical to that of a 
frequency-degenerate OPO, but with the opposite direction of energy transfer.

U 200,
li

I
I
I

150

100 -

V = 292 THz

-5 0 -
T(°C) = 45.44-3.496 V + 0.01365 V 2

-100
240230 250 260 270 280 290 300

Fundamental frequency, (THz).

Figure IV. 8.
Non-critical phase-matching temperatures for second harmonic 
generation of near infra-red sources using type I non-critically phase- 
matched LBO. (From references [35 - 37].)
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Therefore, although there are no specific laser sources available at 
V = 292 THz, by extrapolating from other near infra-red frequency doubling 

processes, the operating tem perature of an argon-ion pum ped frequency- 
degenerate OPO could be predicted. These temperatures are shown plotted in 
figure IV. 8, and from this, a temperature of « 188 °C is predicted for the 
point of exact frequency-degeneracy for the OPO.

To confirm some of the temperature phase-matching properties of the 
LBO crystal, it was used to generate the second harmonic frequency of a 
Nd:YAG laser which operated at a frequency of v = 282 THz, in an external 
single-pass arrangem ent. Figure IV. 9 confirms the phase-m atching 
tem perature for this frequency conversion process. The phase-matching 
tem perature  for second harm onic generation was m easured to be 
'̂ xtal ^149  °C, and the full-width at half maximum (FWHM) was measured 
to be AT « 1.6 °C, indicating a temperature acceptance bandwidth of 3.2 °C cm, 
a factor of ~ 20 % lower than other reports of this phase-m atching 
configuration [6,31], suggesting a temperature gradient along the oven.

If
II
I

1.00 1

FWHM  AT= 1.6 ± 0.3 “C

0.75 -

0.50 -

0.25 -

0.00
146 147 148 149 150 151

Temperature ( °C).

Figure IV. 9.
Phase-matching temperature and temperature acceptance bandw idth 
for the LBO crystal, w hen used to generate the second harm onic 
frequency of a Nd:YAG laser operating at a frequency of v = 282 THz.
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In summary, useful information regarding the cavity losses for the resonant 
sub-harm onic frequencies and the phase-m atching tem peratures for 
operation of the OPO near frequency-degeneracy, has been obtained. This 
guided the design of the experimental arrangement. In particular, the finesse 
measurements were used to predict the power levels that would be required 
from the argon-ion laser.

IV. 4 Pump frequency and cavity length requirements.

In this section, there is an analysis of the power and stability requirements of 
the pum p frequency and the OPO cavity length to maintain stable OPO 
operation on a single signal and idler frequency mode-pair. With the 
information gained regarding the OPO cavity finesses, a value for the pump 
power threshold was estimated. Additional parameters that affected the 
operation of the OPO were examined, including, in particular, the effects 
caused by partial resonance of the pump field within the OPO cavity.

The requirements on the stability of the pump frequency and the OPO 
cavity length in a type I phase-matching geometry near frequency-degeneracy 
were analysed in detail in chapter II. To recap, this phase-matching geometry 
was shown to be the most dem anding of all possible phase-m atching 
configurations, to m aintain single signal and idler frequency m ode-pair 
operation from a single-cavity OPO. This was because the signal and idler 
frequencies are approximately equal and are polarized along the same crystal 
axis. Subsequently, the cavity free spectral ranges are approximately equal. It 
was predicted that pump frequency perturbations of A < MHz or cavity 
length detunings of ALgf̂  ̂< nm would cause the output of the OPO to hop 
from one mode-pair to another (see section II. 4 (ii) (b) (l)).

The computer program [38], discussed in chapter II, was used to predict 
the tolerance of the OPO output to perturbations /  detunings in the pump 
frequency and the OPO cavity length. The input data used for the following 
graphs is collected in table IV. 2, and is specific to the argon-ion pumped near
degenerate LBO OPO that was to be constructed. Two different experimental 
situations were modelled, depending on whether the OPO was operated close 
to frequency-degeneracy, or detuned coarsely by changing the precise phase- 
matching temperature of the crystal. The finesses and the cavity lengths were
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set equal to the experimental values, and differ from those that were used 
within the more general modelling of chapter II.

Table IV. 2 
Input data used for the computer model.

Phase-matching Type I (a, h)

Pump frequency 583 THz

Signal frequency (294,308 THz)

Idler frequency (289, 275 THz)

Frequency mis-match Av (5, 33 THz)

Temperature Txtal (177.8,176°C)

Crystal length I 20 mm

OPO finesses 600

Mirror separation L 269 mm

FSR mis-match AFSR (0.003, 0.02 %)

Two different phase-matching temperatures were studied to yield signal and 
idler frequency mis-matches of Av = 5 and 33 THz, for the near-degenerate, 
(a), and non-degenerate, (b), cases, respectively. (Note that the phase- 
matching temperatures differ slightly from those predicted from the analysis 
of section IV. 3. This is because the computer model assumes that the 
reported data for the temperature dependence of the refractive indices [34] are 
valid up  to these higher phase-m atching tem peratures) The different 
frequency mis-matches correspond to mis-matches in the free spectral ranges 
of AFSR = 0.003 and 0.02 %, respectively. As expected for the type I phase- 
matching geometry, the mis-match in the free spectral ranges approach zero 
as the signal and idler frequencies approach the exact point of frequency- 
degeneracy.
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The effects of detuning on the output of the near-degenerate, single
cavity OPO, case (a), are illustrated in figure IV. 9. For the type I phase- 
matching geometry near frequency-degeneracy, the output of the OPO hops 
between adjacent mode-pairs for comparatively small detunings in the pump 
frequency or the OPO cavity length.

The overlap of the threshold minima of successive m ode-pair 
parabolas ensures that, for most pumping rates above threshold, the OPO will 
remain operational. Therefore, between successive mode-hops, the OPO will 
be subject to an amplitude modulation which is dependent on the width of 
the minima curves (as defined by the cavity finesses) and the proximity of 
these curves (as defined by the free spectral ranges). Figure IV. 10 illustrates 
that the pum p frequency must be stable to within ~ -  fOO kHz to
maintain operation on a single signal and idler frequency mode-pair. In 
addition, the common signal and idler cavity length of the single-cavity OPO 
m ust be stable to w ithin ALsf^^~±5pm. The expected am plitude 
m odulation is shown by horizontal markers that define the difference in 
threshold between the lowest threshold mode-pairs.

The more stringent requirements predicted here, compared to the 
modelling of chapter II, are due mainly to two reasons. First, the finesses are 
significantly higher (~ 50 % greater) than used before; this decreases the width 
of the threshold minima. Second, the cavity length of the single cavity OPO 
is significantly longer than before (a factor of « 8), and this further decreases 
the mis-match in the free spectral ranges of the signal and idler fields since 
the length of the crystal represents a smaller fraction of the total cavity 
lengths.

As discussed in chapter III, cavity length control, for a fixed frequency 
pum p source, can generally be provided by servo-control feedback. Therefore, 
the main requirement was on the stability of the pump frequency. Given that 
the frequency stability of the argon-ion laser was almost two orders of 
magnitude worse than the minimum pump frequency stability requirements 
for the OPO, as predicted above, it was anticipated that the OPO would not 
operate in a stable manner on a single signal and idler frequency mode-pair. 
This would have required a pump source that was actively stabilized at the 
kHz-level.
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Figure IV. 10.
The effect on the mode selection of the output of the near-degenerate 
OPO for a pum p frequency detuning of AVp = 1.2 MHz, and a cavity 
length detuning of AL = 0.06 nm; case (a).

Similar predictions were then made by removing the frequencies further 
from degeneracy (now Av = 33 THz), and evaluating the equivalent pum p 
frequency and cavity length stability requirements; case (b). Figure IV. 11 
shows that the pum p frequency m ust now be held stable to w ithin 
AVp^stab ~ ± 170 kHz, and that the OPO cavity length must be held stable to 
w ithin ALgfaij = ± 1 0  pm, to maintain operation on a single signal and idler 
frequency mode-pair. The threshold parabola for separate mode-pairs are of 
the same form as case (a), due to the equivalent cavity finesses, but the larger 
mis-match in the free spectral ranges effectively pushes these curves further 
apart, and relaxes the tolerance to pum p frequency and cavity length 
detunings to m aintain single m ode-pair operation. Consequently, the
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amplitude modulation is expected to increase as the OPO is removed further 
from degeneracy.

48.3- Adjacent signal / idler mode-pairs within same cluster.
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Figure IV. 11
The effect on the mode selection of the output of the non-degenerate 
OPO for a pump frequency detuning of AVp = 1.2 MHz, and for a cavity 
length detuning of AL = 0.06 nm; case (b).

In the design of the OPO resonator, there was an additional factor that 
complicated the tuning characteristics of the OPO outputs. Besides satisfying 
near perfect resonance for the signal and idler frequencies, pum p resonance 
effects had to be evaluated within the OPO cavity. The reflectivity of the OPO 
cavity mirrors at the pump frequency was specified to be Rp » 60 %. This was 
chosen to assist alignment of the OPO cavity (by aligning the cavity mirrors to 
resonate the pum p field, the OPO resonator was necessarily aligned), to 
provide a method of determining the quality of the mode-matching, and to
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reduce further the threshold of the OPO. As discussed in chapter II, by 
resonating the pump frequency in the OPO cavity, reductions in the threshold 
over equivalent single-pass, non-resonant pum p arrangem ents, can be 
obtained as a result of both double-pass pump interaction [29] and pump field 
enhancement [39]. (This is true as long as the pump frequency is held on 
resonance w ithin the cavity.) However, it was this pum p resonance 
condition that further complicated the requirements for stable OPO operation.

To predict the pum p power threshold of the OPO, we used the 
expression derived for a pump-enhanced doubly-resonant OPO, with the 
pum p held on resonance and the optimum phase-relationship between the 
pum p, signal and idler waves being maintained on the return pass through 
the nonlinear crystal. This expression was derived in chapter II, and is as 
follows:

Pp) = ---------------------------------   . [IV. 4]

Table IV. 3 lists the values that were used within the above threshold 
equation. The different finesse values correspond to the case of the OPO 
cavity formed by two high-reflectors (finesse « 600 for a 1.0 % round-trip 
power loss), and when one of the high-reflectors is replaced by an output 
coupler of specified output coupling of «0 .5% (finesse « 400 for a 1.5% 
round-trip power loss).

From these values, equation IV. 4 predicts a pump power threshold of 
Pp-min ~ niW (20.5 mW), for the case of signal /  idler finesses of 
Fg “ Pi -  600 (400), respectively (assuming optimum mode-matching and 
confocal focusing).

While the above threshold analysis follows the most appropriate 
equation derived in chapter II, it was not necessarily the most accurate 
expression to use to predict the pum p power threshold of this OPO. The 
partial reflectivity of the cavity mirrors at the pump frequency implied that 
the pump field losses were significant and not at the level that allowed for the 
assum ption of a high finesse, low-loss resonator for the pum p field. 
Therefore, it was not strictly correct to use the threshold equation for the 
triply-resonant oscillator with three low-loss fields on resonance. However, it 
was equally incorrect to assume the straight-forward double-resonance
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analysis because there were two equal, enhanced pum p fields, counter- 
propagating within the OPO cavity.

Table IV. 3 
Parameter values for threshold analysis.

Pump frequency 583 THz

Pump ref. index »p 1.61

Crystal length 1 20 mm

Nonlinear coefficient ^eff « 0.84 pm/V

Degeneracy factor S « 1

Signal/idler finesse 600 (400)

Pump enhancement F̂p-max 2.5

To account for this, a combination of the two is now adopted that involves 
directly incorporating double-pass and field enhancement terms within the 
standard doubly-resonant OPO analysis. By comparing equations II. 85, 
and n. 87, the following expression can be formed:

( Pp )'  ̂ hh-min

9  4.

WpfipC

2FsFiEp,
[IV. 5]

where Ep is the measured pum p field enhancement on resonance in the 
absence of OPO conversion (i.e. sub-threshold operation), and Vp is the 
electric-field reflectivity of the output cavity mirror at the pump frequency (a 
value of Vp = 0.77 for Rp = 60 %). As Vp approaches unity, the factor is four is 
returned to the analysis, and the triply-resonant OPO equation is formed 
(equation IV. 4).

The pum p enhancement on resonance was measured to be Ep « 1.8, 
which is lower than the value, as predicted by the resonance conditions of the
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cavity, and was attributed to imperfect mode-matching of the pum p source 
into the OPO cavity. W hen using this value for the pum p field 
enhancement, the threshold values are now = 16.1 mW and 36.2 mW,
a factor of approximately two higher than the previous predictions, but still 
well within the power available from the argon-ion laser.

The resonance effects of (partial) pump reflectivity are now considered. 
For matched mirror reflectivities of Rp ~ 60 % at the pump frequency, the 
effects of OPO cavity length and pump frequency detuning on the intra-cavity 
pum p field enhancement factor, Ep, can be modelled by the following 
relationship [33]:

pCtTC, rp
EplVp,Lf.)= = ---------- -,------------- r  —-,---- r =------,------r , [IV. 6]

Pp 1 -  2cos^4m/pLg /  c^Rpexp[~Pp ) + Rpexp{-2pp )

where Pp is the intra-cavity, round-trip, parasitic power loss at the pump 
frequency (assumed to be « 5 %), is the circulating pump field inside the 
resonator, and is the optical length of the OPO cavity.

The intra-cavity power loss only becomes critical when the reflectivity 
of the cavity mirrors for the pump frequency are high. In this case, the field 
enhancement on resonance can be reduced significantly, but the reflectivities 
of the separate input and output coupling mirrors must be chosen carefully to 
ensure that the cavity is correctly impedance-m atched. W ithin this 
experiment, parasitic power losses of sub -1 0  % do not significantly degrade 
the pum p field enhancement factor. (See reference [33] for a more rigorous 
explanation.)

It is useful to show graphically the expected variation of the pum p field 
within the OPO resonator, as defined by equation IV. 6, for both cavity length 
and pum p frequency detunings, which affect the intra-cavity pum p field. 
These effects are depicted in figure TV. 12, in which the effects of efficient OPO 
conversion (pump depletion) have been neglected. As mentioned earlier, 
these effects contribute to a form of intra-cavity parasitic loss for the enhanced 
field, and will decrease the enhancement factor. Therefore, this graph models 
the sub-threshold case.
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Figure IV. 12.
Theoretical effects of pum p frequency and cavity length detunings on 
the pum p field enhancement within the OPO cavity, in the absence of 
conversion to signal and idler fields.

From figure IV. 12, the pum p field within the resonator will only be sufficient 
to overcome threshold for a finite range of cavity lengths, and for a limited 
frequency bandwidth of the pum p source. For a free-running pum p source 
and OPO resonator arrangement, the argon-ion laser has an adequate degree 
of frequency stability to m aintain the pum p field near to exact pum p 
resonance. Therefore, besides the stringent requirements on the cavity length 
and the pum p frequency to maintain double-resonance for the high finesse 
signal and idler fields, there is an additional, weak, pump resonance effect 
imposed by the resonator on the input pump wave.

Table IV. 4 displays the expected requirements on the pump source and 
the OPO cavity length to operate the OPO above threshold and with stable 
operation on a single signal and idler frequency mode-pair.
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Table IV. 4
Requirements on pump frequency and cavity length.

Signal and idler frequency double-resonance.

Pump frequency ^^p-stab -  ± 170 kHz

Cavity length stab ~ ± 10 pm

Pumpfrec^mency resonance.

Pump frequency ^^p-stab -  ± 0.1 GHz

Cavity length ^^stab « ± 0.05 jim

Pump pcjwer thresh old.

High finesse 16.1 mW

Low finesse 36.2 mW

To summarize, the threshold requirement is well within the available power 
level from the argon-ion laser. However, the pump frequency stability is only 
good enough to maintain the pum p frequency near resonance within the 
OPO cavity. It is far from adequate to maintain a particular mode-pair of the 
signal and idler fields on resonance simultaneously. Therefore, the OPO is 
expected to display mode-hopping frequency characteristics, while the pum p 
field is at, or close to, exact pump field resonance.

IV. 5 Experimental arrangement.

This section describes the apparatus that was used to provide reliable and 
efficient operation of the doubly-resonant OPO above threshold. In 
particular, two aspects of the experimental arrangement are considered in 
detail. These are the mode-matching of the pum p beam into the OPO 
resonator, and the isolation of the pum p source from back-reflections and
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back-conversion from the OPO resonator. The experimental arrangement is 
illustrated in figure IV. 13.
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Figure IV. 13.
Layout of the apparatus used to operate the cw OPO. A Faraday isolator 
prevents feedback into the pump laser, and a single focusing lens 
matches the pump radiation into the OPO cavity.

It was necessary to isolate the single-frequency pum p source from two 
separate causes. First, since the OPO cavity had significant resonance effects 
for the pum p frequency, back-reflections would be present if the OPO cavity 
was not perfectly impedance-matched for the input radiation. Second, 
backward-travelling signal and idler fields generate pump radiation that can 
also feedback to the laser source. To provide isolation of the single-frequency 
pum p source, a Faraday isolator was employed, and this arrangem ent 
provided ~ 30 dB attenuation. (Note that the use of a ring-cavity OPO would 
reduce the effects of pump feedback.)
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The second important design consideration was the mode-matching of 
the pum p beam into the OPO resonator. The argon-ion output beam had to 
be transformed by at least one lens to fulfil the required beam parameters at 
the input mirror of the OPO, and therefore achieve the desired focusing the 
pum p wave. This analysis follows the equations derived in chapter II. The 
argon-ion laser output had the following beam parameters [16]; full-angle 
divergence at power points:

IX,
=

^ rntV^
= 0.5 mrad.

p,laser
[IV. 7]

This implied an effective waist size for the pump source of V̂ p̂ iaser ~ 655 pm, 
located near the plane high-reflector in the argon-ion laser cavity (see 
figure IV. 1), where the lens effect of the output-coupler has been accounted 
for. Figure IV. 14 displays a theoretical graph of focal length plotted against 
the distances from the lenses for different focal length lenses, to match the 
pum p Gaussian profile to that required throughout the length of the gain 
medium for confocal focusing requirements, where qpq -  31.9 pm.
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Figure IV. 14.
Theoretical locations of the pump and focused OPO waists for different 
values of the focal length of the single lens, to match the argon-ion 
beam to the mode defined by the OPO resonator.
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From figure IV. 14, a number of different focal length lenses could be used to 
obtain the desired focusing. In practice, the choice of lens was dictated by the 
physical length of the argon-ion laser (recall that the beam waist in the argon- 
ion laser was located near the plane high-reflector, and therefore is situated 
at » 2 m from the actual output of the laser). Taking into consideration the 
free-space propagation over the length of the optical bench, and the optical 
lengths of the auxiliary optical components, a lens of focal length /  = 250 mm 
was selected.

An important consideration of the experimental design was the use of 
a meniscus input coupling lens (mirror) that was fabricated to reduce the 
effects of focusing of the pum p mode. The rear surface of this mirror was 
curved specifically to a value of R0Q„(15 mm) + mm) = 20 mm.
This reduced the effects of de-focusing the beam that would have otherwise 
been present in a plano-concave substrate. While it is not possible to 
eliminate completely the effect of the input substrate (due to the propagation 
of the Gaussian beam within the dense substrate, with refractive index « 1.54), 
the tolerance on the position of the actual focusing lens, with the focused spot 
size and location, was relaxed considerably.

IV. 6 Results and discussion.

In this section, the results of the argon-ion pum ped cw OPO operating near 
frequency-degeneracy are presented. Two different resonator configurations 
were examined that provided for the minimum pum p power thresholds 
(high finesse cavity) and for significant external conversion efficiencies (low 
finesse cavity). The frequency properties of the OPO output are discussed in 
view of the previous analyses. In particular, by studying the effects of cavity 
length detunings over nanometre ranges, the stringent pum p and OPO 
resonance requirements, as presented in section IV. 4, are illustrated. Finally, 
the frequency tuning range, as permitted by the bandw idth of the optical 
coatings within the OPO resonator, is reported.

First, the OPO was arranged with two highly-reflecting OPO cavity- 
m irrors, form ing the high-finesse resonator for the signal and idler 
frequencies. This OPO operated with a minimum pump power threshold of 

~ This represented the power, as measured incident on the
OPO resonator, and equated to Pp « 80 mW of actual argon-ion power.
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(Approximately 70 % of the laser output could be focused on the OPO cavity, 
caused mainly by transmission losses due to uncoated isolator components.)

The power characteristics of the OPO are displayed in figure IV. 15. The 
OPO power levels were measured by calibrating the peak intensity levels of 
the OPO outputs on a fast photo-diode. The power levels measured were due 
to the combined output power of the signal and idler fields. The power 
outputs from the two exit ports of the OPO cavity (assumed equal) were taken 
into account to yield a final value for the external OPO power generated.

The experimental threshold value was significantly higher than that 
predicted from equation IV. 5 ~ 16 mW). This was attributed to the
imperfect mode-coupling of the pum p beam into the resonator, as implied by 
the lower value of the field enhancement factor, and the tem perature 
gradient within the oven. In addition, the choice of the mirror curvatures 
and their locations (one internal to the oven, one external), and subsequent 
asymmetry of the resonator constructed, placed a high level of precision on 
the exact positions of the two cavity mirrors to obtain the optimum focusing.

40 -

e x t  ~  5  %
~ 50 mW

10 -

I 0 100 200 300 400 500 600 700 800 , 900 1000

Input pump power, P (mW).

Figure IV. 15.
Input and output powers for the high-finesse ( f  « 600) OPO cavity, 
showing a m inim um  pump power threshold of ~ 50 mW and
a maximum external conversion efficiency of T]gxf. « 5 %.
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When the ratio of useful to parasitic losses was increased by using the 0.5 % 
output coupler in place of one of the high-reflectors, increased external 
conversion efficiencies were obtained. However, since the cavity finesses 
were lower (« 400), due to higher cavity losses, the OPO operated with an 
increased threshold, as displayed in figure IV. 16. When operating at 
approxim ately  four tim es the pum p threshold of = 250 mW,
corresponding to an incident pum p power of P ^  « 1 W, the external 
conversion efficiencies were measured to be « 10 %.
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Figure IV. 16.
Input and output powers for the lower-finesse (F « 400) OPO cavity, 
showing a pump power threshold of « 250 mW, and a maximum 
external conversion efficiency of ~ 10 %.

To assess the performance of the OPO with respect to am plitude and 
frequency stability, the cavity length was ramped over nanometre ranges, by 
applying a voltage to a piezo-electric element that controlled the position of 
one of the cavity mirrors (in this case, the output coupler). Both pum p and 
OPO resonance conditions could be evaluated using this technique. The 
effects on the pump field due to detuning off exact pump field resonance, and 
from the effects of depletion due to OPO operation, were evaluated by
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m onitoring the variations in the transmitted pump wave, or the reflected 
pum p wave, through pum p resonance. The intensity variations of the 
transm itted pum p field, along with the OPO output, are displayed in 
figure IV. 17.

If

i
l i
§  i  o a

12 = 757 van
Pump zero.

Off 
resonance

Pump depletions ~ 40 %
A L- 7 3  nm

OPO zero.

Cavity length detuning, AL ~ 0.51 pm.

Figure IV. 17.
Variations in the intensity of the transmitted pump field, and the OPO 
output, as the cavity length is detuned through AL « 0.51 pm.

This figure displays the expected effects due to the partial pum p resonance 
nature of the OPO cavity. The OPO operated only when the intra-cavity 
pum p field was sufficient to overcome threshold, and this happens for a 
finite region near exact pum p resonance, corresponding to a cavity length 
detuning of AL « 73 nm, in good agreement with figure IV. 12. Moreover, 
when there is sufficient gain within the resonator, the conversion of the OPO 
acts as a source of internal pump field depletion, or loss. This is displayed in 
the upper trace of figure IV. 17. Depletion in the transmitted pum p field
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implies OPO operation, and this is shown to follow exactly the variations in 
the detected pump field.

When the cavity operated sufficiently close to exact pum p field 
resonance, the OPO was observed to remain on constantly until the pum p 
field dropped below the threshold value. This implied that for every cavity 
length position, there existed a signal and idler m ode-pair that could 
overcome threshold. This confirms the analysis of figure IV. 10, in 
section IV. 6, which predicted that the OPO would remain oscillating, as long 
as the pump field was above threshold.

(a)

Pump zero.

Amplitude
modulation

OPO zero.

Cavity length detuning^ AL « 0.2 jxm.

II

%l-.'S 
§ §
O

(b)

Pump zero.

OPO zero.

t
Amplitude
modulation

Cavity length detuning, AL ~ 0.2 |j,m.

Figure IV. 18.
Transm itted pum p field and OPO output for near-degenerate (a) and 
non-degenerate (b) signal and idler frequencies, for cavity length 
detunings of AL « 0.2 jim.

The influence of cavity length detuning was examined near frequency- 
degeneracy when the signal and idler frequencies were separated by 
Av » 5 THz, and w hen operating w ith signal and idler frequencies 
significantly removed from frequency-degeneracy where Av « 33 THz. As
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predicted in section IV. 6, this should result in an increased level of 
amplitude modulation in the output of the OPO, due to the increased mis
match in the free spectral ranges of the signal and idler fields. This behaviour 
is displayed in figure IV. 18.

Again, good agreem ent is displayed betw een experim ent and 
modelling. When the frequency mis-match is increased, as in case (b), the 
amplitude modulation of the OPO output is greater, due to the larger mis
match in the free spectral ranges. The sharp peaks /  dips in figure IV. 18 (b) 
correspond to discrete signal and idler frequency mode-pairs. It is useful to 
consider the changes that would be displayed if the frequencies were removed 
further from degeneracy. This would eventually have the effect of increasing 
the amplitude modulation to 100 %, and would provide discrete signal and 
idler frequency mode-pairs. (This type of behaviour is illustrated in the 
type II phase-matched OPO that is outlined in chapter V.)

Table IV. 5 
Operating characterisics of the cw OPO.

Pump power threshold pth
P

« 50 mW (high-finesse)

« 250 mW (low-finesse)

External efficiency
« 5 % (high-finesse)

« 10 % (low-finesse)

Signal frequency tuning AVs 292 - 313 THz

Idler frequency tuning Av,- 292 - 271 THz

The output frequencies of the OPO were varied coarsely by changing the 
precise phase-m atching tem perature of the LBO crystal. Frequency- 
degeneracy occurred at a temperature of -1 8 3  °C, close to the value as 
extrapolated in section IV. 6 . By varying the temperature between « 183 
and « 180 °C, the signal and idler frequencies could each be detuned by 
AVg = AVj- -  21 THz from frequency-degeneracy. Therefore, the OPO covered a
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total frequency bandwidth of Av = AVg + Av/ « 42 THz, corresponding to signal 
and idler frequencies from Vg « 292 to 313 THz and from V/ -  292 to 271 THz, 
respectively. The frequency range is determined in this case by the bandwidth 
of the optical coatings, and the corresponding range over which these coatings 
can maintain high-finesse, double-resonance, for non-degenerate signal and 
idler frequency mode-pairs.

The experimental results are sum m arized in table IV. 5, and are 
discussed in more general terms, with respect to further OPO operation using 
LBO, operating in different phase-matching geometries, in the following 
section.

IV. 7 Conclusions.

The performance of the argon-ion laser pumped near frequency-degenerate 
type I phase-matched cw OPO has displayed many of the characteristics that 
were predicted from theory and modelling [1]. The requirements on the 
stability of the pump frequency and the OPO cavity length are at their most 
stringent when operating doubly-resonant OPOs near frequency-degeneracy 
and under the conditions of type I phase-matching [40].

The decision to construct the LBO OPO within a linear, standing-wave, 
single-cavity resonator was chosen simply to provide the lowest possible 
pum p power threshold from a LBO cw OPO. This information was required 
to implement the design of further cw OPOs that could utilise this nonlinear 
gain material. The consequence of this did yield sub-100 mW pum p power 
thresholds, and the external efficiencies were of an order that could be used 
within several of the proposed applications of cw OPOs. However, a more 
conclusive study of this OPO was at the same time hampered by this cavity 
design.

By operating the OPO near frequency-degeneracy and under the 
conditions of type I phase-matching, the mis-match in the free spectral ranges 
was not at the level that could permit stable single-frequency signal and idler 
mode-pairs to be maintained. Since methods of discriminating between the 
OPO frequencies were difficult to implement efficiently, there was limited 
prospect for decoupling the optical paths of the signal and idler fields within 
the resonator, and thus opening up the possibility of independent cavity 
length control from a dual-cavity geometry [41].

212



Although the cavity length requirement to hold single-frequency 
mode-pairs is within the level that can be provided by servo-loop control, the 
minimum pum p frequency requirement is two orders of m agnitude within 
the best performance that could be obtained from the free-running argon-ion 
laser. Therefore, the pump frequency stability was always the limiting factor 
in providing a stable output from this frequency conversion process.

When type I phase-matching is the only option for doubly-resonant 
OPOs operating near-frequency degeneracy, useful outputs can only be 
obtained by using pump sources that are stabilized at the kHz-level [22,28]. If 
an alternative material can be found that can operate under the conditions of 
type II phase-matching, then this crystal will always be used in preference, if 
the device can be operated above threshold [23, 29].

The above-mentioned conclusions were used to model the design of 
the next cw OPO, which operated under the conditions of type II phase- 
matching and with signal and idler frequencies significantly removed from 
frequency-degeneracy [2]. The results of this experiment are presented in the 
next chapter.

Two further extensions to this phase-matching geometry in LBO are 
now examined. First, consider using a pum p source in the green spectral 
region and signal and idler OPO frequencies that are significantly removed 
from frequency-degeneracy. It was discussed in chapter III that, for pum p 
sources in the green spectral region, any signal and idler frequency pair 
between 0.65 and 2.5 |xm can be generated from temperature-tuned, type I, 
non-critically phase-matched, LBO [25]. Consequently, within the context of 
frequency metrology, high integer ratios of signal and idler frequencies could 
be theoretically obtained, as discussed in chapter III. Consider one particular 
phase-matched integer ratio, in which a pum p source in the green spectral 
region is used to generate signal and idler frequencies in a 3:1 frequency ratio. 
Such an arrangement is illustrated in figure IV. 18.

If the pum p source is derived from a near infra-red laser source, then 
the exact location of the 3:1 frequencies could be found by frequency-doubling 
the idler frequency radiation, and comparing this to the initial 1 pm source, as 
shown in figure IV. 19. In this geometry, the signal frequency could be used 
to drive, for example, the ^Si/2  - ^0 ^ /2  674 nm electric quadrupole 'clock' 
transition of the strontium ion [42], which has a natural width of « 0.4 Hz [42].
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Therefore, such an OPO has the potential to act as a frequency divider, linking 
a visible optical frequency standard with mid infra-red laser sources [43].

Second, the pump frequency could be replaced by a lower frequency 
source, allowing for radiation in the 1 to 2 pm spectral region to be provided 
from the LBO OPO. In this case, the pump frequency could be tuned coarsely, 
allowing the OPO to be maintained near to frequency degeneracy, if required. 
This type of geometry is outlined in the experiment that is discussed in 
chapter VII of this thesis [3],

Servo lock pump 
to maintain 3:1 lock

Laser
source

OPO

Error signal
Reference 

^ref microwave signal

1011 nm

SHG

505.5 nm

2022 nm v.
pump OPO to 

provide 3:1 
signaUidler

SHG
2V, Ô

Difference 
beat signal

Vf «445 THz
674 nm : Sr ion

Figure IV. 19.
Proposed experiment combining a single-frequency pump source in the 
green spectral region with temperature-tuned, type I non-critically 
phase-matched LBO OPO. In this arrangement, signal and idler 
frequencies in a 3:1 ratio could be used to provide a link between the 
'clock’ transition of a strontium ion and a holmium-based laser 
operating at « 2 pm. SHG; second harmonic generation: 6; frequency 
difference.

However, the main conclusion that can be taken from this experiment is that, 
to obtain useful outputs from doubly-resonant cw OPOs operating near 
frequency-degeneracy in the type I phase-matched geometry, the pump source 
must be stable to kHz-levels. This confirms the problems experienced by 
other workers, using type I nonlinear materials, combined with relatively 
unstable pump sources [20, 21]. It further confirms the advantages of using a 
pump source with inherent frequency stability [22, 28, 40]. If the requirement 
is for frequency stable, fixed frequency, signal and idler frequency mode-pairs.
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then this arrangement could fulfil such a role. However, if smooth frequency 
tuning is also required from the OPO, then further modifications must be 
applied. In particular, a dual-cavity design would be particularly effective in 
this respect [41]. To date, sm ooth frequency tuning has not been 
demonstrated from any cw OPO, in which a type I phase-matched nonlinear 
material has been used.
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Chapter V.

Type II Phase-Matching in Lithium Triborate 
with Signal and Idler Frequencies in a near 3:1 Ratio,
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V. 1 Introduction.

This chapter describes the operating characteristics of a continuous-wave (cw) 
optical param etric oscillator (OPO) that operated at room -tem perature, 
exploited the type II non-critical phase-m atching geometry in lithium  
triborate (LBO), and generated signal and idler frequency outputs in a near 3:1 
frequency ratio [1]. The OPO was pum ped by the same commercial, large- 
frame argon-ion laser that was described in chapter IV [2]. However, for this 
cw OPO arrangement, the argon-ion laser was configured specifically to 
deliver single-frequency, narrow-linewidth and frequency-stabilized radiation 
in the ultra-violet spectral region at a frequency of Vp = 824 THz, and 
corresponding to a wavelength of Xp = 363.8 nm. The nonlinear m aterial 
LBO was cut for propagation along the z principal optical axis, and operated 
near room-temperature to satisfy the conditions of type II non-critical phase- 
matching [3 - 5]. The design of the linear, standing-wave, single-cavity, 
doubly-resonant OPO resonator was chosen to convert fixed frequency pum p 
source radiation into tunable OPO outputs in the green ( Vg « 600 THz) and 
near infra-red ( V( « 220 THz) spectral regions, for the signal and idler 
frequencies respectively.
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The characteristics of the pum p source for the OPO are outlined in 
detail in section V. 2. The argon-ion laser was selected as a convenient source 
of high-power radiation with narrow-linewidth, single-frequency output 
powers at the Watt-level available in the ultra-violet spectral region. The 
argon-ion laser was configured to oscillate on a single transition line, at a 
w avelength of Xp = 363.8 nm, by using wavelength selective optics to 
suppress other nearby lasing transitions. A solid-etalon placed within the 
linear, standing-wave laser resonator provided a stable and reliable output 
with power levels in excess of ~ 1 W radiation in a single-frequency at 
Vp -  824 THz. The short-term frequency stability was determined by servo- 
locking the laser cavity length to a stable external confocal étalon of free 
spectral range FSR = 8 GHz, and with a finesse of F « 150, by the side-of-fringe 
locking technique. This resulted in a short-term ( At « 1 second) frequency 
jitter (FWHM) of Av .̂g^g  ̂« ± 3 MHz.

The choice of the nonlinear material, the phase-matching geometry, 
and the coatings applied to the resonator components, are explained in detail 
in section V. 3. The nonlinear material LBO was chosen to provide a type II 
phase-matching geometry at room-temperature, and with signal and idler 
frequencies widely-removed from the frequency-degeneracy point. The 
optical coatings deposited on the intra-cavity surfaces, and the resonator 
geometry, were selected specifically to provide double-resonance for both the 
signal and idler frequencies at room-temperature. The OPO cavity formed a 
high finesse single-cavity resonator ( Fg « F/ « 400) for both the signal and 
idler frequencies.

The expected mode-selection properties of the output frequencies of 
this OPO are discussed in section V. 4. Type II phase-matching geometries 
have been discussed frequently throughout the text, in the context of 
providing more relaxed requirements on the stability of the pum p frequency 
and the OPO cavity length than type I geometries, to maintain operation on a 
single signal and idler frequency mode-pair [6-9]. To recap, this is because the 
signal and idler frequencies in type II phase-matching are polarized along 
orthogonal axes of the OPO resonator, and experience significantly different 
optical paths due to the presence of the biréfringent nonlinear medium. This 
can provide a significant mis-match in the free spectral ranges of the signal 
and idler fields (in this case AFSR = 2.1 %) even within a single-cavity OPO 
arrangement.
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The computer program [9], discussed in chapter II, was used again to 
examine the effects of detunings /  perturbations in the pum p frequency and 
the OPO cavity length. The requirement on the stability of the pum p 
frequency was calculated to be AVp„sto& * ± 16 MHz, nearly two orders of 
magnitude higher than the requirements on the type I phase-matched, near 
frequency-degenerate OPO, described in chapter IV. In particular, the stability 
level of the frequency-stabilized pump source was within these requirements, 
as predicted by the computer model. In addition, pump source requirements 
were considered with respect to providing the minimum OPO pum p power 
threshold.

The experimental arrangement is described in section V. 5. The pum p 
mode was matched into the OPO resonator by using a single lens of focal 
length / =  250 mm, which provided for near optim um  spatial overlap 
between the pum p, signal and idler waves within the gain medium. The 
frequency-stabilized single-frequency operation of the pump laser was isolated 
from back-reflections and back-conversion from the linear, standing-wave 
OPO resonator, by using an acousto-optic modulator that frequency-shifted 
the pum p radiation by Av = 70 MHz. The OPO outputs were separated from 
the pum p radiation by the use of filters and polarizers, and each was 
monitored separately.

The experimental results of this argon-ion pum ped cw OPO are 
presented in section V. 6 . The OPO operated with a minimum pum p power 
threshold of P ^  -1 1 5  mW incident on the OPO resonator. By altering the 
tem perature of the LBO crystal between T^t^i « 20 and 86 °C, the output 
frequencies of the OPO could be varied coarsely under tem perature-tuned 
type II non-critical phase-m atching, over a frequency bandw id th  of 
AVg + AVf « 20 THz. The signal frequency could be tuned coarsely from 
Vg -  607 to 598 THz in the blue /  green spectral region, and corresponding to 

wavelengths from Ag -  502 to 494 nm respectively. The idler frequency could 
be tuned  coarsely from V/ « 227 to 217 THz, and corresponding to 
wavelengths from A/ » 1.32 to 1.38 pm respectively. Total, peak external 
conversion efficiencies of -  9 % were obtained, when operating at 
approximately five times above the pump power threshold.

Similar to the m ethod employed to examine the am plitude and 
frequency properties of the OPO in chapter IV, by scanning the length of the 
OPO cavity over nanometre ranges, the mode-selection characteristics of this
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OPO were evaluated. Single signal and idler frequency m ode-pairs 
corresponded to discrete cavity length positions which were separated by 
àLhop -  6 nm. This allowed for amplitude-stable operation of the OPO on 
single-frequency mode-pairs, by employing closed-loop servo-control on the 
length of the single-cavity OPO. Through this method, amplitude-stable, 
single-frequency mode-pairs were held on resonance for periods of At « 10s 
seconds.

Finally, in section V. 7, the im portant results are considered w ith 
respect to further improvements in the design of the optical resonator that 
would allow for smooth frequency tuning of the signal and idler frequencies. 
This led to the design of the dual-cavity OPO resonator [10], which is described 
experimentally in chapter VI of this thesis.

V. 2 Single-frequency pump source operating at 824 THz.

In this section, the operating characteristics of the source of pum p frequency 
for the type II phase-matched OPO are considered in detail. The argon-ion 
laser, discussed in the previous chapter, was used again as the source of input 
pum p radiation. The steps taken to provide narrow -linew idth, single
frequency, and frequency-stable output radiation are outlined, and the 
ensuing frequency jitter /  line width of the pump source is measured and 
discussed. Once again, the limiting factors on the level of pump frequency 
stability are addressed.

The laser pum p source for this OPO was selected to fulfil several 
criteria, as discussed in more general terms in chapter III. The specific criteria 
for the pum p source for this cw OPO included continuous-wave output, 
single longitudinal mode operation, high cw power output, and operation in 
the ultra-violet spectral region, corresponding to an operating frequency 
between 750 < Vp < 1000 THz.

Single longitudinal mode operation was required to allow for the 
possibility of amplitude and frequency stable operation of the OPO outputs. 
High power radiation at the Watt-level was required to operate the doubly- 
resonant OPO reliably and efficiently above threshold. Frequency operation at 
Vp ~ 800 THz was required to operate an OPO that could be phase-matched to 
provide signal and idler frequencies in the visible and near infra-red spectral 
regions, respectively. This provided widely spaced signal and idler frequency
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pairs, and opened up the possibility of studying in detail a cw OPO that 
operated w ith outputs that were significantly removed from frequency- 
degeneracy, contrasting the properties of the near frequency-degenerate type I 
phase-matched cw OPO arrangement, described in chapter IV.

Presently, there are a limited number of cw laser pump sources that can 
be considered for use as the pump source for such a cw OPO. These include 
high-power gas lasers that can be forced to operate efficiently on single 
transition lines [11 - 13], or near infra-red solid-state lasers when frequency 
up-converted into the ultra-violet spectral region [14 - 16].

In recent years, engineers have steadily enhanced the performance of 
rare-gas ion lasers operating in the ultra-violet spectral region [17]. Lifetime, 
durability, and output powers have improved, while costs have been reduced 
and shorter ultra-violet wavelengths made available. The most suitable gas 
laser is the argon-ion laser, which has several lasing transition lines in the 
ultra-violet spectral region [12]. The highest power transition lines occur at 
frequencies of 825 THz (363.8 nm) and 855 THz (351 nm). Other ion lasers that 
have outputs in the ultra-violet spectral region include krypton-ion [18] and 
neon-ion [19] lasers. The three krypton-ion transition lines between 890 THz 
(337 nm) and 843 THz (356 nm) are used regularly with a combined cw multi- 
mode power of » 2 W to pump dye lasers. Neon-ion lasers can emit ~ 1 W cw 
multi-mode power, divided among three transition lines between 904 THz 
(332 nm) and 825 THz (339 nm). However, argon-ion lasers, operating in the 
ultra-violet spectral region, are the standard pump source for many tunable 
dye lasers, with over 7 W multi-line power distributed between 898 THz 
(334 nm) and 825 THz (363.8 nm).

Suitable solid-state lasers include Tirsapphire lasers [20] or high-power 
phase-locked diode-laser arrays [21], frequency-doubled w ith crystals of 
LBO [16, 22] or KNbOs [23,24], and whose operating frequency can be selected 
from a wide range, as determined by the bandwidth of the laser source. It is 
worthwhile considering the suitability of diode-laser-pumped solid-state Nd- 
based lasers, frequency-tripled into the ultra-violet spectral region. Although 
this m ethod has been em ployed often to provide ultra-violet pum p 
frequencies from nanosecond duration Q-switched laser sources [25], and 
these have been used effectively to pump pulsed OPOs [26], to date, there has 
been no experimental realization of this frequency-conversion process in the 
cw regime. This is a consequence of the requirement to enhance both the
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fundam ental and the second-harmonic frequencies in an external doubly- 
resonant enhancement arrangement, to obtain significant cw conversion 
efficiencies. Presently, the highest cw power levels in the ultra-violet spectral 
region are provided by frequency-doubling argon-ion lasers using the 
nonlinear m aterial BBO [27, 28]. It is likely that the more w idespread 
generation of the fourth frequency-harmonic [14] from diode-laser-pumped 
N d-based lasers will precede third-harm onic generation techniques. 
Frequency quadrupling involves resonant enhancement of only the second- 
harmonic wave, avoiding the undesirable complications of doubly-resonant 
enhancement that would be present when frequency-tripling.

The pump source selected for the cw OPO was an argon-ion laser which 
operated at a frequency of Vp = 824 THz (363.8 nm). It was selected as the most 
convenient and highest cw single-frequency power laser source currently 
available in the ultra-violet spectral region. The argon-ion laser source used 
was the same large-frame Spectra-Physics model 2045-E that was purchased to 
provide the source of pum p radiation for the OPO that was described in 
chapter IV. The main difference in the two resonator geometries involved 
the use of wavelength-selective optics to force lasing on the desired 
transition, and a solid étalon for increased frequency stability.

The Spectra-Physics model 2045-E argon-ion laser was configured as a 
linear, standing-wave resonator; figure V. 1.

Output
coupler

ApertureEtalon
Plasma tube bore

High reflector Resonator axis
Brewster window

Figure V. 1.
Schematic representation of the argon-ion laser resonator, used to 
provide high-power, narrow-linewidth, single-frequency radiation in 
the ultra-violet spectral region, at a frequency of Vp = 824 THz.
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Cavity m irrors were selected that would allow for oscillation only at the 
frequency Vp = 824 THz (363.8 nm), and suppress oscillation of those 
transition lines close to this frequency, and in particular the high-gain 
transition line at Vp = 855 THz (351 nm) [12]. This resonator configuration 
differed from that described in chapter IV by the absence of a dispersive prism, 
and the use of wavelength-selective optics. In addition to suppressing 
undesired lasing transitions, wavelength selective optics contribute also to an 
increase in the passive stability of the resonator [29]. By using these optics, the 
tem perature and vibration sensitivity associated with using a prism  for 
wavelength selection is reduced.

For a typical large-frame argon-ion laser, operating on a single 
transition line at a frequency of Vp = 824 THz, the frequency gain-bandwidth 
is significantly greater than the axial mode spacing of the resonator. 
Therefore, similar to the spectral output of this laser operating in the visible 
spectral region, then without the use of frequency-selective components, the 
output consisted of a number of longitudinal modes with random phase and 
am plitude distribution. To reduce the linewidth of the laser output to a 
single-frequency, an étalon was incorporated within the cavity to select just 
one of the axial modes under the gain profile: the étalon specifications are 
similar to those discussed in chapter IV for operation at 514.5 nm.

§

I
I

Interferometer FSR = 8 GHz.
J kr

i ---------------------------- ------------------ ►
Frequency bandwidth « 12 GHz,

Figure V. 2.
Single-frequency operation of the argon-ion laser operating at a 
frequency of Vp = 824 THz, corresponding to a w avelength  of 
Xp = 363.8 nm, used as the pump source for the cw OPO.
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Single-frequency operation of the argon-ion laser was monitored externally 
on a scanning confocal Fabry-Perot interferometer of free spectral range 
FSRi^f. = 8 GHz. A trace of the free-running, single-frequency operation of the 
laser is shown in figure V. 2. Typically, single-frequency power levels in 
excess of « 1.5 W could be achieved in this manner, representing an 
efficiency of » 80 % from multi-mode to single-mode operation. With the 
argon-ion laser operating free-running on a single longitudinal mode, the 
short-term  (At» 1 second) frequency-jitter (FWHM) was measured to be 
^^p-stab « ± 15 MHz.

To decrease the linewidth /  frequency-jitter of the pump frequency, the 
pum p source was actively stabilized to the external étalon. Figure IV. 3 is a 
block diagram of the active system used to reduce the frequency jitter [29 - 31]. 
The system was based on a piezo-electric actuator that controlled the optical 
cavity length of the laser in the 10 Hz to 1 kHz range. The frequency 
discriminator used to provide the jitter correction signal was the electrically 
tunable confocal interferometer, described above. Frequency discrimination 
was provided via slope detection on the side of the interferom eter 
transmission peak.

Argon-ion laser

Jitter 
reduction signal

Servo
electronics

Confocal 
interferometer

Tracking signal

Transmitted power 
reference

Photo-detector

Figure V. 3
Block diagram of the system for active jitter reduction of the single
frequency operation of the argon-ion laser.
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The interferometer was maintained at constant average transmitted power by 
feedback to the piezo-electric interferometer spacer. Thus, the discriminator 
stayed tuned to the laser frequency. (The interferometer was not ratio- 
detected, so its m inim um  frequency noise was limited by am plitude- 
modulated noise on the laser [29 - 31].)

The piezo-electric actuator used within the laser cavity performed two 
functions in conjunction with the jitter reduction. First, it was a special 
tri-component actuator which provided angular adjustment of the m irror 
w ithout cavity length translation. This capability was used in conjunction 
w ith a quadrant cell photo-detector to hold the output beam position 
fixed [29 - 31]. Second, the cavity length translation capability was used in 
conjunction with the temperature dithered intra-cavity étalon loop to lock 
the cavity length to the centre of the étalon passband. This eliminated mode- 
hops and provided good long term stability based upon the intra-cavity 
tem perature stabilized étalon. By using the active feedback system, the 
frequency jitter of the argon-ion laser was reduced by a factor of approximately 
five to a level of « ± 3 MHz (FWHM).

The important characteristics of the argon-ion laser, used as the source 
of input pump frequency for the cw OPO, are summarized in table V. 1. The 
linewidths are displayed for the cases of both free-running and actively- 
stabilized operation. For the remainder of this chapter, it is assumed that the 
pum p laser is operating with the jitter reduction servo-control.

Table V. 1
Characteristics o f the input pump frequency.

Pump source Argon-ion laser

Frequency 824 THz

Wavelength 363.8 nm

Power «1.5W

Jitter (~ 1 second) ^^p-stab
= ±15 MHz (unlocked)

= ± 3 MHz (locked)
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V. 3 Optical parametric oscillator design.

In this section, there is a description of the design of the OPO resonator. In 
particular, the crystal properties are examined that would allow for the 
generation of widely spaced signal and idler frequencies from a cw OPO, 
operating in the green and near-infra-red spectral regions, respectively. The 
resonator components were analysed with a view to obtaining low pum p 
power thresholds, wide (coarse) frequency tuning, stable OPO operation on a 
single signal and idler frequency mode-pair, and significant values for the 
external conversion efficiency.

The nonlinear material chosen for the OPO was LBO [32]. This 
material was selected for its low absorption /  scattering losses in the ultra
violet, visible and near infra-red spectral regions [32], non-critical phase- 
matching for pum p sources operating in the ultra-violet spectral region [3 - 5], 
and its high optical damage threshold [33]. In particular, LBO can be phase- 
matched in the type II geometry at room-temperature, and this provides 
signal and idler frequencies that are widely removed from frequency- 
degeneracy. (This important feature would allow for the study of significantly 
different resonator designs, opening up the prospect for smooth frequency 
tuning from a cw OPO. This subject is discussed in more detail in chapter VI 
of the thesis.)

W hen pum ped at a frequency of Vp = 820 THz, LBO can be 
tem perature-tuned under type II non-critical phase-matching, with (j) -  90°, 
and 0 = 0°, as discussed in chapter III. The pum p and idler fields are 
polarized along the crystal %-axis, and the signal is polarized along the crystal 
y-axis, as displayed in figure V.4; o-^e+ o. The crystal was cut with plane- 
parallel, polished input and output faces- These faces were coated to be anti- 
reflecting at the pum p, signal and idler frequencies (triple anti-reflection 
coating). The single-pass power transmission losses, including reflection loss 
from the anti-reflection coatings and absorption /  scattering in the material, 
were specified to be P s , s ~ p  ^ P i , s ~ p  < 0-25 % at 598 and 227 THz (signal and 
idler frequencies respectively) and Pp ŝ~p < 2 % at 824 THz (pump frequency).

The crystal was placed within a temperature-controlled oven, similar 
in design to the oven described in chapter IV, to specify the exact phase- 
matching temperatures, and surrounded by two cavity mirrors to form a low 
loss, single-cavity resonator for the signal and idler fields. In addition, the
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mirrors were selected to satisfy cavity stability and confocal focusing of the 
three waves within the gain medium.

lu = 3 mm

= 3 mm
LBO crystal

l^ =3 20 mm

Signal
polarization

V'

X i I Pump and idler 
polarizations

z

Figure V. 4,
Crystal cut for the LBO crystal, and dim ensions along the three 
principal optical axes. Propagation is along the z principal optical axis.

To satisfy confocal focusing requirements within the nonlinear material of 
length I = 20 mm, the resonator provided spot sizes of Wg = 30.6 pm, 
W( « 52.7 pm, and Wp ~ 26.4 pm, for the signal, idler, and pum p fields, 
respectively, and these were located at the centre of the nonlinear crystal. The 
cavity geometry is illustrated schematically in figure V. 5. The inner surfaces 
of the cavity mirrors were fabricated to 15 mm radius of curvature (ROC), and 
located at a distance of « 6.5 mm from the crystal faces, forming a symmetric 
resonator. Once again, the outer surfaces were curved to 20 mm radius of 
curvature to reduce the effects of the input mirror substrate on the focused 
Gaussian pum p beam.

The inner surfaces of the cavity mirrors were coated to provide high 
reflectivity for the signal and idler frequencies at around room-temperature 
{Txtai 70 °C), with Kg = > 99.7 % at Vg = 598 and Vj = 227 THz, respectively.
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and corresponding to signal and idler wavelengths of Ag = 502 and 
Xj « 1320 nm, respectively. In addition, partial reflectivity at the pum p 
frequency of Vp « 824 THz was specified to be Rp « 55 %. The effects of the 
pum p reflectivity, and the corresponding finesse of the OPO cavity at the 
pum p frequency, are considered in more detail in section V. 4.

HR at « 227 & 598 THz 
AR at 227, 595, & 824 THz K « 60 % at 824 THz

ROC  = 15 mmo u t

LBO

o u t

20 mm

« 6.5 mm = 6.5 mm

o u t

o u t

,o u t

Figure V. 5.
Schematic representation of the symmetric, near-confocal resonator 
geometry, including the two cavity mirrors and the nonlinear material, 
form ing a single-cavity, doubly-resonant OPO. ROC: radius-of- 
curvature; HR: highly-reflecting; AR: anti-reflecting.

To provide for a high degree of passive stability in the design of the OPO 
resonator, the nonlinear crystal and cavity mirrors were held within a highly- 
stable resonator configuration. This cavity design is illustrated schematically 
in figure V. 6 . Such a cavity was constructed to increase the level of passive 
stability over the resonator that was used for the OPO in chapter IV. In that 
case, the cavity mirrors were held in separate mounts on the optical bench. 
The inclusion of length-determining (invar-based) support was considered 
essential if phase-matching geometries were to be investigated that could 
allow for stable OPO operation. (In particular, see reference [7] for a 
description of ultra-stable cw OPO cavities.)
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Compression 
PZT element springs Oven Stainless-steel
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OPO
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Flexture hinge 
mounts

Figure V. 6.
Resonator design for an increased level of passive stability, with the 
cavity length determined by low-expansion invar bars. The short-term 
cavity length perturbations were reduced by using highly-stable 
mounts for the optical components, and effective isolation from the 
environment through the use of a lead-based, acoustic-damping, 
enclosure. PZT: piezo-electric transducer.

The design incorporated three low-expansion invar rods as the length- 
determining members and massive stainless-steel flanges to house the mirror 
m ounts and the crystal oven. The mirror mounts were of a commercial 
design {Photon-Control m icropoint 25) based on flexure-hinges w ith 
micrometer drives. The whole assembly was housed within an acoustic 
enclosure lined with a foam /  lead /  foam sandwich. Air spaces within the 
cavity were further isolated from convection currents. The mirrors were 
mounted on high-modulus, piezo-electric ceramics to enable active control of 
the cavity length.
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V. 4 Pump frequency and cavity length requirements.

In this section, there is an analysis of the stability requirements of the pum p 
frequency and the OPO cavity length to maintain stable OPO operation on a 
single signal and idler frequency mode-pair. Additional parameters that will 
affect the operation of the OPO are considered, including in particular the 
effects due to partial resonance of the OPO cavity at the pump frequency.

The requirements on the stability of the pump frequency and the cavity 
length to maintain amplitude and frequency stable OPO operation in a single
cavity OPO design were shown in chapter II to be highly dependent on the 
mis-match in the free spectral ranges of the signal and idler fields within the 
OPO [9]. Therefore, the type II phase-matching geometry, where the signal 
and idler fields are polarized along orthogonal axes of the biréfringent 
non linear m aterial, offers advantages over type I phase-m atched  
geometries [1, 6 - 8,34,35].

Once again, the computer program was used to predict the tolerance of 
the OPO output to perturbations /  detunings in the pump frequency and the 
OPO cavity length [9]. The input data used for the modelling is presented in 
table V. 2.

Table V. 2
Input data used for the computer model.

Phase-matching Type II

Pump frequency 824 THz

Signal frequency « 598 THz

Idler frequency « 227 THz

Temperature Txtal 20°C

Crystal length I 20 mm

OPO finesses «400

Mirror separation L 33 mm

FSR mis-match AFSR 2.1 %
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Figure V. 7 illustrates graphically the effects of pump frequency and cavity 
length detunings on the selection of the lowest threshold signal and idler 
frequency mode-pairs, based on the data displayed in table V. 2.
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Pump frequency detuning (MHz).

Figure V. 7.
The effect on the mode selection of the output of the OPO for a pump 
frequency detuning of AVp = 740 MHz, and for a cavity length detuning 
of AL = 40 nm. C(i) and C(ii); adjacent mode-clusters.

Figure V. 7 shows that the pum p frequency m ust be stable to w ithin 
AVp_siab ~ ± 16 MHz, and the cavity length to within « ± 0.9 nm, to
maintain operation on a single signal and idler frequency mode-pair. Mode- 
hops betw een adjacent m ode-pairs w ithin the same cluster (bold-type 
parabolas in figure V. 7) are predicted to occur for pump frequency detunings 
of AVp_/jop « 101 MHz, or cavity length detunings of AL/̂ ;̂? ~ 5.4 nm.
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It is revealing to contrast this graph with figures IV. 10 and IV. 11 in 
chapter IV, for the effects of detunings on the type I phase-matched, near 
frequency-degenerate OPO, which displayed a required pum p frequency 
stab ility  of “ ± 170 kHz, and a cavity length  stab ility  of
^stab  ~ ± 10 pni/ to maintain oscillation on the same signal and idler single
frequency mode-pair. In particular, the type I phase-matched OPO was 
predicted, and shown, to remain operational irrespective of the detunings (as 
long as the intra-cavity pum p field was above threshold). The increased 
modulation in the output of the OPO in the type II phase-matching geometry, 
as predicted by figure V. 7, implies that, for a fixed pump frequency, the OPO 
will operate only at discrete values of the cavity length, and that there will 
exist a significant range of cavity length values for which a low threshold 
m ode-pair does not exist [7 -9 ]. Therefore, the type II phase-m atching 
geometry has the potential to provide distinct on-off behaviour, when 
operating just above threshold, that could be exploited for amplitude stable 
OPO operation on a single-frequency mode-pair.

In this phase-matching geometry in LBO, the stability criteria can be 
further estimated by using the equations that were derived in chapter II. The 
dispersion terms in the derivation of the free spectral ranges are neglected, 
since the mis-match in the signal and idler free spectral ranges is considerable. 
W ithin such a doubly-resonant, single-cavity OPO, the cavity length and 
pum p frequency requirements were shown to be as follows:

[V.l]

FSR
[V.2]

These equations predict that the pump frequency should be stable to within 
^^p-stab ~ ~ 8.3 MHz, and the cavity length to w ithin ALĝ ^̂  « ± 0.45 nm. 
These values differ slightly from figure V. 7 because equations V. 1 and V. 2 
assume that when the threshold increases by a factor of two, the OPO stops 
working. Figure V. 7 takes the stability requirements to be when the OPO 
hops to an adjacent mode-pair, irrespective of pump power threshold. Again, 
stable OPO operation is suggested, given the frequency-stabilized pum p laser 
used, and the stable OPO cavity arrangement adopted. Consider the cavity 
length detuning predicted to cause the output of the OPO to hop between
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adjacent mode-pairs within the same cluster. This was shown in chapter II to 
correspond to detunings of

AL Anl
hop 2Vj,{nl + L) ' [V.3]

and this implies discrete signal and idler mode-pairs every AL/ĵ  ̂« 4 nm.

Given that the stability of the frequency-stabilized pump source was 
within the level of the minimum stability requirements, it was realistic to 
assume that servo-control feedback on the cavity length of the OPO would be 
adequate to maintain amplitude-stable operation of the OPO on a single
frequency mode-pair.

Table V. 3
Parameter values for threshold analysis.

Pump frequency 824 THz

Pump ref. index ^p 1.60

Crystal length I 20 mm

Nonlinear coefficient ^eff -0.76 pm/V

Degeneracy factor 5 0.45

Signal/idler finesse 400

Pump enhancement F̂p-max 2.2

Measured enh'ment 1.6

The next important consideration for the pump source involved predicting 
the pum p power threshold. For this, the expression derived for a pum p 
enhanced doubly-resonant OPO (equation IV. 6) was used, assuming that the 
pum p field was held on resonance and that the optimum phase-relationship 
was maintained between the three waves on reflection. Table V. 3 lists the 
values that were used within the threshold equation. The finesses of the
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signal and idler fields were estimated from the expected cavity losses, as given 
by the reflection and transmission curves from the coating manufacturers. 
From these values, a threshold of ~ 28.8 mW was predicted for the OPO. 
Once again, this value was w ithin the level of single-frequency power 
available from the argon-ion pump laser.

The effects of pum p resonance are now considered. Since the 
reflectivity of the OPO mirrors at the pump frequency were almost identical 
to those mirrors used in chapter IV, similar pump-resonance effects were 
predicted.

Cavity length detuning, AL (nm).
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Figure V. 8.
Theoretical variation of the intra-cavity pum p field for detunings in 
the pum p frequency and OPO cavity length, assuming an intra-cavity, 
parasitic, round-trip power loss of Pp^r-t ~ 5 %, and a pump finesse of 

« 5.2.

The variation of the pump field within the resonator is shown in figure V. 8 
for pum p frequency and cavity length detunings, and assuming an intra
cavity pum p field parasitic loss of Pp^r-t ~ 5 %.

236



Figure V. 8 predicts that the intra-cavity pump field should remain at a 
near-constant level, once the pum p field is tuned close to exact pump-field 
resonance. Therefore, as expected, the cavity length requirements were 
guided primarily by the OPO double-resonance condition. Assuming that the 
OPO cavity operated close to a pum p field resonance, the cavity length 
requirem ents of the OPO to m aintain single mode-pair operation were 
unaltered by the additional resonance condition imposed by the reflectivity of 
the cavity mirrors at the pump frequency. (However, the effects of pum p 
field resonance played a significant role in further operation of the OPO, 
including smooth frequency tuning of the OPO outputs. These effects are 
evaluated in chapter VI.)

In summary, table V. 4 displays the expected requirements on the 
pum p frequency and the OPO cavity length to operate the OPO above 
threshold and further, with stable operation on a single signal and idler 
frequency mode-pair.

Table V, 4
Requirements on pump frequency and cavity length.

Signal and idler frequency double-resonance.

Pump frequency ^^p-stah -  ± 3 MHz

Cavity length ^ s ta b « ± 0.2 nm

Pumpfrec^mency reso nance.

Pump frequency ^^p-stab «±0.65 GHz

Cavity length stab « ± 35 nm

Pump ptiwer threshlold.

Pump frequency IDP p-th ~ 29 mW

237



V. 5 Experimental arrangement.

In this section, the apparatus that was used to operate the OPO is described. 
The set-up was similar to the arrangem ent outlined in chapter IV. In 
particular, both experimental arrangem ents used linear, standing-w ave 
resonators for both the source of pump frequency and the OPO cavity. The 
experim ental arrangem ent for the ultra-violet pum ped LBO OPO is 
illustrated schematically in figure V. 9.

Argon-’ion laser

Error
signal

Etalon Acousto-optic 
> modulator

Servo

Ramp
voltage Half-waveplate

Lens
Filter

OPO

Temperature

Figure V. 9.
Experimental apparatus used to couple pump radiation from the 
single-frequency argon-ion laser into the OPO cavity and to operate the 
OPO above threshold.

The use of a linear, standing-wave, on-axis OPO resonator, coupled with a 
linear, standing-wave pum p laser source, required the use of effective 
isolation of the pump source from back-reflections and back-conversion from 
the OPO cavity. The method used to provide this in chapter IV, when the
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argon-ion laser was operating in the green spectral region, involved the use 
of a Faraday isolator. This method of isolation could not be used for the 
arrangement described in this chapter due to the lack of a suitable material 
that could combine the properties of high transmission and a considerable 
Faraday effect in the ultra-violet spectral region. Therefore, another method 
of pum p laser isolation was required in this experiment. The technique that 
was employed involved the use of an acousto-optic modulator to frequency 
shift the radiation from the pump laser [36], The pump frequency was shifted 
by Av= 70 MHz by the acousto-optic modulator for forward and backward 
travelling pump waves [37]. Therefore, any pump radiation that returned on- 
axis to the laser resonator was shifted by 2Av = 140 MHz, chosen specifically to 
avoid any axial mode resonances of the argon-ion cavity (recall that the free 
spectral range of the argon-ion laser was FSRp « 84 MHz [2]).

The mode-matching of the pum p beam into the OPO resonator is 
considered now. The argon-ion output beam had to be transformed by at least 
one lens to fulfil the required beam parameters at the input m irror of the 
OPO, and therefore to achieve the desired focusing of the pump wave. This 
analysis follows the equations presented in chapter II, for the propagation and 
transformation of Gaussian beams. The argon-ion laser output operating in 
the ultra-violet spectral region had the following beam parameters [2 ]; full 
angle divergence at power points

2A.
20  = — ---- = 0.5 mrad. [V. 4]

laser

This implied an effective waist size for the pump source of = 463 pm.
The pum p mode was matched into the OPO resonator to a spot size of 
Wp OPO ~ 26.4 pm, by using one focusing lens.

Figure V. 10 displays the required locations of the waists of the pum p 
laser and the OPO cavity, relative to the lens, for different focal length values. 
From this graph, a single lens of focal length / =  250 mm was selected. The 
main consideration was again the physical length of the argon-ion laser, with 
the waist located at a distance of « 2 m from the argon-ion laser output plane. 
Less im portant were the changes in the free-space optical paths due to 
propagation through the ancillary optical components.

239



6 0 0

- 500

8 - - 400S

I 6 - - 300

-  200

2 - -  100/  = 250 mm

0 50 100 150 200 250 300 350 400 450 500

I
I

Focal length,/ (mm).

Figure V. 10.
Theoretical locations of the input and output waists for different 
values of the focal length of the single lens.

V, 6 Results and discussion.

This section summarizes the key results of the argon-ion pum ped, type II 
phase-matched, cw OPO, operating near room-temperature. The amplitude 
and frequency characteristics of the OPO were investigated by scanning the 
cavity length of the OPO, and examining the corresponding changes in the 
intensity of the OPO outputs. From this analysis, precise values were inferred 
for the stability requirem ents on the cavity length to m aintain single
frequency operation, and to hop between adjacent mode-pairs of the OPO 
cavity. The effects of pum p frequency resonance were studied, and shown 
also to be in good agreement with the analysis of section V. 5. Finally, by 
applying servo-control feedback to the cavity length of the OPO, single
frequency signal and idler mode-pairs were held on resonance for periods of 
At « 10s seconds.

W ith the arrangement described in the previous section, the OPO 
operated w ith a m inim um  pum p pow er threshold of « 115 mW. 
Figure V. 11 displays the power characteristics of the OPO. The OPO power 
was measured as the peak values of the OPO output from the exit cavity 
mirror. The total external power was assumed to be due to equal power 
levels being emitted from both of the cavity mirrors. (In practice, and
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without cavity length control, the average power detected was of the order of 
several-mW.) Figure V. 11 displays the power characteristics of the OPO for 
incident pump powers of up to Pp « 1 W.

g 100^
904

704

40- -115 mW
30-§

I
I

20 -

10 -

0 100 200 300 400 500 600 700 800 900 1000

Input pump power, Pp (mW),

Figure V. 11.
Input and output powers for the OPO, showing a pump power 
threshold of « 115 mW and an total, peak external conversion 
efficiency of T]̂ xt ~ 9 %.

The experimental value for the pump power threshold differed significantly 
from the theoretical value. This was attributed to imperfect mode-coupling 
and to the uncertainties in the exact cavity losses (finesses) for the resonant 
fields and the nonlinear coefficients. (Recall that the finesses were estimated 
from the transmission curves obtained from the coating manufacturers.)

To assess the operation of the single-cavity, doubly-resonant OPO with 
respect to amplitude and frequency stability, the cavity length of the OPO was 
ram ped over nanometre ranges, by applying a voltage to a piezo-electric 
element that controlled the position of one of the cavity mirrors. By using 
this technique, both the pump and the OPO resonance conditions could be 
evaluated. The intensity variations of the transmitted pump field, along with 
the OPO output, are displayed in figure V. 12.
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Pump zero

« 60 nm.

O PO  zero.

Cavity length, AL ~ 0.2 \im.

Figure V. 12.
Variations in the intensity of the transmitted pump field and the OPO 
output as the cavity length is detuned through AL « 0.2 pm. Single
frequency signal and idler mode-pairs are shown to correspond to 
discrete positions of the OPO cavity length. The OPO operated over a 
total cavity length detuning of AL « 60 nm, as dictated by the resonance 
conditions at the pump frequency.

This figure displays cavity length detuning in a type II phase-matched single
cavity, doubly-resonant OPO with a partially-resonant pump field. The effect 
of the partial pump resonance is shown in the upper trace. The intra-cavity 
field is sufficient to overcome the threshold of the OPO only when the cavity 
length corresponds to near pump resonance. (The assumption is made that, 
over the time of the cavity length scan, the pump frequency stability was 
sufficient to assume a fixed frequency pum p source.) The allowable cavity 
length detuning, over which sufficient pum p radiation is coupled into the 
OPO cavity, is AL « 60 nm. This is in good agreement w ith the pum p 
resonance analysis which was presented in the previous section, and assumed 
OPO operation for enhancement factors of greater than unity.

A further property that could be inferred from the cavity length scans 
was the quality of the mode-matching of the pump radiation into the OPO
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cavity. This was achieved by measuring the level of the transmitted pum p 
field, when exactly on and off pum p resonance. When the OPO operated 
below threshold, and therefore contributed no pump depletion or additional 
internal pum p loss, approximately 70 % of the incident pum p field was 
transmitted through the OPO cavity on resonance. This represents an intra
cavity circulating pump power of « 1.6 times the incident power. This is 
lower than the expected value of Ep « 2 .2, and can be attributed to imperfect 
mode-matching. Another sign of imperfect mode-matching is that, when 
exactly off pum p resonance, the transmitted pump field is significantly above 
the pum p base-line in figure V. 12.

Figure V. 12 illustrates that the OPO output corresponded to discrete 
values of the OPO cavity length. These effects are displayed in more detail in 
figure V. 13.

Pump zero

~ 6 nm. Depletion 
-  60 %

>4
Cavity length detuning, AL « 30 nm.

Figure V. 13.
Cavity length scanning of the single-cavity, doubly-resonant OPO over 
a cavity length detuning of AL ~ 30 nm, illustrating discrete values for 
the pum p depletion / OPO operation, and the cavity length tolerances 
for operation on a single-frequency mode-pair, and to hop to an 
adjacent mode-pair w ithin the same cluster.
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Figure V. 13 indicates hopping of the OPO output between adjacent mode- 
pairs w ithin the same cluster, and separated by cavity length spacings of 
^hop  ~ 6 nm. This value was in good agreement with the modelling of 
section VI. 4. In addition, the cavity length stability range was estimated to be 
àLstab ~ 0.6 nm, to maintain operation on a single signal and idler mode-pair. 
(Note that there is a significant proportion of the cavity length for which 
there is insufficient overlap of the signal and idler mode resonances to 
overcome threshold, even when the pum p field is near exact resonance.) 
Pump depletions of « 60 % are also implied from figure V. 13, verifying that 
the OPO cavity was under-coupled (the external conversion efficiency was 
sub-10 %).

Therefore, the cavity length conditions, as described above, could allow 
for amplitude stable OPO operation, by holding the cavity length fixed to 
w ithin « 0.6 nm, and assuming that the short-term stability of the
pum p frequency was adequate, and could therefore be neglected. Servo- 
control feedback on the cavity length of the OPO was applied to achieve 
am plitude stable operation. This was provided by stabilizing the output 
intensity of the OPO to maintain operation on a single signal and idler 
frequency mode-pair, as shown schematically in figure V. 14.

PZT

7 Idler, V ,- PolarizerPump, V
------
IdlerLBO

i Signal, V,

M, Signal

Servo
amplifier

PhotodetectorVoltage
reference

Figure V. 14.
Block diagram of the servo-control feedback loop to m aintain the 
output of the OPO on a single-frequency signal and idler frequency 
mode-pair.
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The servo-control feedback method employed was analogous to side-of-fringe 
locking. The cavity length of the OPO was detuned slightly off a power 
maximum and the signal frequency output was monitored on a photo-diode. 
The output from this photo-diode was compared to a reference voltage and 
the difference voltage was taken to form the error-signal for the servo-loop. 
This error-signal was integrated and fed via a high-voltage amplifier to the 
piezo-electric element that controlled the OPO cavity length. In this way, the 
cavity length was adjusted continuously to hold the power output from the 
OPO constant, and to maintain the OPO operating on the same single
frequency mode-pair. The bandwidth of the servo-loop was limited by the 
first mechanical resonance of the piezo-electric element to approximately 

2 kHz. (This locking method has been used by other workers to stabilize the 
output of type II phase-matched doubly-resonant cw OPOs [34].) Given the 
frequency instability of the pum p source, it was the amplitude and not the 
frequency of the OPO that was maintained constant. To achieve frequency 
stability of the OPO outputs, one of the outputs (e.g. the signal frequency) 
would have had to be locked to a stable external étalon, or to an external 
frequency reference. This frequency reference could take the form of an 
atomic transition or a microwave frequency standard [6, 7].

Analysing interferometers with significantly different free spectral 
ranges were employed to verify unambiguously that the output of the OPO 
was confined to a single signal and idler frequency mode-pair. Figure V. 15 
displays single-frequency operation, as viewed on a p lane-parallel 
interferometer of free spectral range « 3 GHz.

In addition, a second photo-diode was used to monitor the power 
output from the OPO. The power output showed 2 0 - 3 0 %  am plitude 
fluctuations on time-scales of the order of a few milliseconds. This was a 
direct result of the short-term frequency-jitter in the pump frequency, and the 
imperfect correction made to the OPO cavity length on these timescales, due 
to lim itations of the servo-control bandwidth. Generally, it was found 
possible by this servo-control technique to maintain oscillation on the same 
single-frequency mode-pair for time periods of the order of a few 10s seconds.
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Figure V. 15,
Single-frequency operation of the signal frequency output from the 
OPO, as monitored on a scanning plane-parallel interferometer of free 
spectral range 3 GHz.

Temperature-tuning of the non-critical phase-matching geometry allowed for 
wide (coarse) frequency tuning of the signal and idler frequencies. The output 
frequencies of the OPO were varied coarsely by changing the precise 
tem perature of the LBO crystal. The extent of the frequency tuning was 
limited by the bandwidth of the optical coatings within the OPO resonator to 
maintain high-finesse fields for both the signal and idler frequencies. By 
varying the temperature from « 20 to « 86 °C, the OPO could be tuned 
coarsely over a total frequency bandwidth of Av = AVg + Av̂  « 20 THz. The 
signal frequency was tuned in the green /  blue spectral region from Vg « 598 
to 607 THz, and corresponding to wavelengths from Xg « 502 to 494 nm, 
respectively. The idler frequency was tuned in the near infra-red spectral 
region from Vf « 227 to 217 THz, and corresponding to wavelengths from 
Xf « 1.32 to 1.38 jLim, respectively. The tuning rate in this phase-matching 
geometry corresponded to « 150 GHz/^C, and was in agreement with the 
findings of other workers [3-5]. (It is reasonable to assume that, since the 
coatings were specified to be optimum at room-temperature, a similar range 
of tuning would be possible for lower temperatures. This feature would have 
required cooling the nonlinear medium, and was not investigated.)
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Although the driving motivation behind this work was to operate the 
OPO with amplitude-stable signal and idler outputs, it is worth considering 
further the tem perature dependence of these outputs. As discussed in 
chapter III, the type II phase-matching geometry offers less sensitivity in the 
output frequencies to small changes in the phase-matching temperature than 
equivalent type I phase-matched geometries. Therefore, the tuning rate of 
~ 150 GHz/^C, reported in this chapter, represents the least sensitive LBO OPO 
arrangement, with regard to tem perature perturbations. To obtain stable, 
free-running operation from this phase-m atching geometry, w ith, for 
exam ple, MHz-level stability, sub-mK tem perature control w ould be 
necessary. This emphasizes further the need for cavity length control, and 
fine pum p frequency tuning, to compensate for temperature drifts. When 
compared to KTP in the type II phase-matching geometry, with a reported 
tuning rate of « 300 M H z/° C [7], LBO must be regarded as an inferior choice of 
nonlinear m edium  if phase-m atching in KTP exists for the chosen 
pum p /  phase-m atching arrangem ent. Again, this points tow ards the 
immediate use of LBO only in phase-matching geometries that cannot be 
accessed by using other nonlinear materials.

The main results from this argon-ion pum ped type II cw OPO are 
summarized in table V. 5.

Table V, 5
Operating characterisics o f the cw OPO.

Pump power threshold p th 
P « 115 mW

External efficiency « 9%

Signal frequency tuning 598 - 607 THz

Idler frequency tuning Avi 227-217 THz

Coarse tuning rate Av 150 GHz/ °C
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V. 7 Conclusions.

The performance of the argon-ion pum ped non-degenerate type II phase- 
matched LBO cw OPO has displayed many of the characteristics that were 
predicted from theory and modelling. The requirements on the stability of 
the pum p frequency were relaxed by operating the OPO under type II phase- 
matching, in which there was a significant mis-match in the free spectral 
ranges of the signal and idler fields within the resonator. The stability of the 
pum p source was found to be adequate to operate the OPO reliably on single 
signal and idler frequency mode-pairs. Amplitude-stable operation of the 
OPO on single signal and idler frequency mode-pairs was obtained for periods 
of « 10s seconds.

Critical to the reliable operation of the OPO was the passive stability of 
the OPO resonator. The highly-stable, invar-based, cavity design enabled the 
use of servo-control feedback to provide the desired amplitude-stable outputs. 
To achieve frequency control of the OPO outputs, the absolute frequency of 
the pum p source should be stabilized to kHz-levels. The OPO frequencies 
could then be referenced to frequency standards within measurable frequency 
locking bandwidths, or by locking to stable external étalons. When amplitude 
and frequency stabilization schemes are employed together, such an OPO has 
the potential to serve as a practical frequency divider [6, 7, 38].

The constraints of the single-cavity OPO again prevented further study 
of this phase-matching geometry. Frequency tuning of the OPO outputs can 
only be possible by tuning the precise frequency of the pum p source and 
correcting by length changes of a single cavity OPO, or by separating internally 
the signal and idler fields and resonating these in discrete cavities. This latter 
method describes the dual-cavity oscillator approach [10]. The non-degenerate 
frequencies involved in this type II phase-matching geometry provide an 
ideal opportunity  to decouple efficiently the OPO resonances, and this 
method is described in the following chapter which contains experimental 
results from the first demonstration of such a dual-cavity, doubly resonant cw 
OPO.

The signal and idler frequencies were tuned coarsely over extensive 
frequency bandwidths in the green and near infra-red spectral regions. In the 
present geometry, these frequencies are in a ratio of -2.6:1. By increasing 
further the phase-matching temperature of the LBO crystal to T^tai = 175° C, 
the frequencies would be in a 3:1 frequency ratio. Therefore, this phase-
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matching geometry in LBO offers the possibility of exact 3:1 frequency 
division. If this configuration was to be realized experimentally, it would be 
necessary to detect the point of exact 3:1 signabidler operation, which is not a 
problem at frequency degeneracy where the signal and idler frequencies are 
equal [38].

There are several possible solutions to this problem, as discussed in 
reference [38] and in the final section of the previous chapter. If the pum p 
source for the OPO is the second harmonic frequency of some master laser, 
then this laser frequency (possibly frequency offset) and the idler frequency 
could be summed to yield a frequency near the signal frequency. The sum 
frequency output will be coherent with the OPO signal wave only when the 
signal and idler frequencies are exactly in the ratio 3:1. The sum of the pump 
frequency and the idler frequency could also be optically fed-back to injection 
lock the phase of the signal frequency, or the pump frequency could be deeply 
phase-modulated and mixed with both the signal and the idler frequencies. 
This would alternatively sum the pump frequency with the idler frequency to 
yield the signal frequency, and subtract the pump frequency from the signal 
frequency to yield the idler frequency, as the phase is varied, and it would 
produce an amplitude-modulated output only when the exact 3:1 condition 
was met. If no master laser at half the pump frequency was available, the 
idler frequency could be frequency-tripled and compared with the signal 
frequency, which is the technique required to lock an OPO to the 2:1 
signabidler frequency operating point, where the idler frequency can be 
frequency doubled and compared with the signal frequency.

In sum m ary, type II phase-m atched geometries offer significant 
advantages over type I phase-m atched geometries, w ith regard to the 
requirements on the pump frequency and OPO cavity length stability. When 
further type II phase-m atching geometries become available in newly 
developed nonlinear materials (e.g. KTA [39] and CTA [40}), and different 
pum p sources become available for these OPOs, then such OPOs may form 
practical devices for the generation of highly-stable signal and idler frequency 
radiation.
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VI. 1 Introduction.

Up until now, the continuous-wave (cw) optical parametric oscillators (OPOs) 
described within this thesis (chapters IV and V) have relied upon the use of 
two-mirror, single-cavity designs to resonate the signal and idler fields [1, 2]. 
However, as discussed extensively in chapter II, and consistently throughout 
the text, this common two-mirror cavity geometry represents a significant 
drawback in the design of doubly-resonant cw OPOs, in which the same two 
mirrors must satisfy simultaneously mode coincidences for both the resonant 
fields.

The concept of using dual optical cavities within a common resonator 
arrangement, for improved frequency control, dates back to the 1960s. Dual
cavity resonators were once considered highly appropriate for achieving 
single-frequency operation from argon-ion lasers. Such Fox-Smith 
interferometer designs exploited a folded optical cavity, through use of an 
intra-cavity beam-splitter, to provide frequency selection from a master cavity 
that contained the gain medium of the laser [3-5]. Further examples of dual
cavity resonators are included in references [6] to [8]. Within pulsed OPO 
geometries, the addition of further optical cavities have been particularly 
effective in reducing the linewidth of the OPO outputs [9,10]. Long before the 
demonstration of the first cw OPOs [11,12], the benefits of separate cavity
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length control for the signal and idler frequencies were recognized [13]. This 
concept has also been discussed briefly in more recent papers, but without 
addressing specifically the experimental realization of such a resonator 
design [2,14 - 16].

This chapter describes the operating characteristics of the first cw OPO 
that used a dual-cavity resonator design to separate internally the signal and 
idler fields within a doubly-resonant cw OPO [17-19]. The OPO used the 
same pum p source as the OPO described in the previous chapter, and 
operated at a frequency of Vp = 824 THz, corresponding to a pum p 
wavelength of Xp = 363.8 nm. The OPO used the same nonlinear crystal, 
lithium triborate (LBO), operating specifically at room tem perature in the 
type II phase-matching geometry, described in chapter V. However, the OPO 
described in this chapter incorporated an intra-cavity beam-splitter to separate 
internally the optical paths of the resonant signal and idler fields, in such a 
way that the two frequencies could resonate with independent cavity length 
control.

The design of the OPO cavity is outlined in section VI. 2. The beam
splitter was coated to provide high-reflectivity for the signal frequency and 
high-transm ission for the idler frequency, and was placed w ithin the 
resonator at Brewster's angle to exploit the orthogonal polarizations of the 
type II phase-matched OPO. The efficient formation of the dual-cavity OPO 
depended critically on the ability to maintain two high finesse resonators for 
the signal and the idler frequencies, in the presence of additional intra-cavity 
components. A cavity design was constructed to provide a comparable degree 
of passive stability to the highly-stable, single-cavity, OPO that was described 
in chapter V. This method involved fixing the nonlinear crystal, the beam
splitter, and the three cavity mirrors on a single length-determining base
plate.

The mode-selection properties of the output frequencies of this OPO 
are discussed in section VI. 3. The cavity length and pump frequency stability 
requirements were similar to the single-cavity design, to hold a single signal 
and idler frequency m ode-pair on resonance. However, the dual-cavity 
design allowed for smooth, continuous tuning of the output frequencies by 
scanning the optical length of one cavity, and applying servo-control feedback 
to the other cavity length, to maintain the double-resonance condition. The 
level of smooth frequency tuning from the OPO is discussed with respect to
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the pum p resonance effects which were maintained within the idler cavity of 
the dual-cavity OPO, and considering the limitations of the fixed frequency 
pum p source provided by the argon-ion laser.

The results of the dual-cavity OPO are presented in section VI. 4. The 
three m irror dual-cavity design operated with a minimum pum p power 
threshold of « 200 mW. While the double-resonance condition for the 
signal and idler frequencies was fulfilled, the OPO could be tuned smoothly 
over a frequency bandwidth of AVg -  Av̂ - -  0.4 GHz, by deliberately scanning 
the cavity length of the idler frequency, and relying upon the signal cavity 
servo-control feedback loop to maintain double-resonance.

Finally, in section VI. 5, the im portant results are considered w ith 
respect to improvements in the stability of the pum p frequency, and a 
relaxation of the pump field finesse within the OPO resonator. Cavity designs 
are discussed that could eliminate all effects of pum p resonance, while 
m aintaining low pum p power thresholds. In addition, applications of the 
dual-cavity resonator to optical frequency metrology schemes are outlined in 
detail.

VI. 2 Optical parametric oscillator design.

In this section, there is a description of the design of the OPO resonator. In 
particular, the resonator geometry is examined, allowing for the efficient 
decoupling of the resonant fields of the signal and idler frequencies within 
the OPO resonator. The intra-cavity components were analysed with a view 
to obtaining pump power thresholds at the mW-level, stable OPO operation 
on a single signal and idler frequency mode-pair, and smooth frequency 
tuning of the OPO outputs in the presence of a fixed frequency pump source.

To provide efficient spatial separation within the OPO resonator, the 
beam-splitter must contribute minimal additional parasitic losses for both the 
signal and idler fields, thus maintaining the high finesse required for double
resonance and low values of the pum p power threshold. Discrimination 
between the two intra-cavity fields was provided by the type II phase- 
matching geometry, and the non-degenerate frequencies of the signal and 
idler waves associated with the phase-matching geometry. The type II phase- 
m atching geometry with orthogonally-polarized signal and idler fields 
allowed for polarization separation. Frequency non-degeneracy w ith a
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significant frequency mis-match in the signal and idler frequencies allowed 
for dichroic-coating separation. These two attributes were combined 
effectively Jn  the design of the intra-cavity beam-splitter.

The cavity design is illustrated schematically in figure VI. 1. The beam
splitter was inserted into the resonator on one side of the nonlinear crystal, 
and a third mirror was added to form a second independent optical resonator. 
The cavity mirrors used were all identical to those described in chapter V for 
the single-cavity resonator design.

It is important to realize that the coating requirements on the cavity 
mirrors can be reduced substantially by forming a dual-cavity resonator, due 
to the spatial separation from the beam-splitter. Although mirrors M2 and 
M3 used in this experiment, as shown in figure VI. 1, were highly-reflecting 
at both the signal and idler frequencies, the coating requirements were relaxed 
in principle. The mirror M2 only had the requirement to be highly-reflecting 
at the idler frequency, and the mirror M3 only had the requirement to be 
highly-reflecting at the signal frequency. This factor is discussed in 
section VI. 5 with respect to further phase-matching geometries in cw OPOs 
within optical frequency division schemes.

The Brewster-angled beam-splitter was fabricated from the material 
herasil, with a refractive index of « 1.54, and inserted into the cavity at 
an incident angle of 0( « 57 The beam-splitter was coated to provide 
Ti > 99.7 % transmission for the p-polarized idler wave at a frequency of 
Vj = 227 THz, and Kg > 99.7 % reflection for the s-polarized signal wave at a 
frequency of Vg = 598 THz. In addition, the beam-splitter provided Tp > 97 % 
transmission for the p-polarized pump wave at a frequency of Vp = 824 THz. 
The pum p transmission of the beam-splitter retained the partial pum p 
resonance that was described in the design of the single-cavity OPO resonator 
in chapter V.

Given that the intra-cavity parasitic losses would be increased, due to 
the additional surfaces encountered by the resonant fields on a round-trip of 
the OPO cavity, the enhanced pump field and double-pass interaction due to 
the pum p resonant effects, were considered essential, given the available 
pum p power from the argon-ion laser.

Before studying the frequency properties of the output of the OPO, the 
passive stability must be at a level where the OPO can maintain short-term
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free-running operation on single signal and idler frequency mode-pairs, 
similar to the requirements on the single-cavity design of chapter V.

Beam-splitter 
d A& d = 1.5 mm

LBO, I = 20 mmD

R = 15 mm 
D = 12.7 mm

Beam-splitter

Idler

57

Signal

Dichroic coating 
HT @ idler 

HR @ signal

10 20 mm

Figure VI. 1.
Schematic representation of the dual-cavity resonator design, 
illustrating the power reflection and transmission coefficients of the 
beam-splitter substrate for the three intra-cavity fields. R: radius-of- 
curvature; D, d: diameters; HT; highly-transmitting; HR: highly- 
reflecting.

Critical to the passive stability of the dual-cavity OPO was fixing the beam
sp litte r p late  and the LBO crystal on a single block w ithou t 
angular /  translational adjustment, and relying upon external pump-beam 
alignment for exact on-axis propagation along the z-principal optical axis of 
the LBO material. Cavity alignment was provided by micrometer control on 
the three flexure-hinged m irror mounts. The cavity components were
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attached to a single length-determ ining base-plate, and surrounded by 
extensive mechanical and acoustic isolation to increase the passive stability of 
the two resonators. The base-plate was itself fixed to a substantial granite base, 
which sat in a sand tray to eliminate further vibrations from the optical 
bench. (In this way, the mechanical and acoustic disturbances were 
considerably reduced over a previously constructed equivalent cavity design 
that used separate, discrete mounting for the five resonator components, and 
which is illustrated inside the front cover of the thesis.)

To illustrate the compact size of the dual-cavity resonator, the size of 
the cavity components used in the experiment are shown in the scale 
diagram of figure IV. 1. The mirrors are all of 15 mm radius of curvature, 
with a diameter of 12.7 mm, and have the same dielectric reflectivity profile 
as the mirrors used for the single-cavity device of chapter V. All three 
mirrors had piezo-electric components controlling the precise lengths of the 
two optical cavities.

As mentioned previously, the pum p frequency and phase-matching 
specifications were the same as the cw OPO that was outlined in chapter V. 
Therefore, the experimental arrangement, with respect to the isolation of the 
pum p source and the mode-matching of the pum p beam into the OPO 
resonator, were identical to that of the previous chapter.

VI. 3. Pump frequency and cavity length requirements.

In this section, there is an analysis of the requirements of the pum p frequency 
and the OPO cavity length to maintain operation on a single-frequency mode- 
pair, and further, to generate smooth frequency tuning from the dual-cavity 
resonator. Frequency and amplitude stabilization methods are addressed that 
take advantage of the additional degree of freedom provided by the dual
cavity resonator.

The stability requirements to maintain operation on a single signal and 
idler frequency mode-pair were assumed to be similar to those of the single
cavity device of chapter V. This is because the pum p frequency and the 
phase-m atching geometry are identical in the single- and dual-cavity 
resonator designs. The mis-match in the free spectral ranges takes on a new 
significance in the dual-cavity resonator. Dual-cavity resonators were 
analysed in detail in chapter II. In general, the lengths of the two cavities and
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the finesses of the signal and idler fields can be considerably different, when 
compared to single-cavity OPO designs. The control of the free spectral ranges 
of the signal and idler fields was shown to provide one method of relaxing 
the pum p frequency and the cavity length requirements to maintain single
frequency mode-pair operation.

In this dual-cavity arrangement, the cavity lengths and the finesses for 
the signal and idler fields were similar to the single-cavity design, by virtue of 
using the same cavity mirrors in both designs. Since the mis-match in the 
free spectral ranges was at a level that had allowed for stable single mode-pair 
operation in the single-cavity design, no further allowances were made in the 
dual-cavity OPO. (This could have been provided by increasing the length of 
one of the two cavity arms, while decreasing the finesse of this cavity to 
further reduce the stability requirements, as discussed in chapter II and in 
reference [19].)

Therefore, the effects of detuning the pum p frequency or the cavity 
length on the mode-selection of the OPO were assumed to be comparable to 
the modelling of the previous chapter. Specifically, the effects of cavity length 
detuning are complicated by the separate cavity lengths of the signal and idler 
fields. When the two fields are resonant within the same common cavity, 
the effects of cavity length detunings can be interpreted as a combination of 
the frequency shifts of the two resonant fields, and of the shift in the overlap 
of the resonance peaks with respect to each other. Therefore, within the dual
cavity design, when one of the cavity lengths is fixed, then the level of 
detuning of the other cavity length is required to be a combination of the two 
relative shifts in the resonance peaks of the single-cavity design.

Consider now the combined effects of pum p frequency and cavity 
length perturbations. For the single-cavity OPO design, the cavity length 
requirements were valid only when the pum p frequency requirements were 
within the minimum levels that could maintain single-frequency mode-pair 
operation. Therefore, the pump frequency requirements can be regarded as 
the most critical in stable OPO operation in a single-cavity resonator design. 
However, in the dual-cavity OPO design, the freedom from forming separate 
optical cavities eliminates this constraint, and opens up the possibility for 
using a wider selection of pump sources for cw OPOs.

The analysis of chapter II is applied now to the cavity design of the OPO 
described in this chapter. Recall equation II. 146 that relates the frequency
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instabilities of the pum p frequency, and the required detunings of the signal 
and idler cavity lengths:

AVp = ALjl -  1 ̂ [VI. 1]

For the dual-cavity OPO, with separate optical lengths for the signal and idler 
fields, this equation consists of three param eters that can be controlled 
individually. Moreover, with sufficient servo-feedback on one of these 
parameters, perturbations in the other two can be eliminated to retain single
frequency m ode-pair operation. Therefore, the constraints on the pum p 
frequency can be lifted by independent cavity length control from the dual
cavity resonator, as discussed above.

It follows from equation VI. 1 that the above method can be used also 
to generate smooth frequency tuning from an OPO. There are two different 
techniques that can be used for this. First, by holding the frequency, or cavity 
length, of one of the two OPO frequencies constant, the pump frequency can 
be tuned as long as the other OPO cavity length maintains the double
resonance condition. Second, by holding the pump frequency constant, one 
of the OPO cavity lengths can be tuned as long as the other cavity length 
maintains the double-resonance condition. In the experimental set-up, there 
was no convenient method for scanning accurately the frequency of the 
pum p laser. Therefore, the second tuning method, as outlined above, became 
the only option to generate smooth frequency tuning from the dual-cavity 
OPO.

VI. 4 Results and discussion.

The reflectivity of the cavity components for the input pump wave were used 
again to assist the optical alignment of the two OPO cavities. First, the pump 
field was resonated appropriately in the idler cavity of the OPO. This ensured 
that the idler frequency cavity was aligned perfectly. Second, the signal 
frequency cavity was aligned from a weak interference pattern resulting from 
the residual reflections from the Brewster-plate for the counter propagating 
waves of the resonant pump field.
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The dual-cavity OPO was operated with a minimum pum p power 
threshold of « 200 mW. Therefore, the additional losses experienced by 
the OPO intra-cavity fields did not affect significantly the threshold of the 
OPO. The increase in the pump power threshold over the single-cavity OPO 
corresponded to an increase in the product of the round-trip cavity power 
losses of « 30 %, assuming identical mode-matching in the single- and dual
cavity resonators. The product of the losses is considered above, since it was 
not possible to evaluate precisely the individual increases in the parasitic 
losses due to the separate signal and idler fields. More importantly, this 
particular power level (~ 200 mW) implied that the OPO could be operated 
reliably and consistently at levels of two to three times above pump power 
threshold, when using the argon-ion laser as the pump source. Therefore, 
the frequency tuning properties could be examined adequately from this dual
cavity resonator design.

Before attempting to provide smooth frequency tuning, it was essential 
to ensure that the cavity stability was of an acceptable standard. The cavity 
arrangem ent for locking the dual-cavity OPO is shown schematically in 
figure VI. 2.

All three cavity mirrors were mounted so as to have piezo-electric 
control. Although, in principle, fine adjustment should only be required on 
one of the independent cavity arms, it was found highly advantageous to 
have more freedom to allow for smooth frequency tuning in this dual-cavity 
arrangement. One of the drawbacks of this dual-cavity resonator was the 
dependence of the pump frequency resonance condition to the idler frequency 
cavity length. Therefore, the piezo-electric control of the idler cavity length 
was used to ensure that the OPO operated near to exact pump field resonance, 
ensuring sufficient pum p field radiation within the cavity to overcome 
threshold. Manual control of the voltage level to the piezo-electric element 
that controlled the position of the idler cavity mirror, brought the pum p field 
near resonance. Thereafter, the voltage level to the signal cavity was fine- 
tuned to achieve a near-coincidence of signal and idler resonances, and so 
attain oscillation.
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Figure VI. 2.
Schem atic represen ta tion  of the dual-cavity resonator design, 
illustrating the independent cavity length control and the feedback 
servo-loop used to provide smooth frequency tuning.

W ithout further manual control of the voltage levels, the OPO would either 
switch off, or hop to a different mode-pair, provided that the pum p power 
was sufficient to maintain threshold. The free-running intensity variations 
of the OPO output are shown in figure VI. 3, for a time period of At « 50 
seconds. The mode-hops were a consequence of the long-term frequency drift 
in the pum p source, from thermal expansion effects of the OPO m ounts 
causing cavity length drifts, and from mK variations in the temperature of 
the nonlinear crystal. Free-running, single-frequency operation was provided 
for time periods of up to At « 20 seconds. The intensity is shown to vary as 
the OPO hops from one mode-pair to another. Eventually, the cavity 
length /  pump frequency has changed to such a degree that insufficient pump 
radiation can be coupled into the cavity to reach threshold.
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Figure VI. 3.
Free running intensity fluctuations from the dual-cavity OPO, 
illustrating the effects of the partial pump field resonance within the 
idler frequency cavity. While the pump field within the resonator is 
sufficient to overcome threshold, the OPO hops between different 
signal and idler frequency mode-pairs.

One of the outputs of the dual-cavity resonator (in this case the signal 
frequency) was m onitored externally on an ultra-stable, low-expansion, 
scanning confocal interferometer of free spectral range = 2 GHz. A
trace illustrating free-running, single-frequency, operation is shown in 
figure VI. 4.

At this level of passive stability within the dual-cavity resonator, with 
fixed frequency single mode-pairs remaining on resonance for time periods of 
At » 10s seconds, the servo-control feedback could be applied easily to provide 
amplitude-stable, smooth frequency tuning from the OPO.

The m ethod employed for the servo-locking is displayed in the 
resonator design, as illustrated by figure VI. 2. When the pump field operated 
near pum p resonance, and the signal and idler fields were adjusted to fulfil 
the condition of simultaneous resonance, the intensity of the output signal
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field was monitored on a photo-diode. The level of the photo-diode was 
compared to a reference voltage, and the difference voltage was taken to form 
the error-signal. This error-signal was then integrated and fed through a 
high-voltage amplifier to the piezo-electric element that controlled the length 
of the signal cavity. This method provided amplitude-stable operation of 
individual signal and idler frequency mode-pairs.

As discussed in the previous section, to generate smooth frequency 
tuning, two frequency (cavity length) param eters m ust be adjusted 
sim ultaneously. Given the fixed frequency pum p source, these two 
parameters were the two different cavity lengths /  frequencies of the dual
cavity resonator. By manually adjusting the voltage level to the piezo-electric 
elements that controlled the length of the idler cavity, and relying upon the 
signal cavity servo-loop to maintain the double-resonance condition, smooth 
frequency tuning was provided by the dual-cavity OPO. Through this 
method, up to AVg « 0.4 GHz tuning from the signal frequency was measured 
consistently by observing the frequency shift of the single-frequency trace on 
the stable monitoring interferometer.

I
1

I
I

Interferometer FSR = 2 GHz
i -------------------------------------- ►

Frequency bandwidth ~ 3.5 GHz.

Figure VI. 4.
Free-running, signal wave, single-frequency operation, as m onitored 
on a scanning interferom eter of free spectral range FSR^^f = 2 GHz. 
Single-frequency mode-pairs were observed for At ~ 10s seconds.
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A lthough accurate and stable diagnostics were used to monitor only the 
tuning of the signal frequency, it is reasonable to infer that this level of 
tuning was provided also by the idler frequency. This is because the scanning 
method used was restricted to time periods of At ~ 10 seconds, over which the 
pum p frequency drift was measured to be Av  ̂» 20 MHz, and the cavity- 
length expansion of the monitoring external étalon was considered negligible. 
Therefore, the range of idler frequency tuning was calculated simply from the 
conservation of energy relation when using a fixed frequency pump source.

The range of smooth frequency tuning of the signal and idler fields was 
restricted by the effects of the weak pum p field resonance within the idler 
frequency branch of the dual-cavity resonator. The smooth tuning method 
outlined above involved changing initially the optical length of the idler 
frequency. However, in addition to altering the resonant frequency of the 
idler wave, the resonance condition of the pum p field is affected 
simultaneously. The idler cavity length could only be tuned so long as the 
pum p field was maintained near pump field resonance.

It was shown in chapter V that the pum p field was sufficient to 
overcome OPO threshold for cavity length detunings of the order of 
ALj ~ 60 nm. This value was taken as the equivalent idler frequency 
detuning allowed in the dual-cavity OPO before insufficient pump power was 
coupled into the resonator. Therefore, this figure was used to calculate the 
change in the idler frequency perm itted from manual tuning. The idler 
frequency cavity length was measured to be L( « 35 mm. Therefore, the free 
spectral range of the idler frequency cavity was FSRj ~ 3.5 GHz. When the 
idler frequency cavity length was detuned through AL̂- « 60 nm, the resonant 
frequency alters by Av̂  -  0.3 GHz, in good agreement w ith the values 
measured in practise.

The level of smooth frequency tuning from a dual-cavity oscillator, 
with the pum p field resonant within the idler frequency cavity was derived 
in chapter II as follows:

\^Vs-wux\ = , [VI. 2]

and this implies smooth frequency tuning of AVg = 0.2 GHz. Again, this 
value is in good agreement with the experimental observation.
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Effects of pump field resonance when using a fixed frequency pum p 
source have been shown to be a limiting factor on the allowable smooth 
frequency tuning from a dual-cavity OPO. To open up the possibility of 
greater levels of smooth frequency tuning, it would be necessary to remove 
this constraint completely. There are several different methods that could be 
used to obtain this, while m aintaining high finesse signal and idler 
frequencies and low pum p power thresholds. One such method involves 
taking advantage of the reduced coating specifications of independent signal 
and idler frequency cavities. Consider the proposed four mirror OPO cavity 
design, as shown in figure VI. 5.

Master-cavity
voltage

PZT
M,

M,

Prism
BS

PZTM,

Servo
amplifier

^  Photo detector
Voltage
reference

Figure VI. 5.
Proposed schematic representation of an ideal dual-cavity OPO 
resonator, with reduced coating requirements for the pump, signal and 
idler frequencies. Pump resonance effects, which are impossible to 
avoid completely in linear cavity designs, are elim inated in this 
arrangem ent.
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W ithin this resonator, the two intra-cavity beam-splitters could separate 
totally the signal and idler fields. The signal field could be brought to 
resonance between the cavity mirrors M2 and M4 . The idler frequency could 
be brought to resonance between mirrors and M3 . Therefore, separate 
dielectric reflectivity profiles could be deposited on mirror substrates for the 
signal and idler frequencies. In addition, the effects of pump field resonance 
could be eliminated completely by decoupling efficiently the pum p wave by 
use of an intra-cavity prism. It could be expected that the prism  would 
contribute negligible loss for the idler frequency. The only constraint on the 
OPO mirrors for the pump field would be that the input mirror M% is highly- 
transm itting at the pum p frequency. If this additional constraint is 
problematic, then the pum p field could be coupled into the OPO resonator 
through the use of a second intra-cavity prism. If this dual-cavity resonator 
could be constructed, then smooth tuning should be possible over ranges that 
could approach theoretically the entire phase-matching bandw idth. In 
practise, the smooth frequency tuning would be limited by the allowable 
cavity length translation from piezo-electric stacks controlling the length of 
the cavity mirrors. However, if the crystal temperature is controlled with 
sufficient accuracy, then this could be used in conjunction with cavity length 
control for increased levels of frequency tuning.

VI. 4 C o n c lu sio n s .

In this chapter, the dual-cavity, doubly-resonant cw OPO has been analysed 
theoretically and investigated experimentally. The type 11 phase-matching 
geometry in LBO, when pumped in the ultra-violet spectral region, combined 
with widely spaced, non-degenerate signal and idler frequencies, has allowed 
for the efficient intra-cavity separation of the signal and idler fields. By 
inserting a beam-splitter into the cavity, and adding a third cavity mirror, the 
pum p power threshold was maintained at a level that allowed for reliable 
and consistent operation at levels of two to three times above the pum p 
power threshold of » 200 mW.

A high degree of passive stability of the dual-cavity OPO was provided 
by taking great care to isolate the resonator from acoustic and mechanical 
vibrations in the laboratory environment. This led to the free-running 
operation of single signal and idler frequency mode-pairs over time periods of 
At « 10s seconds. At this level, the servo-control electronics were effective in
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producing smooth frequency tuning of the signal and idler frequency mode- 
pairs. By manually adjusting the precise length of the idler frequency cavity, 
the signal frequency cavity length was locked to maintain double-resonance 
over tuning ranges of AVg -  Av/ « 0.4 GHz.

The smooth tuning range of this dual-cavity OPO was shown to be 
limited by the effects of the pump field resonance within the idler frequency 
cavity. The level of smooth frequency tuning was shown to be in good 
agreement with the modelling presented. Further levels of smooth frequency 
tuning were discussed that involved the elimination of pum p resonance 
effects within the OPO cavity.

The dual-cavity, doubly-resonant OPO will find use in methods of 
optical frequency division that require smooth frequency tuning ranges at the 
GHz-level [20, 21]. In addition, the reduced coating requirements will be 
highly advantageous in frequency division methods that involve integral 
ratios of the pum p, signal and idler frequencies, and the subsequent 
difficulties of maintaining high coating specifications at all three frequencies.

Following the publications that described this experiment [17 - 19], 
subsequent demonstrations of dual-cavity resonators have been provided by 
other groups [22, 23]. Once again, type II phase-matching provided for spatial 
frequency separation of the resonant fields. However, in these cases, the 
nonlinear material used for the OPOs was type II phase-matched KTP, and the 
pum p sources were a frequency-stable krypton-ion laser operating in the 
green spectral region [22], case (a), and a Ti:sapphire laser operating in the near 
infra-red spectral region [13], case (b).

These cavity designs were extensions of single-cavity resonators, in 
which the effects of pum p field resonance have already been shown to be 
negligible [24]. The experimental layouts are illustrated in figure VI. 6 .

In case (a), illustrated in figure IV. 6 (a), the signal and idler fields are 
split in a m anner similar to the LBO dual-cavity OPO of this chapter. 
However, all of the cavity mirrors were nominally highly-transmitting at the 
pum p frequency, allowing for single-pass pump field interaction. This 
implied that the OPO could oscillate for all cavity length positions, so long as 
the double-resonance condition was maintained. Smooth frequency tuning 
was displayed over AVg « Av/ « 0.9 GHz. The limit to smooth frequency 
tuning was attributed to the effects of weak pump resonance of the pum p
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field, which caused a dephasing of the pum p frequency with respect to the 
signal and idler frequencies. Again, this points towards complete non
resonance of the pum p field, and the prism coupling method proposed in 
figure VI. 5.

The realization of the dual-cavity oscillator has prompted considerable 
interest in cw OPOs, for both scientific [16] and commercial applications. One 
of the remaining challenges is the formation of a dual-cavity cw OPO, within 
type I phase-m atched geometries. This is likely to incorporate prism  
separation of the two parallel-polarized resonant fields of the OPO. When 
such an experiment has been demonstrated, cw OPOs will be in a position to 
provide smooth frequency tuning over GHz-levels, and coarse frequency 
tuning over hundreds of THz.

(a)

krypton-'ion
laser

531 nm

Pump, V

ptn
^p-th

Mi KTP 

58 mW

PZT  
Signal, Vg

PZT
Idler, V.

(b)

Tiisapphire
laser
800 nm

PZTPump, V

= 80mW

Pump, Vjj 
Signal, Vg

\ ^ P Z T
^ 3  ^^^M ler, V.

Figure IV. 6.
Schematic representations of the subsequent experimental 
dem onstrations of the dual-cavity resonators (from  
references [22] and [23], for cases (a) and (b), respectively). The 
approach adopted in case (a) is similar to the dual-cavity OPO, 
discussed in this chapter. In case (b), the pump field is resonated 
strongly within one of the cavities.
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Finally, it is revealing to compare these dual-cavity OPOs to the recent singly- 
resonant oscillator, as described in reference [25]. The only cw singly-resonant 
oscillator constructed to date has operated with a pump power threshold at 
the multi-Watt level, and has provided smooth frequency tuning of the OPO 
outputs over a few hundred MHz [25]. The most attractive property of a cw 
singly-resonant oscillator is the high conversion efficiency that can be 
provided for the non-resonant OPO frequency, with the possibility of multi- 
Watt, free-running, tunable radiation. As cw pump sources become available 
with output powers of tens of Watts, and nonlinear materials are developed 
that can combine the properties of high damage thresholds w ith high 
effective nonlinear coefficients, cw singly-resonant oscillators will provide an 
attractive means of high power, high spectral quality radiation. Within the 
context of cw OPOs, such radiation may allow for serial OPO configurations, 
in which the output of one OPO is used as the pump source for further OPO 
stages. This will hasten the realization of referencable frequency chains over 
considerable spectral band widths [21].
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VII. 1 Introduction.

The three previous chapters have been concerned with the operation of cw 
OPOs which have used, as the sources of input pump frequency, lasers whose 
ranges of operating frequencies were severely limited by the narrow gain- 
hand width associated with specific lasing transitions in these lasers [1-3]. For 
the two argon-ion laser transitions used, the frequency bandw idths over 
which the power output from the lasers remain within approximately 50 % of 
that available at line-centre are « 3 GHz and Av^_^ « 1 GHz, for the
lasing transitions at Vp = 583 THz (514.5 nm) and Vp -  824 THz (363.8 nm), 
respectively [4, 5]. The result of this was that the sum of the OPO output 
frequencies was confined to this lim ited pum p frequency bandw idth. 
Therefore, the OPOs could generate only specific signal and idler frequency 
mode-pairs that were defined by the near-fixed pump frequencies. In these 
cases, the only free param eter in the down-conversion process was the 
frequency difference between the signal and idler frequencies (as defined by 
the phase-matching temperatures of the nonlinear materials). Moreover, all 
dem onstrations of cw OPOs, prior to this experiment, had used fixed- 
frequency sources of input radiation [6].
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One method of increasing substantially the range of signal and idler 
frequencies covered is to use a source of pump frequency that can be selected 
from over wider frequency bandwidths. To achieve this, different sources of 
pum p frequency must be employed other than gas lasers [1, 3, 7 - 8] (or diode- 
laser-p u m p ed  so lid -sta te  N d-based  lasers and the ir frequency- 
harmonics [9,10]). Pump frequency tuning allows for freedom in selecting 
the sum frequency of the signal and idler frequencies. Therefore, in this case, 
the OPO based system has two independent tuning parameters: the sum and 
difference frequencies of the down-converted signal and idler frequencies [11].

Such increased pum p frequency bandwidths are available from so- 
called tunable laser sources. Tunable pum p lasers were a main concern of 
chapter III, and a variety of pump sources were outlined that could operate in 
different spectral regions. To summarize these findings, only three sources 
can be considered at the moment. These are dye lasers, vibronic solid-state 
laser gain media, and single-frequency, narrow-linewidth semiconductor 
diode lasers.

Despite the capability of generating high power and narrow-linewidth 
single-frequency radiation, dye lasers have never been applied as the pump 
sources for cw OPOs. However, their widespread availability has been 
utilized effectively when used as pum p sources for OPOs operating in the 
pulsed mode [12-14]. Through this method, the advantages of combining 
pum p frequency tuning with OPO frequency tuning have been demonstrated. 
With the current emphasis being shifted in the research front away from the 
use of dye lasers in the laboratory, it is unlikely that they will find a use in the 
future as pump sources for cw OPOs, although in principle they still offer a 
viable source of pum p frequency radiation for many laboratory-based 
experiments, where the main concern is to investigate the properties of the 
OPO cavity rather than the characteristics of the pump source.

The emergence of vibronic laser gain media in the past decade [15], and 
in particular the widespread use of titanium doped sapphire (Ti:sapphire) 
lasers [16 - 18], on both the research and commercial fronts, has made them an 
ideal choice of pump laser for the next generation of cw OPOs. The solid-state 
lasing medium, and the ability of these lasers to be pumped directly by solid- 
state laser sources, either from frequency-doubled diode laser pum ped Nd- 
based lasers [19] or directly from diode lasers, has allowed for frequency-stable 
devices that are compact, portable, efficient, and relatively easy to operate.
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The frequency coverage of these lasers extends over a wide bandwidth in the 
visible and near infra-red spectral regions, and this can allow for OPO down- 
conversion throughout the near infra-red spectral region, and w ithin 
detectable frequency bandwidths of stable infra-red frequency standards.

In the longer term, it is likely that phase-locked diode-laser arrays, 
operating with high power and frequency-stable narrow-linewidth radiation, 
will find an application as the pump source for cw OPOs [20]. The inherently 
com pact design, and the capability for scaling up the pow er levels 
available [21], make this choice of widely tunable radiation an excellent pump 
source for OPOs to down-convert visible radiation to regions where diode- 
lasers are currently unavailable. Whereas, at present, diode-lasers appear to 
be the preferred source of frequency-tunable cw radiation for frequencies 
greater than v « 150 THz, lower frequencies derived from diode lasers could 
be provided by OPO down-conversion techniques.

This chapter describes the use of a widely tunable single-frequency 
pum p source, operating in the near infra-red spectral region, that was used to 
pum p a cw lithium triborate (LBO) OPO [22]. The source of pump frequency 
was a Tiisapphire laser, that was pumped by an argon-ion laser, configured to 
deliver multi-line pum ping radiation. The precise pum p frequency of the 
free-running Tiisapphire laser was found to display a short-term frequency 
jitter /  linewidth of AVp^gf ĵj « ± 15 MHz. The exact pump frequency for the 
OPO could be chosen coarsely from a frequency bandwidth ranging from 
Vp ~ 370 to 385 THz, and corresponding to free-space pump wavelengths from 
Ap « 810 to 780 nm, respectively.

The LBO OPO was chosen to operate under the conditions of type I 
non-critical phase-m atching, w ith  the signal and idler frequencies 
temperature-tunable around the point of frequency-degeneracy (i.e. similar to 
the phase-matching geometry in chapter IV). The OPO was tuned coarsely 
over a total frequency bandwidth of Av = AVg + Av̂  « 24 THz, centred at a 
frequency of Vg « Vj « 188 THz, and corresponding to a w avelength of 
Ag ~ Â  ~ 1.6 |Lim.

In section VII. 2, there is a description of the argon-ion laser pum ped 
Tiisapphire laser which was used as the pump source for the cw OPO. The 
argon-ion laser operated with multi-line, multi-mode output, covering 
several lasing transition lines between v ~ 560 and 650 THz, w ith the 
majority of the power concentrated on the high-gain transition lines at
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v «  615 THz (488 nm) and 583 THz (514.5 nm) [23]. The Tiisapphire laser was 
a commercial design, configured as a travelling-wave, ring-cavity geometry, 
with single-frequency output powers in excess of Pp « 1 W [24]. The output of 
the Tiisapphire laser could be tuned coarsely, while maintaining single- 
frequency output power at the Watt-level, between Vp « 350 and 400 THz, 
corresponding to free-space pump wavelengths between Ap ~ 750 and 850 nm, 
respectively. The Tiisapphire laser operated free-running and w ithout any 
active stabilization, and had a measured short-term frequency jitter (FWHM) 
of AVp_g(g(; « ± 15 MHz.

The design of the OPO resonator is described in section VII. 3. The 
nonlinear crystal chosen for the OPO was LBO, cut for propagation along the 
%-principal optical axis, to satisfy type I non-critical phase-matching. The 
crystal was placed at the intra-cavity focus of a near concentric resonator, and 
heated to the desired phase-matching temperatures of « 130 to 180 °C. 
The two OPO mirrors that formed the standing-wave, linear resonator were 
coated to be highly-reflecting over the spectral region between v~ 200 THz 
(1.5 pm) and 175 THz (1.7 pm), with a centre frequency of 187 THz 
(1.6 pm), and anti-reflecting for pum p frequencies between Vp « 390 THz 
(770 nm) and 360 THz (830 nm). The faces of the plane-parallel polished 
nonlinear crystal were coated to be anti-reflecting at both the pump frequency 
and the OPO outputs near the frequency-degeneracy point. Therefore, the 
single-cavity, doubly-resonant OPO formed a high finesse cavity for the 
resonant signal and idler frequencies, while allowing for single-pass, near- 
non-resonant, pump field interaction within the gain medium.

The OPO operated under the conditions of type I non-critical phase- 
matching, and with signal and idler frequencies near to frequency-degeneracy. 
This phase-matching geometry was analysed in chapter IV, where the pum p 
source was the argon-ion laser operating at a frequency of Vp = 583 THz 
(514.5 nm). Since the Tiisapphire laser operated free-running with a short
term frequency jitter of the same magnitude as the argon-ion laser, the 
expected mode properties of the OPO are similar to those, as outlined in 
chapter IV. Stable OPO operation would have required a pum p frequency 
stability of AVp.ĝ ,̂̂  < 0.48 MHz, and an OPO cavity length stability of 
AL < 25 pm, to maintain operation on a single signal and idler frequency 
mode-pair. The requirements for stable OPO operation from an OPO that 
uses LBO as the nonlinear gain medium and a Tiisapphire laser as the source 
of pump frequency, are analysed fully in section VII. 4.
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The experimental arrangem ent is described in section VII. 5. The 
pum p source was isolated from the single-cavity, standing-wave, linear OPO 
resonator by the use of a Faraday isolator that provided greater than ~ 30 dB 
attenuation. This ensured free-running operation of the Tiisapphire laser, 
and eliminated feedback of pum p radiation from the OPO cavity into the 
counter-propagating direction of the Tiisapphire ring laser. A single focusing 
lens of focal length /  = 88.5 mm was used to mode-match the pum p radiation 
into the OPO cavity. The output of the Tiisapphire pump source was focused 
to a spot size of Wp^oPO ~ 40 pm (1 /e  electric-field radius), at the centre of the 
OPO gain medium, to satisfy the conditions of confocal focusing.

The experimental results from the Tiisapphire pum ped OPO are 
presented in section VII. 6 . The single-pass, doubly-resonant OPO operated 
with a minimum pump power threshold of « 360 mW. When operating 
at pum p power levels of two times above threshold, pum p depletions 
of « 40 % and external conversion efficiencies of rĵ xt ~ 4 %, were measured. 
Since the stability requirem ents of the pum p laser were outw ith the 
m inim um  level for stable OPO operation, the fine frequency tuning 
properties of the OPO were not examined. However, the extensive coarse 
frequency tuning of the OPO was investigated by varying the precise 
frequency of the pump source, and adjusting the phase-matching temperature 
of the LBO crystal to achieve a wide range of signal and idler output 
frequencies. By varying the frequency of the pum p source betw een 
Vp ~ 385 THz (780 nm) and 370 THz (810 nm), the OPO could be tuned 

coarsely  over a frequency  b an d w id th  of Av = AVg + Av/« 24 THz, 
corresponding to signal and idler frequencies between v«  201 THz (1.49 pm) 
and 175 THz (1.71 pm). The range of the OPO outputs was limited primarily 
by the bandwidth of the optical coatings within the OPO cavity, and to a lesser 
extent, by the reduced pump powers available when operating outwith the 
range of pump frequencies, as stated above.

Finally, the conclusions of this chapter are outlined in section VII. 7. In 
particular, the applications of the Tiisapphire laser for use within low 
threshold, frequency-stable cw OPOs, is discussed in detail. Improvements in 
the linewidth of the pump source are considered with respect to using LBO in 
the type I phase-m atched geometry. More generally, the use of other 
nonlinear crystals in type II phase-matched geometries with such a frequency 
tunable pump source, is addressed [11,20,25].
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VIL 2 Widely tunable single-frequency pump source.

This section describes the operating characteristics of the pump source for the 
cw LBO OPO. The Tiisapphire laser was optically pum ped by multi-line 
radiation from the large-frame argon-ion laser [23] that was used directly as 
the pum p source for the cw OPOs that were discussed in chapters IV to VI of 
this thesis.

The argon-ion laser was configured as a linear, two-mirror, standing- 
wave cavity, with no intra-cavity frequency-selective elements. The cavity 
m irro rs w ere highly-reflecting over a w ide frequency bandw id th  
( AA « 70 nm) that encompassed several lasing transition between A « 460 to 
530 nm. Therefore, the output of the argon-ion laser consisted of multi-mode 
and m ulti-line radiation in a diffraction-limited TEMqo/ lowest order 
G aussian beam. The power output was restricted to a maximum of 
Pp = 10 W for this experiment, although multi-line powers in excess of 
Pp » 20 W were available from the laser.

The Tiisapphire laser was a modified, commercially-available product 
m anufactured by Schwartz Electro-Optics (Titan CW-Series) [24, 25]. The 
pum ping arrangement and cavity geometry are illustrated in figure VII. 1. 
The four-mirror, figure-eight, cavity included a Brewster-cut gain element, a 
multi-plate biréfringent filter for broad (coarse) tuning, an optical diode to 
ensure unidirectional oscillation, and an étalon to maintain single-frequency 
operation at high power levels. The fold angle common to the two crossing 
legs of the resonator was designed for astigmatic compensation. The laser was 
longitudinally pum ped by the cw argon-ion laser that was linearly polarized 
in the plane of the cavity. The half-waveplate was used to achieve the desired 
orientation of the pump polarization.

The Tiisapphire laser resonator included 100 mm radius-of-curvature 
mirrors surrounding the 7.45 mm Tiisapphire crystal, forming a spot size at 
the centre of the crystal of Wpj^ser ~ 25 pm. (This crystal length matches the 
confocal parameter of the cavity.) For an input pump power from the argon- 
ion laser of Pp « 10 W, the Tiisapphire laser delivered single-frequency 
ou tpu t powers in excess of ~1 W over the spectral region from 
Vp « 390 THz (770 nm) to 361 THz (830 nm).

Single-frequency operation of the Tiisapphire laser was monitored by 
an external scanning confocal interferom eter of free spectral range
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FSRi^t ~ 5 GHz, as displayed in figure VII. 2. In addition, this stable étalon 
was used to estimate the short-term frequency jitter, by evaluating the 
intensity variations of the transmitted pum p field through the étalon. In this 
manner, the short-term, free-running, frequency jitter was estimated to be 
AVp_gfcib ~ ± 15 MHz. This was attributed to mechanical and acoustic induced 
effects on the intra-cavity components (in particular the four cavity mirrors). 
These effects were reduced to a level of « ± 5 MHz, by enclosing the
laser cavity within a lead /  foam /  lead arrangement.

TIS pump 
source

HWP

Argon-ion laser

ROC = 100 mm
^  h r  \

TIS xtal

Focusing 
lens Biréfringent 

filter

Etalon

OPO pump 
source

>

ROC  = plane 
HR

Optical
diode ROC = plane 

T = 5 %

Figure VIL 1.
Schematic representation of the argon-ion laser pumped Tiisapphire 
laser, used as the pump source for the cw OPO. The Tiisapphire laser 
was configured as a travelling-wave, ring cavity oscillator, with single- 
frequency output powers at the Watt-level. TISi Tiisapphire; ROCi 
radius of curvature; HRi high-reflector; HWPi half-waveplate (for 
argon-ion radiation).

Given the phase-matching geometry that had been selected for the OPO 
arrangement (i.e. type I phase-matching near frequency-degeneracy), it was 
decided to proceed no further with the frequency stability of the Tiisapphire 
laser. To obtain the desired stability at sub-100 kHz, active stabilization
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schemes would have been required, in addition to a complete re-construction 
of the Tiisapphire resonator design. While this was not adopted, it is 
worthwhile recalling that other commercially-available Tiisapphire lasers can 
deliver single-frequency radiation with linewidths of sub-50 kHz [27], and that 
a number of frequency-stable Tiisapphire lasers have been reported [16 - 18], as 
expected from a solid-state laser gain medium.

Interferometer FSR « 5 GHz.

4 >
Frequency bandwidth « 7.9 GHz.

Figure VII. 2.
Single-frequency operation of the argon-ion pumped Tiisapphire laser, 
used as the pum p source for the LBO OPO, and m onitored on a 
scanning confocal interferometer of free spectral range FSR^j^f « 5 GHz.

The im portant characteristics of the pum p source for the OPO are 
summarized in table VII. 1.

VII. 3 Optical parametric oscillator design.

This section discusses the design of the OPO resonator. In particular, there is 
an overview of the nonlinear material selection, when using the Tiisapphire 
laser directly as the pum p source for a cw OPO. The two mirror, linear, 
standing-wave, OPO cavity that provides a high finesse resonator for the 
doubly-resonant signal and idler frequencies is analysed. Mirrors were
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positioned again to allow for the use of confocal focusing of the three fields 
over the length of the gain medium.

Table VIL 1 
Characteristics o f the input pump frequency.

Pump source Tiisapphire laser

Frequencies 400-350 THz*

Wavelengths 750 - 850 nm *

Power > 1W

Jitter 1 second) ^^p-stab - ± 5 - 1 5  MHz

^defined by current set o f mirrors.

A  nonlinear material was required that could be phase-matched under the 
conditions of non-critical phase-matching, when using the Tiisapphire laser 
as the pum p source. At the time of this experiment, two different materials 
were considered for this; LBO and KTP. Of these, the nonlinear material KTP 
has been used frequently in the type II non-critical phase-matched geometry 
w ith  pulsed pum p sources operating in the near infra-red spectral 
region [28, 29]. In this geometry, the OPO can be operated with signal and 
idler frequencies significantly removed from frequency-degeneracy. For a 
pum p source operating at a frequency of Vp « 375 THz, corresponding to a 
free-space wavelength of Xp « 800 nm, non-critically phase-matched signal 
and idler frequencies are typically in the ratio » 2il; see chapter III. 
Complications arise when forming a doubly-resonant cw OPO in this 
arrangement. This is caused by the reduced transmission of KTP beyond 
wavelengths of 107 THz (2.8 pm). Therefore, it is difficult to form a high- 
resonant cavity for the idler frequency, and this precludes the use of a 
conventional doubly-resonant oscillator. With the power levels required for 
singly-resonant operation two orders of m agnitude higher than those 
currently available from Tiisapphire lasers, the use of non-critically phase- 
matched KTP remains problematic for cw OPO operation, unless the pum p
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field is enhanced w ithin the OPO resonator [20]. This problem  is not 
encountered in pulsed experiments, where the peak pum p powers available 
enable the relatively straight-forw ard construction of singly-resonant 
OPOs [28, 29]. In this case, resonance at the idler frequency can be discarded for 
signal frequency single-resonance. The emergence of variants of KTP, 
including KTA and CTA, may offer advantages for such a cw phase-matching 
geom etry , w ith  extended transm ission  out to w avelengths near 
X « 3.7 jxm [30,31], discussed in detail in chapter III.

While the above assessment appears to eliminate the use of KTP with 
the Tiisapphire laser as the pump source, it should be recalled that the low 
walk-off in critically phase-matched KTP has allowed for the construction of 
doubly-resonant cw OPOs, pum ped by sources in the green spectral region, 
and operating near frequency-degeneracy [7,8]. Therefore, KTP may yet prove 
to be a useful material for cw use with the Tiisapphire laser as the pum p 
source within a critically phase-matched OPO geometry. (This possibility is 
discussed further in the final section of this chapter.)

MROC  = 25 mm
out out

LBO crystal

out out

17 mm 20 mm 17 mm

Anti-reflecting Highly-reflecting
at and Vp 12 at Vp H

Figure VII. 3.
Schematic representation of the single-cavity, doubly-resonant OPO. 
The linear, standing-wave resonator formed a high finesse cavity for 
the signal and idler frequencies, centred at v ~ 187 THz. The cavity 
m irrors were anti-reflecting for T iisapphire pum p frequencies, 
allowing for near-single-pass pum p interaction. Mirrors M± and M 2 
were identical. ROC: radius of curvature.
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The other nonlinear material considered was LBO. In chapter III, the 
tem perature tuning properties of LBO in the 1 to 2 jim spectral region 
( V « 300 to 700 THz) were discussed in detail. In particular, when a widely 
tunable pum p source is utilized, LBO can be temperature-tuned under the 
conditions of type I non-critical phase-matching to provide radiation over the 
whole of the 1 to 2 pm spectral region [32]. Further, the crystal temperatures 
requ ired  are restricted  to near room -tem perature, assisting sim ple 
experim ental OPO designs. The significant drawback to this down- 
conversion process is the use of LBO in the type I phase-matching geometry, 
with the signal and idler frequencies polarized along the same resonator axis, 
and the resulting difficulty in forming a dual-cavity oscillator with separate 
signal and idler cavity length control.

Therefore, LBO was selected as the gain medium for the Tiisapphire 
pum ped cw OPO. To simplify the cavity design, with respect to optical 
coatings, operation at, and around, frequency-degeneracy was selected. The 
two-mirror, single-cavity, doubly-resonant OPO is illustrated in figure VII. 3. 
The LBO crystal was cut for propagation along the %-axis (0 = 90°, 0 = 0°), 
with dimensions of 3, 3, and 20 mm, along the y, z, and x principal optical 
axes, respectively. The pum p wave was polarized along the y-axis, and the 
generated signal and idler waves were polarized along the z-axis; e -> o+o.

The crystal had anti-reflection coatings applied to its faces for both the 
pum p frequency at Vp » 375 THz (0.8 |im), and near-degenerate OPO 
frequencies at Vg ~ Vf « 187 THz (1.6 jtm). The single-pass transmission loss of 
the crystal was specified to be Pp^s-p < ^ % at Vp « 375 THz, and 
P s , i , s - p  < 0-25 % at Vg ~ Vj » 187 THz. The crystal was placed at the intra
cavity focus of a linear, near-concentric resonator, formed by two mirrors of 
25 mm radius-of-curvature. These m irrors were located at a distance 
of « 17 mm from the crystal faces, and coated to be highly-reflecting 
(R > 99.7 %) at V « 187 THz, forming a high-finesse (F ~ 400), low-loss 
resonator for the signal and idler fields. In addition, these mirrors were 
nominally high-transmitting for the pum p frequencies, thus ensuring near
single-pass, non-resonant pump interaction. The pump beam was focused to 
a spot size {1/e electric-field radius) of Wp_opo ~ 40 jim, at the centre of the 
nonlinear material.

The confocal parameters of the OPO waves were set equal to the crystal 
length. The linear standing-w ave cavity provided spot sizes of
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Wg «= Wj « 56 |im for the OPO frequencies, maximising the spatial mode 
overlap between the pump and the OPO waves, lowering the threshold to a 
level compatible with the cw pump source. The LBO crystal was enclosed 
within a temperature-controlled oven to reach the desired non-critical phase- 
matching temperatures.

VIL 4. Pump frequency and cavity length requirements.

The requirements on the pump frequency and the cavity length are similar to 
those outlined in chapter IV for the type I phase-matching geometry in LBO 
near frequency-degeneracy. The computer model was used again to examine 
this phase-m atching geometry [33]. The input data are sum m arized in 
table VII. 2.

Table VIL 2 
Input data used for the computer model.

Phase-matching Type I

Pump frequency 375 THz

Signal frequency 184 THz

Idler frequency ''i 191 THz

Temperature Txtal 150°C

Crystal length I 20 mm

OPO finesses «400

Mirror separation L 54 mm

FSR mis-match AFSR 0.02 %

The requirements specific to this Tiisapphire /  LBO experiment are displayed 
in figure VII. 4, and differ from the analyses of chapter IV, in the values for 
the three frequencies, the OPO cavity length, and the sub-harmonic finesses.
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Adjacent signal / idler mode-pairs within same cluster.

g m =81061 = 81062 m̂  = 81063384-

I
I0 A.

1

383:

382-

381-
^^stab ~ -  0*025 nm 

^^p-stab =±0.48 MHz
^htop -  0.05 nm 

^"^p-hop = 0.95 MHz380:

0.050.00 0.10 0.15 0.20

Cavity length detuning (nm).
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0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Pump frequency detuning (MHz).

Figure VII. 4.
M odelling of the requirements on the pump frequency and the OPO 
cavity length to m aintain operation on a single signal and id ler 
frequency mode-pair.

Figure VII. 4 indicates that the pum p frequency should be held stable to 
w ith in  ^yp-stah ~ 0 48 MHz, and the OPO cavity length  to w ith in  
^stab  *0-025 nm to hold the OPO output on the same signal and idler 
frequency m ode-pair. Again, these specifications highlight the severe 
tolerances of a single-cavity, doubly-resonant OPO with type I phase-matching 
near frequency-degeneracy.

The frequency instability of the pump source used for the experiment 
implied that frequency or amplitude stable operation of the OPO outputs 
would not be possible. Indeed, the pum p frequency stability is nearly two 
orders of magnitude outwith the minimum requirements for stable OPO 
operation. Therefore, no effort was taken to investigate the fine frequency
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properties of the OPO. Instead, other factors were examined that allowed for 
wide frequency tuning through the use of coarse frequency tuning of the 
pump source, combined with coarse frequency tuning of the OPO outputs, by 
altering the precise phase-matching temperature of the LBO crystal.

To estimate the pum p power threshold required for the OPO, the 
expression for a linear, standing-wave cavity with a single-pass, non
resonant, pum p interaction, is recalled. For the case of near-equal signal and 
idler frequencies and finesses, the threshold can be written as follows:

p;)
th-m in 2 F sF il

ejf

[vn. 1]

The values used within this threshold expression are collected in table VIL 3

Table VIL 3 
Parameter values for threshold analysis.

Pump frequency 375 THz

Pump ref. index «P 1.60

Crystal length 1 20 mm

Nonlinear coefficient ^eff 1.24 pm/V

Degeneracy factor S 1

Signal/idler finesse 400

From table VII. 3, a pump power threshold of = 354 mW is predicted for 
the OPO, assuming confocal focusing and perfect spatial mode overlap 
between the three waves over the length of the gain medium. Table VII. 4 
displays the expected requirements on the pump source and the OPO cavity 
length to operate the OPO above threshold, and with stable operation on a 
single signal and idler frequency mode-pair.
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Table VIL 4
Requirements on pump frequency and cavity length. 

Signal and idler frequency double-resonance.

Pump frequency ^^p-stah = ±0.48 MHz

Cavity length ^^stab = ±25 pm

Pump piiwer thresh old.

Ti'.sapphire power Pp% 354 mW

VII, 5. Experimental arrangement.

This section describes the experimental arrangem ent of the Tiisapphire 
pum ped cw LBO OPO [22]. The pumping radiation was mode-matched into 
the OPO cavity by use of a single focusing lens of focal length/ =  88.5 mm. A 
Faraday isolator with > 30 dB attenuation was used to maintain free-running 
operation of the Tiisapphire laser. A half-waveplate ensured the correct 
orientation of the pum p radiation in the OPO gain medium. This layout is 
illustrated schematically in figure VII. 5.

The signal and idler frequencies were separated from the transmitted 
pump field through the use of filters and polarizers, and the combined OPO 
output was monitored on a photo-diode /  monochromator arrangement, for 
OPO power and wavelength measurements.

Although optical feedback was not expected to affect the free-running 
performance of the pum p laser, it can occur due to coupling into a counter- 
propagating mode of the ring cavity. Extremely small coupling between the 
forward and reverse modes can produce a significant feedback effect. 
However, it is important to realise again that a ring cavity OPO geometry 
would reduce feedback effects into the Tiisapphire laser cavity; see the OPO 
resonators described in references [34] and [35].
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Figure VII. 5.
Schematic representation of the Tiisapphire pum ped LBO OPO. A 
single focusing lens mode-matched the pum p radiation into the OPO 
cavity. A Faraday isolator was used to prevent back-reflections and 
back-conversion from entering the counter-propagating direction of 
the travelling-wave pum p laser.

VIL 6. Results and discussion.

The OPO operated  w ith  a m inim um  pum p pow er th resho ld  of 
~ naW, in reasonable agreement with the analysis of section VIL 4, 

considering the uncertainties in the quality of the optical coatings (OPO cavity 
finesses). W ith single-frequency pum p powers at the Watt-level available 
from the pum p source, the OPO was operated reliably at two to three times 
above threshold. (By reducing the requirements on the optical coatings, 
through for example monolithic [10] /  semi-monolithic [7] crystal fabrication, 
longer crystal samples [36], or by double-passing the pum p field through the 
OPO gain medium [7], lower thresholds should be possible without the need 
for undesirable pump-enhanced resonance effects [20].)
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When pum ping at two times above threshold, pum p depletions 
of « 40 % and peak output powers (signal + idler) of « 30 mW were
obtained consistently. (No attempt was made to separate externally the near 
degenerate signal and idler frequencies.)

As discussed previously, the fine frequency tuning properties of this 
particular type I phase-matching geometry were not studied. Instead, the 
effects of multiple param eter tuning were analysed by combining pum p 
frequency tuning and the OPO phase-matching temperatures. Two different 
modes of coarse frequency tuning can be investigated w ithin the present 
arrangement. First, by operating the Tiisapphire laser at a fixed frequency, the 
OPO could be tem perature-tuned under non-critical phase-m atching to 
provide signal and idler frequency mode-pairs around degeneracy. Second, by 
maintaining the LBO crystal at a constant temperature, the pum p frequency 
could be tuned to generate further signal and idler frequency mode-pairs.

I
Î
I
<s

I

2Xp (|j,m) -1.36 (|im) + 0.0015 T (°C).
1.75

0.81 fim 

i  Idler
à i

0.80 |Lim1.70 - 0.79 îm

= 0.78 |xm
1.65 -

1 .60- Signal

1.55 -

1.50 -

1.45
120 130 140 150 160 170 180 190

Temperature ( °C).

Figure VII. 6.
OPO temperature tuning under non-critical phase-matching for four 
specific pump wavelengths. The dashed line illustrates the near-linear 
relationship between temperature and degenerate OPO operation for 
these operating wavelengths.
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The procedure used was the first method outlined above. By varying the 
frequency of the pum p laser and heating the LBO crystal to the appropriate 
phase-matching temperatures, the OPO was tuned from v~ 201 to 175 THz 
(A « 1.49 to 1.71 pm). The tuning curves for four specific pump wavelengths 
are displayed in figure VII. 6 . Typically, tuning over Av « 20 THz was 
obtained for a temperature change of « 4 °C. This range was limited
only by the bandw idth of the optical coatings. (By selecting different 
crystal /  mirror coatings, further tuning ranges over the whole of the 1 - 2  pm 
spectral region could be accessed readily [32].)

VII. 7. Conclusions.

A widely tunable cw OPO in the 1 .5-1 .7  pm spectral region has been 
presented. Multiple parameter tuning has been used, allowing for the control 
of the sum and difference of the signal and idler frequencies. The sum 
frequency was set by the precise frequency of the Tiisapphire laser: the 
difference frequency was set by the phase-matching temperature of the LBO 
crystal.

Given the available frequency coverage of a Ti:sapphire laser, and the 
transparency of the LBO crystal (as far as 2.6 pm), tuning should be possible 
over wider spectral bandwidths. Therefore, the use of LBO in the type I non- 
critical phase-m atching geometry offers the possibility of wide, coarse 
frequency tuning from a cw laser pump source, tunable in the near infra-red 
spectral region. However, unless dual-cavity designs can be incorporated 
w ithin these OPOs, this down-conversion process will remain particularly 
ineffective.

In the absence of alternative nonlinear media, some applications of 
this down-conversion process are considered. First, assume a Ti:sapphire 
laser operating at Vp -  354 THz {Xp ^  848 nm), and acting as the pump source 
for a near frequency degenerate OPO. By locking the signal and idler 
frequencies at exact frequency degeneracy (self phase-locking technique [10]) or 
offset-locked with a stable, known frequency difference [7], the OPO outputs 
will operate at « 177 THz (Xĝ i ~ 1.7 pm). Exact frequency referencing can 
be provided by locking either, or both, the signal and idler frequencies, to the 
frequency doubled output of a methane-stabilized He:Ne laser operating at
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Vyef. “ 88 THz (3.39 |xm). This proposed experim ent is outlined in 
figure VII. 7, and discussed briefly in reference [37].

V (3.39 jLim) 2v

phase-
lock

2v + Ô 2v + d

j phase- 
lock2v - Ô

8v, 12v, 16v,etc.

SHG

Doublings 
mixing etc.

LBO OPO 
at =220°C

ThSapphire
laser

CH^- stabilized 
He : Ne laser

Figure VII. 7.
Proposed experiment utilizing a Ti:sapphire pumped LBO OPO, and a 
m ethane-stabilized He:Ne laser, to generate visible frequency 
harmonics of the stable infra-red frequency standard. 5: microwave 
frequency difference; SHG; second harmonic generation.

Through this method, it would be possible to generate visible frequency 
harmonics of the stable infra-red He:Ne laser, by frequency converting an 
output of the Ti:sapphire laser to generate higher frequencies.

A nother application w ould be to reference a pum p source at 
^ref. ~ 0.78 jim to an absorption line in rubidium, and to use this pum p 
source to pum p an OPO with signal and idler output frequencies near 
frequency-degeneracy, that could link diode laser sources in the visible and 
near infra-red spectral regions [38]. Alternatively, the pump frequency could 
be summed with the degenerate OPO output to yield a frequency around 
Vref, ~ 600 THz that could be referenced to an absorption line in iodine [39].
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If LBO was to be replaced with KTP or KTA, in some critically phase- 
m atched geometry, then further options would become available. For 
example, an idler frequency output from a cw OPO could be located directly at 
Vi « 88 THz and beat against a methane-stabilized He:Ne laser. The signal 
and idler frequency outputs could be locked in a 3:1 frequency ratio, locating 
the pum p frequency at the fourth frequency harmonic of the infra-red 
frequency standard. Again, further frequency harmonics could be generated 
through additional nonlinear frequency conversion processes. As discussed 
in chapter III, CTA offers the ideal properties to replace LBO within the 
context of the phase-matching geometry described in this chapter. Operation 
near frequency degeneracy should be possible in the type II phase-matching 
geometry, when using the Ti:sapphire laser as the pum p source. Lower 
thresholds and smooth frequency tuning could be expected from such a 
device.

Finally, consider a Tiisapphire laser operating at v«  297 THz (1.01 pm). 
By frequency doubling this radiation to v « 594 THz (505 nm), and using this 
radiation to pump an OPO with signal and idler frequencies in an exact 3:1 
frequency ratio, then the idler frequency would be v « 148 THz (« 2.02 pm), 
and could be referenced to a holm ium -based laser transition  (see 
section IV. 7). In this geometry, the signal frequency would be located at 
^ref. “ 445 THz, and could be used to drive the clock transition of the 

strontium  ion. Therefore, this method would provide a link between a 
visible ion trap and the near infra-red spectral region, with the possibility of 
using the power available from a holmium-based laser for further OPO stages 
(e. g. by using AgGaSe2 or AgGaS2) to generate lower frequencies that could 
then be referenced to a harmonic of a stable CO2 laser at a frequency of 
Vj.gjr̂  ~ 28 THz {X « 10.6 pm) [40].

In summary, the experiment described in this chapter illustrates the 
advantages of using tunable pum p radiation, compared to fixed frequency 
pum p sources. Each of the above-proposed schemes takes advantage of the 
freedom in selecting the sum of the signal and idler frequencies, and these 
experiments form the thrust of present research involving the use of OPOs 
within high precision optical frequency metrology. The development of new 
tunable pump sources and nonlinear materials will hasten the realization of 
these experiments.
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Chapter VIII.

Conclusions.

This chapter summarizes the work presented in the thesis, and draw s 
conclusions from the modelling and subsequent experiments undertaken. 
Other groups have also made considerable progress developing cw OPOs, and 
the relevance of this thesis in particular is discussed within the general 
context of current cw OPO research. Finally, the present limitations of cw 
OPOs as practical optical frequency dividers are discussed and compared to the 
implem entation of alternative nonlinear optical techniques, in particular 
difference frequency mixing.

First, consider the m ain conclusions that can be taken from the 
modelling of the operation of cw OPOs. The analysis of the pum p power 
thresholds showed that the double-resonance condition, as opposed to that of 
single-resonance, must be maintained to operate cw OPOs reliably above 
threshold with low input pump powers. This is because the pum p powers 
required for singly-resonant operation are too far above those presently 
available from commonly-used narrow-linewidth laser sources, and so it 
w ould seem that the prospect for cw singly-resonant oscillators is not 
particularly promising. Nevertheless, this must not be seen as a limiting 
factor in the ability to generate narrow-linewidth, frequency-stable, and 
frequency-tunable radiation from cw OPOs in general, because other forms of 
OPO resonators can combine this smooth frequency tuning of singly-resonant 
oscillators w ith the added advantage of low pump power thresholds. In 
addition to lowering the pum p power thresholds to the mW-level, the 
doubly-resonant condition narrows the linewidth of the signal and idler 
frequencies significantly. Ironically, it is this inaccessibility of high singly- 
resonant pum p power thresholds which has been an im portant factor in 
hastening progress in doubly-resonant cw OPOs with regard to frequency- 
stability and smooth frequency tuning.

The analysis of the mode-selection properties in doubly-resonant 
oscillators highlighted a number of critical factors with regard to the design of 
the optical resonators and the selection of phase-matching geometries. The 
signal and idler fields within doubly-resonant oscillators can be brought to
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resonance either within a common cavity arrangement (single-cavity) or in 
separate cavities in which the gain element is located within a common part 
of these cavities (dual-cavity).

Mode-selection properties w ithin the single-cavity resonator were 
studied to assess the requirements with regard to amplitude-stable single 
mode-pair operation. In this context, the phase-matching geometry selected is 
the deciding factor. Amplitude-stable operation is easier to obtain when 
employing either type II phase-matching geometries or type I phase-matching 
geometries in which the signal and idler frequencies are significantly 
removed from frequency-degeneracy. This is a consequence of the increased 
mis-match in the free spectral ranges of the signal and idler fields provided 
within these geometries. However, the limiting factor for single-cavity OPOs 
is their inability to provide smooth frequency tuning of the signal and idler 
outputs in the presence of a fixed frequency pump source.

Dual-cavity oscillators were studied to allow for smooth frequency 
tuning of the OPO outputs irrespective of the nature of the pum p source 
(fixed or tunable pump frequency). The independent control of the signal and 
idler cavity lengths (frequencies) allows for smooth frequency tuning when 
servo-control feedback is applied to one of the two cavity lengths. When this 
is accomplished, continuous frequency tuning is possible over the entire 
phase-matching bandwidth of the OPO. This frequency tuning range can be 
com pared to that available from the aforem entioned singly-resonant 
oscillators which operate on the cavity mode frequency nearest the centre of 
the parametric gain profile. Therefore, in contrast to dual-cavity oscillators, 
singly-resonant oscillators are prone to mode-hops when tuned through half 
a free spectral range of the OPO resonator.

In addition to providing relaxed stability requirements within a single
cavity geometry, type II phase-matching geometries were shown to be ideal to 
allow for the transition from single- to dual-cavity resonators. Quite simply, 
this is because, within type II phase-matching geometries, the signal and idler 
fields are polarized along orthogonal axes of the optical resonator, and 
polarization separation can be implemented efficiently to decouple spatially 
the signal and idler paths to allow for discrete cavity length control. 
Therefore, type II phase-matching is preferable to type I phase-matching in 
both single- and dual-cavity resonators.
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Pump sources were identified that would be suitable for pum ping cw 
OPOs w ithin frequency division schemes where in general, the three 
frequencies (pump, signal and idler) must be referenced to known frequency 
sources. Therefore, the ability to tune systematically the precise frequency of 
the pum p source (signal and idler sum frequency) close to a referenced 
frequency source (e.g. an ion trap in the visible spectral region) can be a critical 
factor. In this context, tunable lasers offer significant advantages over fixed 
frequency sources as the pum p sources for cw OPOs, either through their 
fundam ental operating frequencies or their frequency harmonics. W hen 
considering w idely-tunable, high-pow er, and narrow -linew idth pum p 
sources that are commonly available w ithin research laboratories and 
industrial centres, the Tirsapphire laser is the most appropriate source.
However, the current development of new widely-tunable and inherently 
narrow-linewidth laser sources offer particular advantages with regard to 
direct diode-pum ping and portability, and may eventually become the 
preferred pump sources for cw OPOs.

Compared to the increasing availability of useful pum p sources for cw 
OPOs, the topic of nonlinear material selection is not so encouraging. Non- 
critical phase-matching geometries were considered when using currently- 
available materials to provide integral-related ratios of pum p, signal, and 
idler frequencies. In general, the high order integral-related outputs required 
for optical frequency dividers are possible only when using nonlinear 
materials whose birefringence is particularly sensitive to small variations in 
crystal temperature. While tem perature tuning can be used to generate 
widely tunable OPO frequencies from a fixed frequency pum p and while 
m aintaining non-critical phase-matching, it can present severe problems 
w hen aiming to generate highly-stable OPO frequencies. W ithin any 
particular phase-matching geometry, it is important to evaluate the effects of 
mK tem perature perturbations. Conversely, materials whose birefringence 
has a low temperature dependence, can take advantage of this feature by 
exploiting tem perature control as a tuning parameter to generate smooth 
frequency tuning. Another desirable attribute of nonlinear materials is 
electro-optic tuning which can also assist fine frequency control. At present, 
the type II phase-matching geometries of KTP, CTA, and KTA are unique in 
combining low temperature sensitivity, type II phase-matching, and electro
optic tuning. However, these materials offer limited choice in the selection of 
signal and idler frequency ratios, and any application will probably be unique I
to a particular material and pum p frequency combination. However, the
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addition of certain dopants during crystal growth may be all that is required to 
alter the phase-matching characteristics to produce the desired signal and 
idler frequencies.

A more worrying situation at the moment is the absence of high 
quality nonlinear optical materials in the mid to far infra-red spectral regions. 
The nonlinear materials that were initially assessed in the thesis have 
transparency ranges confined to the near infra-red spectral region; generally at 
wavelengths shorter than A » 3 - 4 jim. This provides a serious limitation 
w ithin the context of optical frequency dividers because referencable 
frequency standards (perhaps the CH4 - stabilized He:Ne laser at A = 3.39 (xm, 
but more desirably, the OSO4 - stabilized CO2 laser at X -  10.6 jxm) operate in 
spectral regions currently outwith the range of these commercially available, 
high quality nonlinear materials. This eliminates, at present, the use of OPOs 
to link these referenceable frequencies with visible optical frequency 
standards. Therefore, the design of frequency synthesis chains may have to 
rely more heavily on relatively inefficient single-pass up-conversion stages 
(from X -  10.6 jim) to link the far infra-red to the visible spectral region.

As discussed above, in the short-term, the difficulties associated with 
forming mid infra-red cw OPOs dictate that other forms of frequency 
conversion from the visible to the mid infra-red spectral region will probably 
dominate. In particular, difference frequency mixing techniques may allow 
for this transition. There are several advantages when using difference 
frequency mixing arrangements compared to optical parametric oscillators. 
By using two highly intense input fields (pump and signal frequencies) 
adequate output power levels (at the idler frequency) can be generated, 
w ithout the need for any cavity resonance conditions. Therefore, the 
amplitude and frequency characteristics of the output are stable, similar to 
single-pass second harmonic generation configurations. Having eliminated 
the requirement for an optical cavity in difference frequency mixing, some 
critical OPO conditions are immediately relaxed. These include the following: 
low absorption within the gain medium that is essential for high finesse 
fields within an optical cavity; tightly focused spot sizes required for high 
parametric gain and which can cause crystal damage; complicated mirror and 
crystal coatings. When these factors are addressed, difference frequency 
mixing becomes an effective method of generating lower frequencies from 
the visible spectral region to the mid /  far infra-red, even when using
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currently  available nonlinear m aterials which have been considered 
inappropriate for OPO use.

The experimental OPO configurations analysed within the thesis were 
chosen to complement the prior modelling of these devices. In particular, 
each experiment was designed to yield information on individual aspects of 
the modelling requirements of OPO-based systems. Such aspects include the 
following: the use of pum p sources that operate in the ultra-violet, visible 
and near infra-red spectral regions; the benefits of widely tunable sources of 
pum p radiation; the use of non-critical phase-matching geometries in LBO for 
each of the above pum p sources; operation of cw OPOs near frequency- 
degeneracy and also with signal and idler frequencies in a near integral- 
related ratio; the comparison of type I and type II phase-matching geometries; 
the investigation of methods for maintaining single signal and idler mode- 
pairs on resonance within a single-cavity OPO with a fixed frequency pum p 
source; the development of a dual-cavity resonator to allow for smooth 
frequency tuning with a fixed frequency pump source. Each of these aims was 
fulfilled within the course of these studies.

W ithin each experiment, the choice of pum p laser was dictated 
ultimately by the availability of laser sources within the laboratory. The 
argon-ion laser used was not intended to represent a viable source for 
pum ping cw OPOs, but was selected as a convenient source of high-power 
single-frequency radiation when operating in either the visible or ultra-violet 
spectral region. To this extent, it fulfilled its purpose by providing sufficient 
single-frequency power levels to enable operating the cw OPOs at = three 
tim es above threshold , and therefore to gain inform ation on the 
characteristics of the OPO devices. Further, when operating with multi-line 
radiation, the argon-ion laser proved to be essential as the pum p source for 
the single-frequency Ti:sapphire laser, used as the other OPO pum p source. 
The argon-ion laser simulated the power levels that could be provided from 
all-solid-state sources of tunable radiation, when frequency up-converted to 
the visible or ultra-violet spectral regions. However, the frequency stability of 
the commercial product used (Av^ «±M H z) was not at the level commonly 
achieved when using all-solid-state sources (typically Av  ̂«±kH z), and this 
proved to be the limiting factor on the performance of the OPO pum p 
sources.
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The Ti:sapphire laser (limited again in stability at the level of 
AVp «±M H z) provided a convenient source of widely tunable radiation, and 
allowed for the sum frequency of the signal and idler frequencies to be chosen 
from a wide frequency bandwidth. The range of available sum frequencies 
was limited by the bandw idth of the optical coatings on the components 
within the Ti:sapphire laser.

Both type I and type II non-critical phase-matching geometries were 
realized w ith the nonlinear m aterial LBO. The type I phase-m atching 
geometries were operated at elevated temperatures (dependent on the exact 
input pump frequency), and near to frequency degeneracy. The type II phase- 
matching geometry was operated at room-temperature and with signal and 
idler frequencies in a near 3:1 frequency ratio. Given the range of pum p 
frequencies selected for the type I phase-matching geometry (argon-ion laser 
and Ti:sapphire laser in the visible and near infra-red spectral regions, 
respectively), the crystal temperatures required for type I non-critical phase- 
matching were considerably higher than room-temperature. Therefore, OPO 
operation near frequency-degeneracy was selected to reduce the requirements 
on the optical coatings and in particular the nonlinear m aterial, when 
operating at these high temperatures. In these conditions, the strongly 
anisotropic thermal expansion of LBO requires a high degree of care in 
selecting the match of the nonlinear crystal and the coating material. (Two 
further proposed cw OPO experiments involving the use of LBO at elevated 
temperatures, not discussed in the thesis, were unsuccessful due to coating 
failure at temperatures above « 100 °C. However, unlike the above 
dual-anti-reflecting coatings, the coatings applied to these crystals were 
complicated triple-anti-reflecting coatings, and in one case, the LBO crystal 
was curved to a radius-of-curvature of ROC = 20 mm.) The type II phase- 
matching geometry, operating at room-temperature, allowed for a more 
complicated coating specification, and could be tuned over the entire 
bandw idth of the coatings, which involved raising the crystal temperature to 
only T^tai = 86 °C.

The mode-selection properties from both the type I and type II phase- 
matched geometries were assessed by ramping the OPO cavity lengths over 
nanometer ranges, and observing the intensity variations of the OPO outputs 
and the depleted pum p field. Within the type I geometry near frequency- 
degeneracy, the free spectral ranges of the signal and idler fields were almost 
identical, and this prevented OPO operation on a single signal /  idler
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frequency m ode-pair. When the type II phase-matching geometry was 
employed, the mis-match in the free spectral ranges was substantially 
increased, and signal /  idler frequency mode-pairs corresponded to discrete 
positions of the cavity length, in agreement with theory. This allowed for 
amplitude-stable operation of the OPO, given adequate pum p frequency 
stability, a high degree of passive stability within the OPO cavity, and with 
servo-control feedback determining the length of the single-cavity OPO to 
maintain the double resonance condition.

By exploiting the orthogonal polarizations of the type II phase-matched 
geometry and the mis-match in the signal and idler frequencies, a dichroic- 
coated polarizing beam-splitter was incorporated within the resonator, and 
separate cavity mirrors were used to resonate the signal and idler fields 
within independently controlled optical cavity lengths. The dual-cavity 
oscillator allowed for smooth frequency tuning of the signal and idler 
frequencies, by manually adjusting the voltage to a piezo-electric transducer 
controlling the optical length of the idler cavity, and relying upon servo- 
control feedback to the signal cavity length, to maintain the double-resonance 
condition. Again, the passive stability of the OPO cavity was critical to the 
reliable operation of the device, with the servo-control feedback effective only 
when the OPO maintained free running operation on single-frequency mode- 
pairs over time periods of the order At = 10s seconds. The range of smooth 
frequency tuning was limited by a weak pump resonance within one of the 
resonant OPO cavities (in this case, the idler cavity), which caused the intra
cavity field to drop below threshold when the idler cavity length was tuned 
off pum p resonance.

Pump resonance effects were discussed frequently throughout the 
thesis. In general, they add only to the complexity of the devices. Since the 
pum p power thresholds for doubly-resonant oscillators are well within the 
range of most cw single-frequency lasers, this eliminates the requirement of 
enhancing the pum p field within the OPO cavity to reduce further the 
threshold. In addition, for almost all high-resolution experiments within 
quantum  optics, cw power levels at the jxW-level are adequate. This is 
particularly true at a time when the quantum efficiencies and bandwidths of 
detectors are extremely high. Therefore, whenever possible, pump resonance 
effects should be eliminated within cw OPOs. However, there are two cases 
for which a high pump resonance can be utilized: First; within squeezed states 
of light experiments, where the objective is to detect equal numbers of signal
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and idler photons generated within the OPO cavity. These experiments 
demand that the useful output coupling of both fields is significantly higher 
than the intra-cavity parasitic losses. Therefore, when the output coupling is 
specified at, for example, = 5 % for both the signal and idler fields, then the 
threshold increases substantially above most cw laser sources. Now, pum p 
enhancement techniques can be utilized to return the OPO threshold to the 
mW-level. Second; within cascaded (serial) OPO stages where high external 
conversion efficiencies are required. In this case, the higher OPO output 
powers can be obtained by sacrificing one OPO resonance constraint for that of 
the pum p frequency within the OPO cavity, thus forming a pump-enhanced 
singly-resonant oscillator. However, the practical design of such systems 
places extremely high specifications on the coatings at the pum p frequency, in 
order to attain high enhancement factors. In general, practical pum p- 
enhanced systems will operate with pump power thresholds that are an order 
of magnitude higher than straight-forward doubly-resonant oscillators. This 
is because the signal and idler fields (as generated within the OPO cavity) can 
always be chosen to be significantly greater than those possible for an 
enhanced intra-cavity pump field which is critically dependent on the balance 
(impedance) of the intra-cavity loss to the input coupling parameter.

During the course of these studies, several important experiments were 
reported by other groups in the field of cw OPOs. These are now considered, 
and related to the progress made within the thesis.

The first cw singly-resonant oscillator has been reported in reference [1]. 
The material used for this was KTP in the type II non-critical phase-matching 
geometry. The pump power threshold, with a single-pass pum p field, was 
Pp-th -  4.3 W, and this was provided by the second harmonic frequency of a 
lamp-pumped Nd:YAG laser. As expected, the OPO operated free-running on 
a single-frequency mode-pair, and could be tuned smoothly in frequency over 
a range defined by the resonant cavity free spectral range ( Av « 0.55 GHz). 
However, at present, such a system cannot be extended to other nonlinear 
materials or other pump sources. This is a consequence of the threshold level 
reported in this experiment. To obtain multi-watt pump power levels in the 
green spectral region for the above experiment, two lamp-pumped Nd:YAG 
laser heads were incorporated into one laser system that provided Pp « 24 W 
cw single-frequency power at the fundamental wavelength of A = 1.064 |xm. 
The lack of pum p sources producing cw single-frequency output powers at 
this level represents the first limitation of cw singly-resonant oscillators. To
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operate an equivalent cw OPO pum ped at A = 1.064 jxm would require a cw 
single-frequency pum p power source that produced Pp « 35 W. The high 
power levels also represent a problem with regard to focused power densities 
and m aterial damage; the nonlinear m aterials w ith higher effective 
non linear coefficients have low dam age intensities (MgOiLiNbOg 
and KNbOa); the material with the highest cw damage threshold, LBO, has a 
significantly lower effective nonlinear coefficient, and would require power 
levels an order of magnitude greater than the KTP based device, described 
above. Therefore, currently-available pum p sources and nonlinear materials 
dictate that truly singly-resonant cw OPOs will be few in number.

More significant advances have been made by other groups when 
using type II phase-matched geometries with low threshold, doubly-resonant 
oscillators. Specifically, type II phase-matched geometries are now widely 
recognized as critical to the development of cw OPOs [2-5]. A highly stable 
KTP OPO, described in reference [6], has been used to generate a cw 3 THz span 
wideband optical frequency comb, by using the idler frequency output of the 
OPO as the input for a LiNbOg phase-velocity-matched m odulator. The 
frequency comb was utilized to lock the signal-idler difference frequency 
at Av= 665 GHz. In such a scheme, the output of the doubly-resonant 
oscillator can be phase-locked to a microwave source beyond the bandwidth of 
detector systems. Such an experim ent allows the OPO to be tuned 
systematically over a range of several-THz with the precision of a microwave 
synthesizer, and will be critical w ithin an OPO-based optical frequency 
counting system, as outlined in reference [7].

Following the success of the dual-cavity oscillator described in this 
thesis, subsequent demonstrations of other dual-cavity OPOs in type II phase- 
matched geometries have confirmed the suitability of this technique for 
providing improved frequency control in doubly-resonant OPOs [4, 5]. The 
dual-cavity resonator will play a fundamental role in any future application 
of cw OPOs. However, to date, all dual-cavity OPOs have relied upon 
polarization splitting of the intra-cavity fields allowed within type II phase- 
matched geometries. The realization of a dual-cavity oscillator within a type I 
phase-matching arrangement will enable new nonlinear materials, that can 
only provide type I non-critical phase-matching, to be used to generate high- 
precision, frequency tunable OPO radiation. Such intra-cavity separation is 
likely to be provided from low loss beam-splitters or prisms.
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A further development has been the application of a single-frequency 
diode-laser as the direct pum p source for a cw OPO [5]. The nonlinear 
material used was, once again, type II phase-matched KTP and the OPO 
outputs were tunable in the near infra-red spectral region. The emergence of 
widely-tunable and narrow-linewidth diode lasers throughout the visible 
spectral region will prove essential for the incorporation of cw OPOs within 
diode-laser based frequency chains, spanning the optical spectrum.

In contrast to most texts on OPOs in which the widely-tunable aspect of 
their performance is promoted as their most desirable attribute, this thesis has 
chosen to address particular issues for which tunable radiation is but one of 
several priorities. When considering specifically the role of cw OPOs with 
regard to generating widely-tunable cw radiation, it is important to evaluate 
the availability of other more convenient sources and current research trends, 
both of which point towards the use of single-frequency diode lasers as the 
preferred sources of tunable cw radiation.

Another topic discussed exclusively in this text has been the use of 
birefringence to offset material dispersion, thereby providing equal phase- 
velocities for the three waves. However, recently, the technique of using 
guided wave and periodic structures has attracted considerable interest. In 
this case, phase-matching is achieved by introducing a periodicity in the 
structure that modifies the propagation constants or the sign of the nonlinear 
coefficients: quasi-phase-matching. This allows for new phase-matching 
geometries w ith large nonlinearities, and can overcome some of the 
limitations inherent to biréfringent phase-matching. This method could be 
im portant for m anipulating currently available nonlinear materials (in 
particular LiNbOg) for use with cw lasers out to ~ 4 jxm. However, in the 
short term, quasi-phase-matching may prove more advantageous for single
pass difference frequency mixing [8].

CW OPOs are now under development at half a dozen research 
laboratories around the world, and this number will probably increase within 
the next few years. New nonlinear materials are urgently required before cw 
OPOs can provide integer related pump, signal, and idler frequencies, that 
will make them suitable to be incorporated directly as practical optical 
frequency dividers. When this happens, cw OPOs will form indispensable 
components within optical frequency metrology schemes.
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Glossary of Symbols.

The following list of symbols does not include all the varieties formed by 
adding suffices, nor does it include all the cases where a symbol is used as a 
measure of physical dimensions. The subscripts p, s, and i refer to the pump, 
signal, and idler frequencies respectively. The subscripts stab and hop refer to 
the requirem ents, on the relevant param eters, to m aintain  single 
signal /  idler mode-pair operation.

b confocal parameter, dispersive constant.
c velocity of light.
d diameter, distance, nonlinear coefficient.
dgff effective nonlinear coefficient.
/  focal length.

characteristic focal length. 
h Planck's constant.
h^ reduction factor.
k wave-vector magnitude.
I crystal length.
m longitudinal mode number.
n refractive index.
n average of signal /  idler refractive indices,

average thermal photon number. 
r field amplitude reflection, radial distance.
t field amplitude transmission.
A field amplitude.
B double refraction parameter.
E field enhancement factor, electro-magnetic field.
F finesse.
I current, photon flow, intensity.
^dam damage threshold intensity.
L cavity length.
M cavity mirror, spatial coupling factor.
Mçi number of modes between clusters.
N  photon number.
N(̂ i number of modes within a cluster.
P polarization, power.



R power coefficient of reflection, radius of curvature,
quantum noise reduction factor.

T power coefficient of transmission, temperature.
W Gaussian beam radius.
AI signal /  idler intensity difference.
AL cavity length detuning.
AT temperature detuning.
AR anti-reflecting.
BS beam-splitter.
FSR free spectral range.
FSRj^i interferometer free spectral range.
HR highly-reflecting.
ROC radius of curvature.
ARSR mis-match in signal and idler free spectral ranges.
|«P normalized photon flow.
P power loss, intra-cavity parasitic power loss.
X coupling coefficient.
Xs electrical susceptibility.
Ô difference frequency, phase-shift, degeneracy factor,
€g permittivity of free space.
0 angle to crystallographic axis.
(p linear phase-shift.
7 field loss /  transmission coefficient, field decay rate.

external conversion efficiency.
K coupling coefficient.
X light wavelength.
fÀ absorption /  loss coefficient.
fig permeability of free space.
V frequency.
v̂ gj: reference frequency.
d angle to crystallographic axis, phase-shift, full angle divergence.
p absorption coefficient, resistivity, Poynting vector walk-off.
cr pum ping level.
A relative round-trip detuning.
Av frequency detuning /  mis-match.
AVg_  ̂ gain bandwidth.
5(p phase-detuning.
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Appendix L

An approximate value to the walk-off allowed in 
continuous-wave optical parametric oscillators.

The analysis of this thesis has dealt specifically w ith non-critical phase- 
matching geometries in which the effects of Poynting vector walk-off are 
absent.

In general, for critically phase-matched geometries, and when focusing 
to small spot sizes that satisfy confocal focusing, the pump power threshold is 
increased substantially. However, it is important to determine exactly at what 
point walk-off causes the pum p power threshold to increase to a value 
outwith the reach of cw laser sources.

The pum p power threshold is assumed to be directly proportional to 
the reduction factor, as defined in reference [1]; i.e.

■ [A-l]

For cw laser sources, the point at which the threshold is increased by one 
order of m agnitude is taken as the critical limit for cw doubly-resonant 
oscillation. Therefore, this represents a reduction factor of

. [A. 2]

To simulate the focusing conditions considered w ithin this thesis, equal 
confocal param eters are m aintained in this analysis. However, at the 
reduction level as given by equation [A. 2], confocal focusing still corresponds 
to near-optimum focusing conditions. Therefore

<?=“  = ! /  [A. 3]



where all the terms have their usual meanings. Now consider figure A. 1 
which displays the gain reduction factor plotted against for
different values of the double-refraction parameter, B, which is defined as [1]

TCLUr
[A. 4]

where p is the radian angle of Poynting vector walk-off (angle between the 
energy propagation direction and the wave-vector direction). It takes on the 
value of zero for non-critical phase-matching, and has a finite value in 
critically phase-matched geometries. The other terms have their usual 
meanings.

B = 0
- . 8 0.5

r 2

jO

Figure A. 1.
Gain reduction factor (y-axis) against the focusing parameter (x-axis), 
for different values of the double-refraction parameter, in doubly- 
resonant optical parametric oscillators (from reference [1]).



From figure A. 1, and assum ing confocal focusing (vertical line), gain 
reductions by a factor of ten (horizontal line) occur for a double-refraction 
parameter of approximately

B «3  . [A.5]

Combining equations [A. 4] and [A. 5] yields the radian walk-off angle that 
causes an increase in threshold by one order of magnitude as

For example, consider a pum p wavelength at Xp ~ 0.5 pm, a crystal length of 
L ~ 20 mm, and a pum p refractive index in the nonlinear m edium  of 
Up ~ 1.6. This provides a cw walk-off limit of p«  0.0134rads « 0.77°.

Reference.

1. G. D. Boyd & D. A. Kleininan,
"Parametric interaction of focused Gaussian light beams," 
J. Appl. Phys. 39, 3597 (1968).



Appendix IL

Listing of mode-selection computer program.



OPEN "Cavity length = 30mm" FOR OUTPUT AS #1
cav0#=.030
GOSUB prog
CLOSE #1

END

outputinfo:
WINDOWS
PRINT:PRINT:PRINT
PRINT "Calculation of parametric gain in a single-cavity doubly-resonant OPO"
PRINT
PRINT "Copyright: M. J. Padgett, F. G. Colville, & M. H. Dunn, Dept, of Physics & Astronomy, 
University of St. Andrews, Fife, Scotland, April 1994, Version 4.6"
PRINT
PRINT "Nonlinear material: LBO"
PRINT "Type II, non-critical phase-matching, optimized for 825 THz pump input"
PRINT
PRINT "Form of data input as follows"
PRINT "Frequncies: Hz"
PRINT "Temperature: °C"
PRINT "Crystal and cavity lengths: m"
PRINT "Press <retum> to get default values"
RETURN

fileheader:
PRINT #1,CHR$(9);
PRINT #1,T#;
PRINT #1,CHR$(9);
PRINT #1,CHR$(9);
PRINT #l,cavO#;
PRINT #1,CHR$(9);
PRINT #1,CHR$(9);
PRINT #l,Lp#;
PRINT #1,CHR$(9);
PRINT #1,CHR$(9);
PRINT #l,Lsnpm#;
PRINT #1,CHR$(9)
RETURN

prog:
REM Program to calculate parametric gain for smgle-cavity doubly-resonant OPO signal and 
idler mode-pairs
REM M. J. Padgett, F. G. Colville, & M. H. Dunn; April 1992 
DIM STATIC pthresh#(12,15)
GOSUB constants 
GOSUB setwindows
Wp#=824620000000000#:cry#=.02:finesse&=500 
Winc#=10000000000#:moderange&=1000:T#=20 
cavinc#=5E-ll: cavrange#=5E-08 
cav#=cavO#-cavrange#
GOSUB outputvariables 
GOSUB findphasematch 
GOSUB outputphasematch 
GOSUB fileheader 
WHILE cav#<cavO#+cavrange#
Lp#=300000000000000#/Wp#
GOSUB outputvariables



REM GOSUB findphasematch 
GOSUB outputphasematch 
GOSUB findcentremode 
GOSUB startmodeno 
GOSUB findpmin 
REM GOSUB outputcentremode 
GOSUB initp thresh 
GOSUB searchmodes 
GOSUB rankmodes 
REM GOSUB outputmodelosses 
GOSUB writefiie 
cav#=cav#+cavinc#
WEND
RETURN

writefiie:
Length=(cav#-cav0#)*lE+09 
PRINT #l,USING"###.#####";Length;
PRINT #1,CHR$(9);
F 0 R n = lT 0 5  
PRINT #l,;pthresh#(l,n);
PRINT #1,CHR$(9);
PRINT #l,USING"#.########";pthresh#(12,n);
PRINT #1,CHR$(9);
NEXT
PRINT #1,CHR$(9)
RETURN

setwindows:
WINDOW l/'Input parameters",(5,50)-(490,325),7
WINDOW 2/'Phase-matching condition",(5,70)-(490,325),7
WINDOW 3/'Signal mode at centre of phase-match",(5,90)-(490,325),7
WINDOW 4/15  lowest loss modes",(5,50)-(490,325),7
WINDOW 5,"Set up info",(5,50)-(490,325),7
WINDOW 6/'Mode details",(5,50)-(490,340),7
RETURN

searchmodes:
WINDOW 4
PRINT''Searching for mode clusters"
nsguess#=nspm#
jumpmode&=0
ms&=msstart&
WHILE ms&<msfinish& 
msi&=ms&+jumpmode& 
n#=nsguess#:m&=ms&
GOSUB Wsmodecalc
Ws#=W#:Ls#=L#:ns#=n#
nsguess#=ns#
Wiguess#=Wp#-Ws#
Liguess#=300000000000000#/Wiguess#
L#=Liguess#
GOSUB nxcalc 
niguess#=n#
n#=niguess#:L#=Liguess#
GOSUB mcalc 
mi&=m&
n#=niguess#:m&=mi&



GOSUB Wimodecalc 
Wi#=W#:Li#=L#:ni#=n# 
niguess=ni# 
dW#=Wp#-Wi#-Ws#
REM PRINT ms&,dW# 
jumpmode&=INT(ABS(dW#/4E+08)+l)
IF ABS(dW#) >100000000# THEN GOTO loopend
Ws#=Ws#+dW#/2
Wi#=Wi#+dW#/2
Ls#=300000000000000#/Ws#
Li#=300000000000000#/Wi#
L#=Ls#
GOSUB nycalc 
ns#=n#
L#=Li#
GOSUB nxcalc 
ni#=n#
GOSUB dkcalc 
GOSUB dklosscalc 
GOSUB flosscalc
pthresh#= (3.1415/finesse&)'^2*floss#/dkloss#
REM GOSUB outputmodedetails 
GOSUB assessmode 
loopend:
WEND
RETURN

dklosscalc:
IF dk#=0 THEN dkloss#=l ELSE dkloss#=(SIN(dk#*cry#/2)/(dk#*cry#/2))^2 
RETURN

flosscalc:
FSR#=c#/ (2*(cry#*((ni#+ns#) /  2)+ca v#-cry#))
floss#=l+(finesse&’̂ dW#/FSR#)^2
RETURN

assessmode:
REM PRINT'assessmode"
IF pthresh# < pthresh#(12,15) THEN GOSUB replacemode 
RETURN

replacemode:
REM PRINT'replace mode"
GOSUB arrayloadl5 
F 0 R n = lT 0 1 4
IF pthresh#(12,15) < pthresh#(12,n) THEN GOSUB swapmodelS
NEXTn
RETURN

swapmodel5:
F 0 R m = lT 0 1 2  
temp#=pthresh#(m,15) 
pthresh#(m,15)=pthresh#(m,n) 
pthresh#(m,n)= temp#
NEXTm
RETURN



reordermodes:
F 0 R m = lT 0 1 2  
temp#=pthresh#(m,n+l) 
pthresh#(m,n+l)=pthresh#(m,n) 
pthresh#(m,n)= temp#
NEXTm
RETURN

rankmodes:
PRINT "rankmodes"
FOR P=1 TO 14 
F 0 R n = lT 0 1 4
IF pthresh#(12,n+l) < pthresh#(12,n) THEN GOSUB reordermodes
NEXTn
NEXTP
RETURN

arrayloadlS:
pthresh#(l,15)=ms&
pthresh#(2,15)=Ws#
pthresh#(3,15)=Ls#
pthresh#(4,15)=mi&
pthresh#(5,15)=Wi#
pthresh#(6,15)=Li#
pthresh#(7,15)=dW#
pthresh#(8,15)=ms&+mi&
pthresh#(9,15)=dk#
pthresh#(10,15)=dkloss#
pthresh#(ll,15)=floss#
pthresh#(12,15)=pthresh#
RETURN

outputmodedetails:
PRINT "mode cluster"
PRINT "ms= "ms&
PRINT "Ws= "Ws#
PRINT "mi= "mi&
PRINT "Wi= "Wi#
PRINT "mi+ms= "mi&+ms&
PRINT "3W= "dW#
PRINT "3k= "dk#
PRINT "9kloss= "dkloss#
PRINT "floss= "floss#
PRINT "pthresh= "pthresh#
RETURN

initpthresh:
F 0 R n = lT 0 1 5
pthresh#(12,n)=l
NEXTn
RETURN

outputmodelosses:
WINDOW 4 
PRESJT:PRINT:PRINT 
PRINT" ";
PRINT"ms";;PRINT" ";:PRINT"Ws";
PRINT"



PRINT"mi";:PRINT" ";:PRINT'Wi";
PRINT"
PRINT"pthresh"
F 0 R n = lT 0 1 5
PRINT USING "######";pthresh#(l,n);:PRINT" ";
PRINT USING "##.##########^'\^^";pthresh#(2,n);:PRINT" "; 
PRINT USING "######";pthresh#(4,n);:PRINT"
PRINT USING "##.##########^'\^^";pthresh#(5,n);:PRINT" "; 
PRINT USING"##.########";pthresh#(12,n)
NEXTn
RETURN

constants;
c#=3E+08
RETURN

collectvariables:
WINDOW 1
INPUT"Pump centre frequency? ",D#
IF D#>0 THEN P#=D#
INPUT"Pump detuning? ",D#
IF D #oO  THEN dp#=D#
INPUT’Temperature? ",D#
IF D#>0 THEN T#=D#
INPUT'Cavity length? ",D#
IF D#>0 THEN cav#=D#
INPUT'Grystal length? ",D#
IF D#>0 THEN cry#=D#
INPUr'Finesse? ",D&
IF D&>0 THEN finesse&=D&
INPUT"Moderange? ",D&
IF D&>0 THEN moderange&=D&
RETURN

outputvariables:
WINDOW 1
REM PRINT:PRINT:PRINT
REM PRINT "Pump frequency = "Wp#
REM PRINT "Pump wavelength = "Lp#
REM PRINT
PRINT "Temperature = "T#
PRINT
PRINT "Cavity length = "cav#
PRINT "Crystal length = "cry#
REM PRINT
REM PRINT "Cavity finesse = "finesse&
REM PRINT
REM PRINT "Mode range = "moderange&
RETURN

findphasematch:
WINDOW 2
Lp#=300000000000000#/Wp#
Wsl#=1.145*Wp#/2
W il#=Wp#-Wsl#
Lsl#=300000000000000#/Wsl#
Lil#=300000000000000#/Wil#
L#=Lsl#



GOSUB nycalc 
nsl#=n#
L#=Lil#
GOSUB nxcalc 
nil#=n#
L#=Lp#
GOSUB nxcalc 
np#=n#
Ws#=Wsl#:ns#=nsl#:Wi#=Wil#:ni#=nil#
GOSUB dkcalc 
dkl#=dk#
Ws2#=Wsl#-Winc#
Wi2#=Wp#-Ws2#
Ls2#=300000000000000#/Ws2#
Li2#=300000000000000#/W12#
L#=Ls2#
GOSUB nycalc 
ns2#=n#
L#=Li2#
GOSUB nxcalc 
ni2#=n#
Ws#=Ws2#:ns#=ns2#:Wi#=Wi2#:ni#=ni2#
GOSUB dkcalc 
dk2#=dk#
WHILE dkl#Mk2#>0 
dkl#=dk2#
Ws2#=Ws2#-Winc#
Wi2#=Wp#-Ws2#
Ls2#=300000000000000#/Ws2#
Li2#=300000000000000#/Wi2#
L#=Ls2#
GOSUB nycalc 
ns2#=n#
L#=Li2#
GOSUB nxcalc 
ni2#=n#
Ws#=Ws2#:ns#=ns2#;Wi#=Wi2#:ni#=ni2#
GOSUB dkcalc 
PRINT dk# 
dk2#=dk#
WEND
Wsnpm#=Ws2#:Winpm#=Wi2#:nsnpm#=ns2#;ninpm#=ni2#:dknpin#=dk2#
Lsnpm#=Ls2#:Linpm#=Li2#
RETURN

outputphasematch:
WINDOW 2
REM PRINT:PRINT:PRINT 
REM PRINT "Pump frequency = "Wp#
PRINT "Pump wavelength = "Lp#
PRINT "Pump refractive index = "np#
PRINT "Temperature = "T#
PRINT
REM PRINT "Nominal phase-matched signal frequency = "Wsnpm#
PRINT "Nominal phase-matched signal wavelength = "Lsnpm#
PRINT "Signal refracative index = "nsnpm# I
REM PRINT 1
REM PRINT "Nominal phase-matched idler frequency = "Winpm#



PRINT "Nominal phase-matched idler wavelength = "Linpm# 
PRINT "Idler refractive index = "ninpm#
REM PRINT
REM PRINT "9k= "dknpm#
RETURN

findpmin:
pmin#= (3.1415/fmesse&)^2 
RETURN

findcentremode:
n#=nsnpm#:L#=Lsnpm#
GOSUB mcalc 
mspm&=m&
GOSUB Wsmodecalc 
Wspm#=W#:Lspm#=L#:nspm#=n#
Witpm#=Wp#-W spm#
Litpm#=300000000000000#/Witpm#
L#=Litpm#
GOSUB nxcalc 
nitpm#=n#
GOSUB mcalc 
mi&=m&
GOSUB Wimodecalc
Wipm#=W#:Lipm#=L#:nipm#=n#
dW#=Wp#-Wspm#-Wipm#
Wspm#=W spm#+d W# /  2 
Wipm#=Wipm#+dW#/2 
Lspm#=300000000000000#/Wspm# 
Lipm#=300000000000000#/Wipm#
L#=Lspm#
GOSUB nycalc 
ns#=n#
L#=Lipm#
GOSUB nxcalc 
ni#=n#
Ws#=Wspm#:Wi#=Wipm#
GOSUB dkcalc 
dkpm#=dk#
RETURN

mcalc:
m&=INT((2000000r((cav#-cry#)+(cry#*n#))/L#)+.5)
RETURN

startmodeno:
msstart&=mspm&-moderange&
msfmish&=mspm&+moderange&
n#=nstpm#:m&=msstart&
GOSUB Wsmodecalc
Wsstart#=W#:Lsstart#=L#:nsstart#=n#
Wistart#=Wp#-Wsstart#
Listart#=300000000000000#/Wistart#
L#=Listart#
GOSUB nxcalc 
nistart#=n#
Ws#=Wsstart#:ns#=nsstart#:Wi#=Wistart#:ni#=nistart# 
GOSUB dkcalc



dkstart#=dk#
n#=nstpm#:m&=msfinish&
GOSUB Wsmodecalc 
Ws£inish#=W#:Lsfinish#=L#:nsfinish#=n# 
Wifinish#=Wp#-Wsfmish# 
Lifinish#=300000000000000#/Wifinish#
L#=Lifinish#
GOSUB nxcalc 
nifinish#=n#
Ws#=Wsfinish#:ns#=nsfinish#;Wi#=Wifinish#:ni#=nifinish#
GOSUB dkcalc
dkfinish#=dk#
RETURN
outputcentremode:
WINDOWS
PRINT:PRINT:PRINT
PRINT "Phase-matched signal mode nunber = "mspm& 
PRINT "Phase-matched signal frequency = "Wspm#
PRINT "Phase-matched signal wavelength = "Lspm#
PRINT "Refractive index at signal frequency = "nspm# 
PRINT "9k at phase-matched mode = " dkpm#
PRINT
PRINT "Start signal mode nunber = "msstart&
PRINT "9k at start = "dkstart#
PRINT "Finish signal mode number = "msfinish&
PRINT "9k at finish = "dkfinish#
PRINT
PRINT "Minimum parametric gain = "pmin#
RETURN

Wimodecalc:
Ll#= (2000000#*((cav#-cry#)+(cry#*n#)))/m& 
W1#=300000000000000#/L1#
L#=L1#
GOSUB nxcalc
L2#= (2000000#*((cav#-cry#)+(cry#*n#)))/m& 
W2#=300000000000000#/L2#
WHILE ABS(W1#-W2#) >1#
W1#=W2#
L#=L2#
GOSUB nxcalc
L2#= (2000000#*((cav#-cry#)+(cry#*n#)))/m& 
W2#=300000000000000#/L2#
WEND
W#=W2#:L#=L2#
RETURN

Wsmodecalc:
Ll#= (2000000#*((cav#-cry#)-i-(cry#*n#))) /m&  
W1#=300000000000000#/L1#
L#=L1#
GOSUB nycalc
L2#= (2000000#*^((cav#-cry#)+(cry#*n#)))/m& 
W2#=300000000000000#/L2#
WHILE ABS(W1#-W2#) >1#
W1#=W2#
L#=L2#
GOSUB nycalc



L2#= (2000000#*((cav#-cry#)+(cry#’*'n#)))/m&
W2#=300000000000000#/L2#
WEND
W#=W2#:L#=L2#
RETURN

nycalc:
n#=2.53969+(.01249/(L#^2-.01339))-(.02029*L#^2)
n#=SQR(n#)
n#=n#-(.0000136#*(T#-20))
RETURN

nxcalc:
n#=2.45316+(.0115/(L#^2-.01058))-(.01123’̂ L#A2)
n#=SQR(n#)
n#=n#-(.000001#*(T#-20))
RETURN

nzcalc:
n#=2.58515+(.01412/(L#^2-.00467))-(.0179132’̂ L#^2)-(.000417214#*^L#^4)+(7.651830000000001D-
06*L#/\6)
n#=SQR(n#)
n#=n#-((.0000061#-.0000021#*L#)*(T#-20))
RETURN

dkcalc:
dk#=2*3.1415X(np#*Wp#)-(ns#*Ws#)-(nirWi#))/c#
RETURN

.1
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We demonstrate a continuous-wave optical parametric oscillator that uses lithium triborate as the nonlinear 
material in a temperature-tuned noncritical phase-matched type I geometry. Pumped at 514.5 nm, the triply 
resonant oscillator has a threshold of 50 mW. We obtain peak output powers of 90 mW corresponding to a 10% 
external conversion efficiency and measure a tuning range of 0.966 to 1.105 /rm, limited by the bandwidth of 
the mirrors. Operating the optical parametric oscillator both at and away from degeneracy, we observe rapid 
changes in output power as a function of cavity length owing to competition between signal and idler mode pairs.

Experiments on cw optical parametric oscillators 
(OPO’s) began in the late 1960's and used crystals 
of BagNaNb^Ois (Ref. 1) and LiNbOa (Ref. 2) as 
the nonlinear materials. During the 1980's, at
tention switched to the newly developed crystals 
of MgO:LiNbOs (Ref. 3) or KTP (Ref. 4) and their 
implementation within various novel geometries, 
including a diode-pumped monolithic ring.® In this 
Letter we report what is to our knowledge the first 
demonstration of LiBgOg (LBO) as the nonlinear 
material in a cw OPO. LBO has several advantages 
over previously used materials,® offering a higher 
damage threshold and a wider optical transparency 
that extends into the UV. These properties, along 
with the possibility of temperature-tuned noncritical 
phase matching, make LBO a promising choice for 
cw OPO applications.

A critical parameter in the design of all OPO’s is 
the pump power required to reach threshold. The 
threshold pump power is proportional to the losses 
at signal, idler, and pump wavelengths.® For pulsed  
operation it is usually sufficient for the OPO cav
ity to be resonant at either the signal or the idler 
wavelength (i.e., low loss for signal or idler). Such 
devices are described as singly resonant oscillators. 
However, to reduce the threshold to a level com
patible with cw operation, it is usually necessary to 
make the OPO cavity resonant at both signal and 
idler wavelengths (i.e., low loss at signal and idler). 
This is called a doubly resonant oscillator (DRO). 
A further reduction in threshold can be achieved 
by making the OPO cavity resonant at all three 
wavelengths, i.e., making it a triply resonant oscil
lator (TRO). The transition from DRO to TRO is 
somewhat complex, since the efficient conversion of 
the pump itself represents a source of loss at the 
pump wavelength. In addition, a high cavity finesse 
at the pump wavelength can make it difficult to 
couple the pump energy into the cavity efficiently 
owing to stringent mode-matching requirements.

In DRO's the output wavelengths of signal and 
idler fields are overconstrained, since, in addition to 
satisfying the requirement for energy conservation 
(i.e., coi +  cos =  <Wp), the lowest overall loss is attained

when the signal and idler frequencies match those of 
a cavity mode and also satisfy the phase-matching 
condition.^ For a cavity common to signal and idler 
fields, it is difficult to satisfy all these conditions 
simultaneously, and the lowest loss is achieved at 
a compromise between detuning of the signal and 
idler frequencies away from the cavity modes and 
the phase-matched condition. As the cavity length 
or the pump frequency is scanned, the overall loss 
(and hence output power) is modulated as the output 
of the OPO hops from one signal and idler mode pair 
to the next. Many such mode hops occur within the 
free spectral range of the OPO cavity, and the exact 
behavior depends critically on the mismatch between  
the free spectral ranges for signal and idler fields.® 
TRO's display an additional complexity in that the 
pump field also has to be held on a resonance of 
the OPO cavity. Despite this, we have chosen to 
resonate the pump field weakly because by doing so 
it is possible to assess the cavity alignment and the 
mode matching of the pump beam into the cavity.

Our experimental setup is shown in Fig. 1. The 
LBO crystal is cut for type I noncritical phase 
matching (0 =  90°, =  0°), with dimensions of 3, 3,
and 20 mm along the y, z, and x  principal optical

Single-frequency 
Argon-ion laser 
@ 514.5 nm

OPO mirror 
R=15 mm

LBO crystal 
L=20 mm

Faraday
isolator

X./2 plate

Mode-matching
lens

OPO mirror 
R=250 mm

Fig. 1. Schematic of the experimental setup. 
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The pump threshold power for a DRO at degener
acy, with a unity B oyd-K leinm an focusing parameter 
is given by^°

Argon Ion Power In, mW

Fig. 2. Peak OPO output power (idler plus signal) as a 
function of input pump power for the high reflector [curve 
(a)l and the output coupler [curve (b)].

axes, respectively, and placed inside a temperature- 
controlled oven to achieve the desired phase match
ing. The crystal has a dual antireflection coating 
applied to each face for the pump wavelength at
514.5 nm and for the OPO id ler-sign a l operation 
around the degenerate wavelength of 1.029 jxm. 
This design maximizes the effective nonlinear co
efficient to be c?efT = 1 .2 4  pm /V and provides the 
lowest possible value of threshold for the OPO. The 
pump source is a commercial cw argon-ion laser, 
operating at 514.5 nm on a single longitudinal mode. 
A Faraday isolator is used to prevent backreflections 
and backconversion from interacting with the single- 
longitudinal-mode operation of the argon-ion laser, 
and a 150-mm focal-length lens is used to mode match 
the pump beam into the OPO cavity. The OPO 
cavity is formed by a 15-mm-curvature input mirror 
located inside the oven, approximately 7 mm from the 
crystal, and an external 250-mm-curvature output 
mirror, with a mirror separation of approximately 
270 mm. This cavity design allows space inside 
the resonator for any required additional optics 
while forming a waist size for the signal and idler 
fields of 45 yLtm (1/e electric-field radius) at the 
center of the 20-mm crystal, with a B oyd-K leinm an  
focusing factor h(B  =  0,  ̂ =  1) =« 1.® A  focusing 
parameter of ^ =  1 corresponds to confocal focusing. 
In addition, the input coupling mirror is designed  
with its rear surface concentric w ith the front, 
therefore greatly reducing the focusing effects of 
the substrate on the input beam and thus easing  
alignment. The external mirror is chosen to be 
either a similar high reflector or an output coupler 
that is 0.5% transm itting at 1,029 /x.m. All mirrors 
have reflectivities of 60% at the pump wavelength of
514.5 nm.

The OPO cavity is hence strongly resonant at sig
nal and idler wavelengths and weakly resonant at 
the pump wavelength, with a measured finesse at
514.5 nm of 6.0 (as expected from the mirror reflec
tivities). We have found that poor impedance and 
mode matching lim its the coupling efficiency of the 
pump beam into the OPO cavity to 45%. Allowing 
for the resonant enhancem ent of the pump field, 
the intracavity field strength is approximately equal 
to the incident power, and therefore we use the 
expression for a DRO to predict the required pump 
power to reach threshold.

p  th /3̂ cnp̂ €oXp̂
(1)

where /3 is the round-trip power loss at degeneracy 
of signal or idler fields, c is the velocity of light in  
free space, rip is the refractive index of the medium  
at the pump wavelength, eo is the perm ittivity of free 
space, c?eff is the effective nonlinear coefficient, and L 
is the crystal length.

By using a Nd:YAG laser to measure the degra
dation in finesse of a high-Q cavity on insertion of 
the crystal, we deduce the round-trip crystal losses 
to be ~0.4%. Allowing for parasitic mirror loss 
(0.05% per mirror), the above equation predicts pump 
power thresholds of 20 mW for the high reflector and 
50 mW for the output coupler. The measured  
thresholds are 50 and 250 mW, respectively, values 
that are significantly higher than predicted theoret
ically. At this stage we believe that this may be 
due to poor temperature uniformity within the oven, 
which reduces the effective length of the crystal.

Figure 2 shows the measured output power from 
the OPO when it is slightly detuned from degeneracy 
for incident pump powers of as much as 900 mW. 
At present, the passive stability of our cavity is 
insufficient to m aintain the OPO on a single signal

60 nm

Fig. 3. Pump transmission and OPO output as a func
tion of cavity length, tuned (a) very close to and (b) 
slightly removed from degeneracy, for a pump power of 
500 mW. The upper traces show the pump depletion, 
and the lower traces show the OPO operation.
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and idler mode pair. The cavity length is scanned 
by using a piezoelectric-mounted output mirror, and 
the OPO hops between adjacent signal and idler 
mode pairs. The OPO output and pump depletion 
are recorded by using a photodiode and a fast storage 
oscilloscope. In the region of a pump resonance, the 
OPO is above threshold, and analysis of the OPO 
output shows that the peak power is approximately 
twice the average output power. Figures 3(a) and 
3(b) display the pump depletion and OPO output with  
500-mW incident pump power when the OPO is tuned  
(a) close to and (b) slightly removed from degeneracy.

For an incident pump power of 900 mW and the 
output coupler mirror, an average output power of 
46 mW is obtained, which corresponds to a peak  
power of approximately 90 mW and a maximum ex
ternal conversion efficiency of 10%. Degenerate op
eration of the oscillator is obtained at approximately 
183 °C, and tuning from 0.966 to 1.105 ^m  is possible 
for a 3 °C temperature shift. This is lim ited only 
by the bandwidth of the mirror and crystal coat
ings. The degenerate phase-matching temperature 
is in agreement with results from reported second- 
harmonic generation^^ with LBO as the doubling 
material.

Figure 3 shows pump depletion and OPO output 
as a function of cavity length for both degenerate 
and nondegenerate operation. The rapid modulation 
of the OPO output is a result of the competition 
between neighboring signal and idler mode pairs. 
Subnanometer changes in cavity length may cause 
the output of the OPO to hop to the ±  1 and n, + 1 
modes, where ris and rii are the mode numbers of 
the signal and idler modes, respectively. By starting  
from a condition of perfect coincidence of both signal 
and idler frequencies with the cavity modes, a change 
in the length of the cavity causes a detuning of 
the cavity modes away from the signal and idler 
frequencies and hence an increase in the overall loss. 
For degenerate operation, the free spectral ranges 
for signal and idler modes are equal, and a small 
change in cavity length causes a mode hop to an 
adjacent mode pair, and hence the low-loss condi
tion is maintained. Away from degeneracy, the free 
spectral ranges are slightly mismatched and a larger 
change in cavity length is required to select the 
adjacent mode pair. It follows that the maximum  
detuning between the signal and idler fields from 
the nearest cavity modes, before a mode hop, in 
creases with the mismatch in the free spectral ranges 
and therefore with the detuning away from degener
acy. Consequently, Fig. 3(b) (nondegenerate) shows 
a greater modulation in output power than Fig. 3(a) 
(degenerate).

In conclusion, we have demonstrated a low- 
threshold (50 mW), high-external-efficiency (10%) cw 
LBO OPO with output powers as high as 90 mW 
for 900 mW of 514.5-nm pump input. The OPO 
is tunable from 0.966 to 1.105 fjun for a 3 °C 
temperature shift. In addition, we have observed

the rapid fluctuations in output power owing to 
changes in cavity length that cause mode hopping 
between adjacent signal and idler mode pairs.

Given the transparency range of LBO from 160 nm 
to 2.6 yam,® a temperature-tuned, noncritical phase- 
matching, type I geometry OPO of this kind, when  
pumped by a green cw single-longitudinal-mode 
source, should give cw output at any signal-id ler  
pair from approximately 670 nm to 2,6 yam. In 
addition to the argon-ion laser, possible pump 
sources include a frequency-doubled diode-pumped 
solid-state laser (e.g., Nd:YAG or Nd:YLF). We are 
currently investigating this tuning range with a 
particular interest in developing OPO’s that operate 
with signal-to-idler ratios of 2:1 and 3:1, thus acting 
as optical frequency dividers.

The low threshold powers that we have obtained 
suggest two extensions to this study. First, it may 
be possible to make a singly resonant oscillator cw 
OPO that typically would require —100 tim es more 
pump power, i.e., —5 W, which can be obtained from 
an argon-ion laser. Second, currently available UV  
cw lasers have sufficient power output to pump a LBO 
OPO above threshold. This could be achieved by us
ing a UV line from an argon-ion laser or a frequency- 
tripled diode-pumped Nd:YAG laser. With a type II 
geometry, this would give continuous tuning through
out the visible spectrum and beyond.

Malcolm H. Dunn gratefully acknowledges the fi
nancial support of a Royal Society Leverhulme Trust 
Senior Research Fellowship. This research is sup
ported by a contract with the National Physical Lab
oratory, Teddington, UK.
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We demonstrate what is to our knowledge the first continuous-wave optical parametric oscillator pumped by 
an ultraviolet source. An argon-ion laser operating at 364 nm is used to pump the nonlinear material lithium  
triborate, which generates tunable radiation in the blue-green and near-infrared spectral regions. With the 
cavity stabilized to stay on a single-frequency mode pair, we measure a threshold of 115 mW and a maximum 
output power of 103 mW. By use of a noncritical phase-matched, type II geometry, tuning ranges from 502 to 
494 nm (signal) and 1.32 to 1.38 p m  (idler) are observed.

Continuous-wave optical parametric oscillators 
(OPO’s) have been recognized for 30 years as po
tential sources for generating widely tunable single
frequency visible radiation. The first cw OPO’s used  
either BagNaNfisOig or LiNbOg as the nonlinear 
m aterial, pumped by argon-ion lasers operating in 
the blue-green spectral region at 4 8 8 -5 1 4 .5  nm or 
frequency-doubled Nd:YAG lasers at 532 nm. The 
output from these OPO’s was highly erratic, and 
for m any years other sources of tunable radiation  
were preferred, despite the potential of OPO’s for 
narrow-linewidth output over an extensive tuning  
range. ̂  Researchers studying squeezed states of 
light^ renewed interest in cw OPO’s by extending  
their operation to recently available m aterials with  
improved optical quality (KTP and MgO:LiNbOa). 
By use of stable pump sources, cw OPO’s finally  
provided reliable single mode-pair selection.® How
ever, the pump wavelengths have remained w ithin  
the aforementioned blue-green spectral region. Cur
rently, cw OPO’s are regarded as promising devices 
for optical frequency division,'^ which requires OPO’s 
to operate w ith pump sources extending from the  
UV to the infrared and at widely spaced sign a l-id ler  
wavelengths.

Pump sources in the blue-green spectral region 
have been favored partly because the threshold pump 
power scales as the third power of the pump wave
length (i.e., oc Ap®).̂  For example, by frequency 
doubling of a Nd:YAG laser, the threshold is reduced 
by a factor of 8 and the threshold pump power for a 
cw OPO becomes within reach of the single-frequency 
power available. However, when one uses a pump 
source at = 0 .5  /mm, the OPO tuning range is con
fined to the red end of the visible spectrum and the 
near infrared. For the entire visible region to be ac
cessed from the OPO, it is essential that the OPO be 
pumped w ith a UV source. Also, the shorter pump 
wavelength can significantly reduce the threshold. 
Therefore the nonlinear crystal for such as OPO m ust 
have wide optical transparency that encom passes the  
UV pump w avelength and the two OPO wavelengths. 
To date, the lack of a suitable nonlinear material with

an optical transparency extending into the UV has 
prevented progress in  visible cw OPO’s.

The development of the borate family of nonlinear 
crystals, and in particular lithium  triborate® (LBO), 
has led to renewed interest in  tunable visible output. 
LBO has all the properties required for cw OPO’s, 
including wide optical transparency (160 nm to
2.6 /am), moderate nonlinear coefficients (> 1  pm/V), 
and a high optical damage threshold [>10 MW/cm^ 
(Ref. 6)]. Recently we demonstrated what is to 
our knowledge the first cw operation of an OPO 
using LBO as the nonlinear medium. This OPO 
was pumped by a single-frequency argon-ion laser 
operating at 514.5 nm.^ The configuration exploited  
the type 1 noncritical phase-m atching geometry and 
demonstrated the potential of LBO for cw OPO 
applications.

In this Letter we describe w hat is to our knowledge 
the first UV-pumped cw OPO. Pumping the OPO 
at 364 nm by a single-frequency argon-ion laser and 
using LBO as the nonlinear crystal, we demonstrate 
a threshold of 115 mW and a maximum external 
conversion efficiency of 9.4%. Despite the use of 
a free-running gas laser as the pump source, the 
advantages of nondegenerate operation permit sta
ble single mode-pair operation of the OPO. As the 
crystal temperature is varied from 18 to 86 °C, tuning  
is from 502 to 494 nm (signal) and 1.32 to 1.38 yam 
(idler).

Figure 1 displays a schem atic of the experim ental 
arrangement used in the present studies. The pump 
source is a commercial cw argon-ion laser (Spectra- 
Physics 2045-E) operating at 364 nm on a single 
longitudinal mode. An acousto-optic (A -0) modula
tor prevents feedback of the pump wave into the 
cavity mode, which can perturb the single-frequency 
laser operation. A  225-mm focal-length lens mode 
m atches the pump beam into the OPO cavity. The 
LBO crystal is cut for type 11 noncritical phase m atch
ing (6 =  0°, (̂  =  90°), w ith dim ensions of 3, 3, and  
20 mm along the x, y ,  and z principal optical axes, 
respectively. For this type II geometry at room tem 
perature and a pump source at 364 nm, the Sell-

0146-9592/93/131065-03$6.00/0 © 1993 Optical Society of America
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Fig. 1. Schematic of the experimental setup. HT amp., 
high-tension amplifier; PZT, piezoelectric transducer.

meier equations for LBO® predict signal and idler 
w avelen^ hs of 502 nm and 1.32 ijum, respectively. 
Although the low est thresholds are obtained by direct 
deposit of dielectric mirrors upon spherically curved 
crystal faces,® we formed the resonator w ith external 
cavity mirrors. This is due to concerns regarding 
coating and pohshing quality for what is a novel 
m aterial for cw OPO’s. However, such an approach 
will perm it frequency-selective schem es involving in
tracavity components.

To ensure low losses, high demands are placed on 
the quality of the coatings for all three wavelengths. 
The crystal has a triple antireflection coating applied 
to both faces, specified to be >99.7%  transm itting  
at the OPO wavelengths and >97% transm itting at 
the pump wavelength. The OPO cavity is formed by 
two 15-mm-curvature mirrors separated by ==22 mm, 
placed sym m etrically about the crystal, which is held  
in an oven to perm it noncritical phase-m atched tun
ing at elevated temperatures. The OPO employs 
a linear, standing-wave cavity with w aist sizes for 
the signal and idler fields of = 32  and = 5 1  yu,m, 
respectively (1/e electric-field radius), at the center 
of the crystal, w ith a B oyd-K leinm an focusing factor 
/i (B =  0,  ̂ =  1) =  1.® (A focusing parameter of 
f  =  1 corresponds to confocal focusing.)

The OPO mirrors were specified to be =55% reflect
ing at the pump wavelength and >99.7%  reflecting 
at both 502 nm and 1.32 /xm. The OPO cavity 
is strongly resonant at the OPO wavelengths and 
weakly resonant at the pump (finesse at the pump 
=5.2). Although the cavity becomes overconstrained  
by having to resonate all three w avelengths sim ulta
neously, alignm ent is simplified by use of the pump 
resonance as a reference. In principle, resonating  
the pump field reduces the threshold of the OPO. 
However, for full benefit to be obtained, the dephas- 
ing of the three waves on the return pass m ust 
not dim inish the gain obtained during the forward 
pass. We observed that =70% of the incident pump

power was transm itted by the cavity on resonance 
below threshold, corresponding to a circulating field  
enhancem ent of =1.6 . This is less than the value,
2.2, expected from the mirror reflectivities, proba
bly owing to imperfect mode matching. We have 
chosen to use the expression for a doubly resonant 
oscillator, w ith a double-pass field-enhanced pump, 
to predict the threshold pump power. A ssum ing a 
unity B oyd-K leinm an focusing parameter and that 
optimum relative phase shifts are m aintained among 
the three waves on the return pass, the minimum  
threshold pump power is given bŷ -̂ °

»th asaiUp^ceoXp"
-  52)2(1 +  rp^rjp

where as and at are the round-trip power losses 
of the signal and idler fields, respectively, c is the 
velocity of light in  free space, rip is the refractive 
index of the medium at the pump wavelength, 6q 
is the perm ittivity of free space, is the effective 
nonlinear coefficient, L  is the crystal length, 5 is the 
degeneracy factor,^ Tp is the electric-field reflectivity  
of the output cavity mirror at the pump frequency 
(a value of 0.74), and ijp is the measured pump field  
enhancem ent ratio on resonance (a value of 1.6).

From the coating and crystal specifications, we es
tim ate the round-trip power losses to be =2% at both 
OPO wavelengths. If we take rfeff =  -1 .1 5  pm/V, the 
above equation predicts a threshold pump power of 
= 2 0  mW. The experim ental threshold is found to be 
115 mW. This discrepancy can be accounted for by 
the uncertainty in the cavity losses, phase changes, 
beam degradation that is due to interm ediate optics, 
and imperfect mode matching.

U sing a piezoelectric-mounted mirror, we studied  
the OPO output and the transm itted pump as a func
tion of cavity length. In the region of a pump res
onance, when the circulating field intensity is above 
threshold, the OPO oscillates, and a corresponding

Pump zero

I

I .

iL

9 nm

i
 l i

Cavity-length change => 0.8 |im

Fig. 2. Pump transmission and OPO output as a func
tion of cavity length.
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reduction in the transm itted pump is observed (see 
Fig. 2). The modulation of the OPO output is due to 
competition between different signal and idler mode 
pairs, characteristic of doubly resonant oscillators, 
and is caused by attem pting to resonate sim ultane
ously two frequencies in the sam e dispersive optical 
cavity. Sm all changes in the cavity length or the  
pump frequency cause a mode hop to an adjacent 
mode pair or cluster (inset of Fig. 2). We observe 
hopping at cavity-length changes of between 5 - 7  nm. 
For a sign a l-id ler  mode pair at 502 and 1320 nm, the 
free spectral ranges are m ismatched by =3%, and 
for these conditions the measured length change is 
consistent w ith hopping to an adjacent mode pair in  
the sam e cluster.

All demonstrations of single-frequency output from 
cw OPO’s have been for near-degenerate OPO’s, 
which can require high degrees of stability on both 
the pump and OPO resonator lengths. By selection  
of frequencies whose cavity free spectral ranges 
are mismatched to a large extent, the stability  
requirem ents are substantially r e l a x e d . I n  this 
experim ent such a mism atch enables us to obtain 
stable single-frequency output despite a relatively  
unstable pump source (= ± 10  MHz). The dc voltage 
from a photodetector monitoring the signal output is 
compared w ith a reference voltage, and the difference 
is used to servo control the OPO cavity length  
(see Fig. 1). This arrangement enabled us to hold  
the OPO on a single peak in the power output 
variation w ith cavity length (inset of Fig. 2), Under 
this condition, the signal wave was monitored with  
a scanning interferometer and seen to be single 
frequency.

A maximum of 103-mW total OPO output (signal 
plus idler) was achieved for an incident pump power 
of 1.1 W (external conversion efficiency of 9.4%). By 
increasing the ratio of useful to parasitic losses, one 
can obtain higher slope efficiencies but at the expense 
of higher thresholds. Tuning is from 502 to 494 nm  
and 1.32 to 1.38 ^m , at rates of -0 .1 2  nm/°C (signal) 
and +0.88 nm/°C (idler), over the range 18 to 86 °C, 
lim ited by the bandwidth of the coatings. By varying 
the crystal temperature from - 3 0  to +450 “C, we 
anticipate tuning ranges from 507 to 449 nm (signal) 
and 1.28 to 1.70 yu.m (idler). At =175 °C, the two 
OPO frequencies would be in an exact 3:1 ratio.

In conclusion, we have demonstrated what is to our 
knowledge the first cw OPO pumped by a UV source. 
This experim ent represents a step toward extending  
the range of frequencies provided from cw OPO’s. 
We obtain a threshold of 115 mW, a maximum ex
ternal conversion efficiency of 9,4%, and tuning over

8 nm in  the visible and 60 nm in  the infrared spectral 
regions. The 494-nm signal wavelength is to our 
knowledge the lowest ever generated by a cw OPO 
[the previous low was 640 nm (Ref. 13)]. The large 
m ism atch in  free spectral ranges has permitted stable 
operation of the OPO on a single frequency.

The argon-ion pump w avelength at 364 nm was 
selected because of its proximity to frequency-tripled 
diode-pumped all-solid-state laser sources (Nd:YAG 
at 355 nm or Nd:YLF at 349 nm). We aim to replace 
the argon-ion laser w ith one of these sources, which  
should result in an all-solid-state cw visible OPO. 
Further, by frequency quadrupling the radiation from 
an all-solid-state source and using the type II noncrit
ical phase-matched geometry, w e can produce tunable 
cw radiation near = 300  nm. In the short term, 
we plan to construct further OPO’s operating w ith  
frequencies in  exact 3:1 ratios, as a step toward the 
parallel OPO scheme^ for optical frequency division.
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support of a Royal Society Leverhulme Trust Se
nior Research Fellowship. This research program is 
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Continuous-wave, dual-cavity, doubly resonant, optical parametric 
oscillator

F. G. Colville, M. J. Padgett, and M. H. Dunn
J. F. Allen Physics Research Laboratories, Department o f Physics and Astronomy, University o f St.
Andrews, Fife, KY16 9SS, Scotland

(Received 25 August 1993; accepted for publication 28 December 1993)

We have demonstrated a continuous-wave optical parametric oscillator that uses separate optical 
cavities to resonate independently the nondegenerate signal and idler frequencies. The three-mirror 
cavity utilizes the type II phase-matching geometry in lithium triborate, with the orthogonally 
polarized signal and idler fields separated by an intracavity, dichroic-coated, Brewster-angled beam 
splitter. This dual-cavity oscillator can overcome mode and cluster hopping effects, which are 
characteristic of doubly resonant, continuous-wave optical parametric oscillators. We measure a 
pump power threshold of =200 mW and smooth tuning over =0.4 GHz. The tuning range is limited 
by pump resonance effects within the idler cavity.

Optical parametric oscillators (OPOs) are now widely 
regarded as practical devices for the generation of coherent 
radiation that is continuously tunable over exceptionally 
large spectral ranges.  ̂ In particular, continuous-wave (cw) 
operation of OPOs promises, in addition to extensive and 
continuous spectral coverage, the generation of narrow- 
linewidth and frequency-stable output.  ̂Recently, there have 
been a number of proposals to apply cw OPOs to specific 
present-day challenges, including optical frequency 
division,^ wavelength division multiplexing,'^ and gravita
tional wave detection.^ These proposals take advantage of 
the unique coherence properties of cw OPOs.® Topically, the 
phase diffusion linewidth is in the mHz range, and the line- 
widths of the coherent, subharmonic OPO outputs are limited 
essentially by the input pump linewidth. Indeed, cw OPOs 
have been applied successfully to generate strongly corre
lated twin beams whose intensity correlation falls below the 
usual shot-noise level.^

To date, cw OPOs have operated with pump sources in 
the ultraviolet and blue/green spectral regions, and have been 
tuned over specific ranges between =0.5 and 2 p m  by using 
a variety of nonlinear materials.̂ '̂ "̂ '* As the optical quality 
of these nonlinear materials continues to improve, and devel
opments in solid-state lasers increase the power and the spec
tral purity of available pump sources, cw OPOs providing 
the appropriate wavelength coverage and spectral quality to 
satisfy the above applications could become feasible. Pres
ently, in addition to the need for extended spectral coverage, 
considerable work is required to increase substantially the 
range of smooth, continuous tuning from cw OPOs.

To operate cw OPOs with pump power thresholds at the 
mW level, it is essential to resonate both the signal and idler 
frequencies within the optical cavity. Indeed, such single
cavity doubly resonant OPOs (DROs), in which both the 
signal and idler fields are resonated by two common mirrors, 
have provided routinely sub-100 mW pump power thresh
olds. However, the constraints of maintaining two discrete 
frequencies simultaneously on resonance within a single cav
ity, has prevented the widespread use of cw OPOs. Perturba
tions in the pump frequency (=MHz) or the OPO cavity 
length (=nm) can cause mode and cluster hopping effects.*^

Smooth tuning over GHz levels becomes easier by re
moving the necessity to resonate different optical fields 
within the same two-mirror cavity. This can be achieved by 
forming a singly resonant oscillator (SRO) where only one of 
the signal or idler fields is resonant. Often this method is 
applied with high peak-power pulsed pump sources. How
ever, SRO thresholds are typically a factor of =10^ or more 
higher than DRO thresholds. Therefore, SRO thresholds 
are difficult to reach with cw pump sources. The attractive 
low threshold of the DRO can be combined with the prospect 
of smooth tuning by separating internally the signal and idler 
fields, and resonating the signal and idler frequencies in dif
ferent optical cavities. This is the dual-cavity OPO, and we 
describe in this letter what we believe to be the first reported 
device of its kind.

The dual-cavity OPO uses the same pump source and 
nonlinear crystal as the single-cavity, two-mirror device that 
we described in Ref. 12. To summarize, the pump source is a 
single-frequency argon-ion laser operating at 364 nm and 
stabilized to an external étalon. We measure the short-term 
residual frequency fluctuations to be = ± 3  MHz. The non
linear crystal is lithium triborate (LBO), cut parallel to the z  
axis for noncritical phase matching (0=0°, ^=90°), with 
dimensions of 3, 3, and 20 mm along the x ,  y ,  and z  prin
cipal axes, respectively. The plane-parallel polished crystal 
faces have triple antireflection coatings deposited for the 
pump, at 364 nm, and the OPO frequencies. For room- 
temperature operation, the pump, at 364 nm, gives rise to 
signal and idler wavelengths at 502 and 1320 nm, respec
tively. In the single-cavity device, the OPO cavity is formed 
by two 15-mm-curvature mirrors that are highly reflecting at 
the OPO frequencies, and =55% reflecting at the pump fre
quency, and situated within = 5  mm of the crystal faces. 
Therefore, this single-cavity OPO is strongly resonant for the 
signal and idler frequencies (finesse of each =300), and 
weakly resonant at the pump frequency (finesse =5). The 
OPO operates with a threshold of 115 mW, and is 
temperature-tunable (20-85 °C) under noncritical phase- 
matching from 502 to 494 nm (signal) and 1.32 to 1.38 p m  
(idler), limited by the bandwidth of the coatings. By applying 
servocontrol on the length of the single cavity, the OPO can
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FIG. 1. Schematic representation of the dual-cavity, doubly resonant, optical 
parametric oscillator. The two OPO frequencies are separated internally by 
the beam splitter (BS). The idler and signal frequencies resonate between 
mirrors M , and M 2 , and and M 3 , respectively.

maintain operation on a single-frequency mode pair. Smooth 
tuning is prevented by the constraints of simultaneous reso
nance of two frequencies within a single cavity.

To form the dual-cavity OPO, a dichroic-coated, 
Brewster-angled beam splitter is inserted into the cavity to 
separate the signal and idler fields, and a third mirror is 
added to form a new resonator. Critical to the efficient op
eration of this dual-cavity OPO is the type II phase-matching 
geometry and the nondegenerate OPO frequencies. Type II 
phase matching provides orthogonally polarized signal and 
idler fields, allowing polarization decoupling; nondegeneracy 
allows effective dichroic-coating separation. The Brewster
angled beam splitter was coated to be >99.7% transmitting 
for the /^-polarized idler wave at «=1.32 /u,m, and >99.7%  
reflecting for the 5-polarized signal wave at «=502 nm. In 
addition, the >97% transmission of this beam splitter for the 
/?-polarized pump wave allowed the weak pump resonance to 
be maintained. This ensured that sufficient pump power was 
coupled effectively into the resonator to overcome threshold. 
A schematic of the cavity is displayed in Fig. 1, illustrating 
the separate optical cavities within the three-mirror arrange
ment. Threshold for the dual-cavity OPO was found to be 
«=200 mW, indicating low round-trip power losses for both 
the OPO fields, even in the presence of the additional intra
cavity component.

Before applying any servocontrol feedback, it is impor
tant to ensure sufficient passive stability within the five- 
element resonator to maintain free-running single-frequency 
mode-pair operation. Critical to this was fixing the beam
splitter plate and the LBO crystal on a single block, and 
relying upon external pump-beam alignment for exact on- 
axis propagation. Cavity alignment was provided by mi
crometer control on the three flexure-hinged mirror mounts. 
The cavity components were attached to a single length- 
determining base plate, and surrounded by mechanical and 
acoustic isolation. Despite relatively poor short-term stability 
of the pump source, the OPO reliably held single-frequency 
mode-pair operation for periods of «=20 s (see Fig. 2). There
fore, the transition from a single to a dual-cavity configura
tion did not significantly degrade the passive stability of the 
OPO. To retain single-frequency operation, we are now able 
to adjust one of the cavity lengths to correct for length fluc
tuations in the other, or for perturbations in the pump fre
quency, thereby maintaining dual resonance for both the sig
nal and idler fields. In addition, if one of the cavities is

2 GHz

»  0.4 GHz

FIG. 2. Signal wave single-frequency trace, as monitored on a scanning 
interferometer of free spectra! range 2 GHz.

servolocked, so as to follow the other, smooth tuning can be 
achieved by scanning this latter cavity.

As discussed, the pump is weakly resonant within the 
idler cavity. This resonance, although weak, provides an up
per limit to the tuning possible from this particular dual
cavity OPO, which operates with a fixed nontunable pump 
frequency. When the pump is off resonance, insufficient 
pump radiation is coupled into the OPO, and threshold can
not be overcome. Specifically, the range over which the cir
culating pump field is sufficient to overcome threshold can 
be estimated by scanning the length of the pump-resonant 
cavity, and observing the range over which the OPO fluctu
ates between on and off. Figure 3 is such a pump resonance 
trace, similar to Fig. 2 in Ref. ~12. From this trace, we mea
sure a range of idler cavity lengths of «=60 nm, over which 
tuning will be possible in our dual-cavity OPO. This cavity- 
length shift for an idler frequency, corresponding to a wave
length of 1.32 /tm, implies an OPO frequency tuning range 
of «=  ̂of the idler cavity free spectral range of «=3.5 GHz. 
Therefore, by fine tuning the idler cavity length over 60 nm, 
and servocontrolling the length of the signal cavity to main
tain double resonance, we predict a smooth and continuous 
tuning range of «=0.3 GHz. In practice, we have been able to 
demonstrate smooth tuning ranges of «=0.4 GHz, limited, as 
expected, by the width of the pump resonance.

Pî p Mro.
= 60 nm

Ü s

81 OPO zero. 1

Idler cavity length change »  180 nm.

FIG. 3. Pump frequency resonance, showing the fraction of the cavity 
length available for smooth frequency tuning.
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FIG. 4. Proposal for type II phase-matched DROs, in which coating speci
fications are considerably reduced. HR; high reflector.

Usually, pump resonance is eliminated by specifying the 
input coupling mirror (Mj in Fig. 1) to be highly transmit
ting at the pump frequency, and relying upon sufficient single 
or double-pass parametric gain to reach threshold. However, 
since the main purpose of the input mirror is to be highly 
reflecting at the two OPO frequencies, it can be difficult to 
achieve any additional coating constraint without degrading 
reflectivity at one or both of the OPO frequencies. The prob
lem of mirror coatings has led to almost exclusive use of cw 
OPOs that operate at, or very close to, frequency degeneracy, 
with more manageable dual-wavelength demands.

We propose a cavity geometry that greatly simplifies the 
coating specifications of type II phase-matched DROs, and 
further highlights the benefits of spatial separation within 
OPO cavities. If a second polarizer is placed within the cav
ity, and a fourth mirror added, the signal and idler fields will 
now resonate with their own pair of cavity mirrors (Fig. 4). 
Now, separate reflectivity coatings can be applied to cavity 
mirrors, important for optical frequency division, where 
OPO frequencies may be exact integral multiples of the 
pump frequency.

In conclusion, we have demonstrated a dual-cavity OPO 
which resonates the two nondegenerate OPO frequencies in 
separate cavities. The low threshold obtained allows its ap

plication to OPOs pumped by that selection of pump sources 
that can presently provide >200 mW power output. The 
separate cavity-length control greatly aids frequency tuning. 
By fine tuning the idler cavity length, and servo-controlling 
the signal cavity length to maintain double resonance, we 
could tune the OPO over «*0.4 GHz. In the absence of pump 
resonance, tuning should be possible over far greater ranges. 
Cavity lengths can be selected to provide frequency tuning 
that will only be limited by the allowable cavity-length trans
lation from, for example, PZT, electro-optic, or temperature 
servo-control. In the short term, we are planning to extend 
operation to the four-mirror geometry, which will reduce the 
dependence on the pump frequency resonance. The suitabil
ity of the dual cavity to optical frequency division methods 
should assist progress toward OPO cavity designs that can 
provide the high specification required at all three frequen
cies.
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We have demonstrated a continuous-wave optical parametric oscillator that uses lithium triborate as 
the nonlinear material and a tunable Tiisapphire laser as the pump source. By exploiting type I 
noncritical phase matching and a combination of temperature and pump frequency tuning, we have 
generated widely tunable radiation from 1.49 to 1.70 /zm, limited by the bandwidth of the optical 
coatings. Total output powers of 30 mW and pump depletions of 40% have been obtained at two 
times the oscillation threshold of 360 mW. We discuss the application of this nonlinear frequency 
conversion process to several recently proposed experiments.

Continuous-wave (cw) optical parametric oscillators 
(OPOs) can provide highly coherent radiation, tunable over 
extensive spectral regions, and can operate efficiently and 
reliably with pump power thresholds at the mW level. They 
can generate frequency outputs that almost exactly reproduce 
the statistical properties of the pump source.^ Recently, there 
has been considerable progress in the development of 
cw OPOs. By using a higlily stable, monolithic 
MgOiLiNbOgOPO resonator, self-phase-locking at exact fre
quency degeneracy has been demonstrated by Nabors et a Û  
Tunable optical frequency division has been proposed by 
Wong,^ and subsequently demonstrated by Lee and Wong in 
a KTP OPO.^ Progress towards smooth frequency tuning has 
been provided by Yang et al. with the demonstration of the 
first cw singly resonant OPO,  ̂ and by Colville et al. in the 
form of a dual-cavity, doubly resonant LBO OPO with inde
pendent signal and idler cavity-length control.^ cw OPOs 
have also been applied to generate nonclassical states of 
light, delivering twin beams whose intensity correlation falls 
below the shot-noise limit.^

These experiments have led to the development of 
frequency-and amplitude-stable devices, resulting in propos
als to apply cw OPOs for a multichannel coherent optical 
communication system,^ as a gravitational-wave detector,^ 
and for an optical frequency comb generator. Many of 
these require the combination of tunable pump sources oper
ating ~0 .8  fim  and cw OPOs operating in the near-infrared 
spectral region. However, with the exception of Ref. 6, cw 
OPOs remain particularly limited in their frequency cover
age, having operated mainly with fixed-frequency pump 
sources with wavelengths of «*0.5 /jm  and tuning around 
frequency degeneracy («*1 pm ). To provide frequency tun
ing over wider spectral regions, it is highly advantageous to 
use a pump source whose operating frequency can itself be 
chosen to satisfy specific applications. Such multiple- 
parameter tuning is essential for reaching any frequency pair 
in the OPO phase-matching bandwidth. Therefore, the com
bination of a tunable pump source and a widely tunable cw 
OPO can potentially offer narrow-linewidth radiation over an 
unprecedented spectral range.

In this letter, we describe a widely tunable cw OPO 
which uses LiB^Og (LBO) as the nonlinear material, and a

tunable laser as the pump source. Furthermore, we have op
erated the OPO in the 1.6 p m  spectral region resulting in 
frequency coverage of 25 THz, from 1.49 to 1.70 pm , lim
ited only by the bandwidth of the optical coatings. In particu
lar, we explain the choice of the pump laser, nonlinear ma
terial, and the phase-matching geometry.

The configuration of the cw Tiisapphire pumped OPO is 
depicted in Fig. 1. The pump source is a commercially avail
able, cw Tiisapphire laser (Schwartz Electro-Optics, Titan), 
which is configured in a unidirectional ring cavity and deliv
ers single-frequency output power of «*1 W at «=*0.8 p m  for 
«*9 W argon-ion input pump power. Without active stabili
zation, the frequency stability of the Tiisapphire laser is at 
best «*±5 MHz, although under normal laboratory condi
tions, a passive stability of *=*±15 MHz is more representa
tive. For the OPO gain medium, we chose lithium triborate 
(LBO).^  ̂ LBO is one of several new nonlinear materials 
grown to high optical quality, and is commonly used in 
OPOs with high peak power, pulsed pump sources, providing 
extensive wavelength coverage from the ultraviolet through 
to its infrared transmission cutoff at «*2.6 pm . It was se
lected for its high damage threshold, low losses at 0.8 and
1.6 pm , moderate nonlinear coefficients, and most impor
tantly, for temperature-tuned noncritical phase matching 
(NCPM) at the operating frequencies.

For cw OPOs, it is imperative to ensure that intracavity 
losses are reduced to a minimum. Consequently, degradation 
in the conversion efficiency from the effect of walkoff in

Tiisapphire laser
Pump Isolator

Signal

Idler

FT LBO

A ' '

f = 8 8 m m  x / 2

y

OPO cavity

FIG. 1. Schematic representation of the experimental setup.
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critical phase matching must be avoided when possible. In 
most cases, this dictates the use of NCPM, although the low 
walkoff in type II phase-matched KTP has permitted propa
gation at an angle of 25® from a principal axis.'* The lack of 
NCPM at frequency degeneracy in kTP*^’*** and 
MgOiLiNbOg for pump sources at «*0.8 p m ,  has prompted 
the selection of LBO, When pumped at «*0.8 p m ,  the type I 
NCPM geometry of LBO can be temperature tuned, generat
ing parallel-polarized signal and idler OPO frequencies. 
When operated near degeneracy, wide frequency tuning is 
possible for small variations in the crystal temperature.

The LBO crystal used in the experiment is cut for propa
gation along the x-axis (^=90°, ^=0®), with dimensions of 
3, 3, and 20 mm, along the y , z, and x  principal optical axes, 
respectively. The pump wave is polarized along the y -axis 
and the generated signal/idler waves are polarized along the 
z-axis. The crystal has antireflection coatings applied to its 
faces for both the pump wavelength at «*0.8 p m ,  and near
degenerate OPO wavelengths ~1 .6  p m .  The single-pass 
transmission loss of the crystal is specified to be <1% at 0.8 
/Mm and <0.25% at 1.6 p m .  The crystal is placed at the 
intracavity focus of a linear, near-concentric resonator, 
formed by two mirrors of 25 mm radius of curvature. These 
mirrors are located at —17 mm from the crystal faces, and 
coated to be highly reflecting (R >99.7%) at —1.6 p m ,  form
ing a high finesse, low loss resonator for the signal and idler 
frequencies. In addition, these mirrors are highly transmitting 
for the pump frequencies, thus ensuring single pass, nonreso
nant, pump interaction. The pump beam is focused to a spot 
size (1/e electric field radius) of «*40 p m ,  at the center of the 
nonlinear material. A Faraday isolator is located between the 
Tiisapphire laser and the OPO cavity to prevent feedback 
into the pump laser.

We set the confocal parameters of the OPO waves equal 
to the crystal length. The linear, standing-wave cavity pro
vides spot sizes of «*56 p m  for the OPO frequencies, maxi
mizing the spatial mode overlap between the pump and the 
OPO waves, and further lowering the threshold to a level 
compatible with the cw pump source. The LBO crystal is 
enclosed within a temperature-controlled oven and heated to 
temperatures between *=*130 and «=*185 ®C, to satisfy NCPM.

Two different modes of tuning can be investigated with 
the present arrangement. First, by operating the Tiisapphire 
laser at a fixed frequency, the OPO can be temperature-tuned 
under NCPM to provide signal and idler frequency pairs 
around degeneracy. Second, by maintaining the LBO crystal 
at a constant temperature, the pump frequency can be tuned 
to generate further signal and idler pairs. By varying the 
frequency of the pump laser and heating the LBO crystal to 
the appropriate phase-matching temperatures, the OPO could 
be tuned from 1.49 to 1.70 p m .  The tuning curves for four 
specific pump wavelengths are displayed in Fig. 2. Typically, 
tuning over > 20  THz could be obtained for a temperature 
change of *=*4 ®C. This range is limited only by the band
width of the present optical coatings. By selecting different 
crystal/mirror coatings, further tuning ranges over the whole 
of the 1 -2  p m  spectral region can be accessed readily.

The threshold for the OPO was found to be 360 mW. 
Assuming an effective nonlinear coefficient of 1.2 pm/V for
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FIG. 2. OPO temperature tuning under noncritical phase matching for four 
specific pump wavelengths. The dashed line illustrates the near-linear rela
tionship between temperature and degenerate OPO operation for these op
erating wavelengths.

LBO*  ̂and optimum mode-matching of the pump beam into 
the resonator, this threshold value implies round-trip signal/ 
idler power losses of «*1.6%, or a cavity finesse of «*400 at
1.6 p m .  By reducing the requirements on optical coatings, 
through for example monolithic crystal fabrication,^ longer 
crystal samples, or by double passing the pump wave 
through the gain medium,^ lower thresholds should be pos
sible. Pump depletions of up to «*40% and peak output pow
ers (signal 4-idler) of «*30 mW were obtained when operating 
at around two times the operating threshold, consistent over 
most of the spectral coverage.

In doubly resonant OPOs, small perturbations in the 
pump frequency (*=*MHz) or the cavity length («*nm) cause 
large power fluctuations in the OPO, with mode and cluster 
hopping. The frequency tuning characteristics of the type I 
phase-matching geometry around frequency-degeneracy 
have been studied extensively by Eckardt e t  In particu
lar, a single mode-pair output from the OPO demands the use 
of pump lasers stabilized to kHz levels, and sub-nm OPO 
cavity-length control. Since the principal objective of this 
letter is to highlight the range of coarse tuning under NCPM, 
no attempt has been made to operate the OPO on a single 
signal/idler mode pair, and to date both the pump source and 
the OPO cavity length have been operated passively without 
any servocontrol. Therefore the OPO output is subject to 
mode and cluster hopping. However, by using a stable pump 
source and OPO cavity, and in keeping with the results from 
other workers,^’*̂  we would expect the OPO to operate reli
ably on a single signal and idler mode pair. (Presently, com
mercial Tiisapphire lasers can achieve frequency stabilities 
within *=*50 kHz.) Smooth frequency tuning would then re
quire simultaneous adjustment of the OPO cavity length and 
fine tuning of the pump frequency to maintain the double
resonance condition.

The cavity length or pump-frequency detuning required 
to cause a mode hop is dependent on the mismatch in the 
free-spectral ranges of the signal and idler fields.*  ̂ There
fore, to obtain single signal/idler mode-pair operation near 
frequency degeneracy, type II phase matching is preferable 
to type I phase matching. This is because the signal and idler
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fields in type II phase matching are polarized along orthogo
nal axes of the biréfringent crystal. Hence, even at exact 
frequency degeneracy, the refractive indices, and conse
quently the free-spectral ranges, for the signal and idler fields 
are different. This mismatch in the free-spectral ranges of the 
signal and idler fields reduces the sensitivity to mode and 
cluster hopping in the output of the OPO. These characteris
tics have been studied recently by Debuisschert e t  a l } ^  and 
Lee and Wong.*  ̂A further benefit of type II phase matching 
is the possibility of polarization splitting to form separate 
resonant cavities for the signal and idler fields.^ Therefore, 
the proposed use of type II phase-matched KTP*® as an al
ternative to LBO for frequency down-conversion to the 1.5 
p m  spectral region would be beneficial if the increase in 
threshold due to walkoff losses caused by propagation at an 
angle of >50° from a principal axis, can be overcome.

The nonlinear frequency conversion process described in 
this letter is highly suitable as a precision frequency-tunable 
source. By operating the Tiisapphire laser at «*0.85 p m ,  the 
down-converted subharmonic from a degenerate LBO OPO 
could be phase locked to the frequency-doubled output of a 
CH^-stabilized HeiNe laser (3.39 p m ) ,  resulting in visible 
integral harmonics of the stable infrared frequency standard. 
A similar OPO could also be used as a frequency link be
tween the 1.5 p m  region and the 0.78 p  region, where a 
rubidium absorption line could be used as a frequency stan
dard to lock the visible laser frequency.*® Alternatively, the 
sum frequency of a pump source operating at «*0.8 /Ltm and 
its frequency subharmonic could be referenced to an iodine 
absorption at «* 0.5 /u-ra.*®

In summary, we have demonstrated coarse frequency 
tuning over 25 THz by combining a tunable pump source 
with a temperature-tunable cw LBO OPO operating under 
type I NCPM. The spectral region that we have highlighted

is important for a number of applications from optical fre
quency metrology to optical communications. Further im
provements in the stability of the pump laser and design of 
the OPO resonator should reduce the threshold and provide 
amplitude and frequency stable OPO outputs in the 1 -2  p m  
spectral region.
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Abstract

We analyse the frequency tuning properties of 
single- and dual-cavity doubly-resonant optical 
parametric oscillators. Comparison is made to 
experimental configurations that use lithium 
triborate continuous-wave optical parametric 
oscillators, pumped by a single-frequency aigon-ion 
laser. We compare single- and dual-cavity 
resonators that use type II phase-matching at room- 
temperature with non-degenerate frequencies.

Introduction

The use of continuous-wave (cw) optical paramedic 
oscillators (OPOs) as sources of tunable radiation 
over extended frequency ranges suffered a set-back 
when the first cw OPOs revealed undesirable tuning 
characteristics. Recently, difficulties associated 
with stabilizing cw OPOs have been overcome 
[1,2]. However, issues such as mode-selection and 
frequency-stability need to be addressed further if 
reliable systems are to be obtained. Applications, 
such as high-resolution spectroscopy and frequency 
division, require sources of continuously-tunable 
single-frequency radiation. OPO tuning properties 
are affected by the type of phase-matching 
employed and how far removed from frequency- 
degeneracy the OPO is phase-matched. The choice 
of OPO material, the resonator design, and the 
tuning elements, are also critical decisions.

Firstly, we describe the OPOs that were 
realized experimentally. We derive expressions for 
the requirements to maintain amplitude-stable 
single mode-pair operation; and to generate smooth 
frequency tuning. We compare the experimental 
results to a simplified theory. Finally, we 
summarize tlie key results of these studies.
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Eump_SQurce a n d  n o n lin e a r  c ry s ta l

The pump source used was an argon-ion laser which 
was selected as a convenient source of high-power 
single-frequency radiation, when operating in the 
ultra-violet spectral region at 363.8 nm, and was 
actively-stabilized to an external étalon, with a 
stability of « ± 3 MHz.

The nonlinear crystal, lithium triborate 
(LiBgOg; LBO), was selected for its high damage 
threshold, moderate nonlinear" coefficients, and 
wide transparency. Previously, the use o f LBO 
within OPOs had been confined to devices that used 
pulsed pump sources operating in the ultra-violet, 
green or near-infra-red regions. In each of these 
regions, non critical phase-matching (NCPM) 
geometries have been identified, and wide OPO 
temperature-tuning has been generated. These 
desirable NCPM geometries suggest LBO as a 
suitable crystal for use within cw OPOs [3-6].

Pumped at 363.8 nm, LBO can be temperature- 
tuned under type II NCPM [4], and operated at 
room-temperature. Figure 1 illustrates this phase- 
matching geometry in LBO, with the temperature- 
tuning possible. The frequency bandwidth of the 
output of the OPO was limited by the narrow-tand 
coatings on the crystal faces and cavity-mirrors.

Crystal temperature = 2 0 - 8 6  

Pump
363.8 nm - t i z

Signal
502  - 494 nm------------

 >•
Idler

LBO: e  = (f,<}) =  90^ -L 3 8 p m

3 ,3 , and 20 mm along x, y, and z

Figure 1. Type II NCPM and tuning in LBO.

4 3 8
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Mftdelling aad results 

Introduction
In optical parametric down-conversion, an input 
pump wave at frequency Vp is converted into two 
outputs; the signal and idler, at frequencies 
and V/. These frequencies obey the energy 
conservation relation, Vp = v̂  + v,. To form 
the OPO, resonance is provided by feedback at 
cavity mirrors for either, or both, the signal and 
idler. A device with feedback at one of the signal or 
idler is referred to as a singly-resonant OPO (SRO), 
in which the exact frequency of the resonant held is 
that of the cavity mode closest to the optimum 
phase-matching condition. The frequency of the 
non-resonant field is dictated merely by energy 
conservation.

CW OPOs are configured routinely as doubly- 
resonant OPOs (DROs), in which both the signal 
and idler are brought to resonance simultaneously. 
This results in significantly lower pump power 
thresholds compared to SRO devices. However, 
four conditions must be satisfied simultaneously; 
energy-conservation, phase-matching, and cavity 
resonances for the signal and idler. This introduces 
complications in the tuning [7].

Mode frequencies and tuning rates
We analyse two different DRO configurations. 
Figure 2(a) illustrates the single-cavity DRO, where 
the two OPO frequencies are resonant within a 
common cavity. The dual-cavity DRO is shown in 
figure 2(b), where an additional component 
separates spatially the signal and idler fields, and a 
third mirror forms a second resonator.

( a )

(b)

_A OPO ctystal
Ml

OPO crystal

Beam-splitter

î = S

Figure 2. Single- (a) and dual-cavity (b) DROs.

We denote the signal (idler) cavity-length 
by and the length of the OPO crystal by /. 
The resonance condition for the signal (idler) is

2(J 0' ) ’
(1)

-5(0 +(«5(0
where is the longitudinal mode number of the 
signal (idler), is the refractive index of the 
signal (idler) within the nonlinear material, and c is

the velocity of light, A change in the length of the 
signal (idler) cavity of AL (̂,) causes the resonant 
frequency of the signal (idler) field to change 
by and such that

To calculate, to good approximation, numerical 
values for the tuning rates, dispersion terms are 
ignored and equation [2] becomes

Av5 (/) (3)

where is the free spectral range of the
signal (idler) cavity.

Mode hopping
Pairs of signal and idler modes that satisfy energy 
conservation are termed mode-pairs. Within the 
phase-matching bandwidth, there are several mode- 
pairs for which the signal and idler lie close enough 
to the cavity modes for the OPO to oscillate. 
Changes in either the cavity mode frequencies or 
the pump-frequency cause the OPO output to switch 
from one mode-pair to another. Depending on the 
mis-match in the FSRs of the signal and idler, and 
in their finesses, the new mode-pair is either 
adjacent to the original (mode-hop), or many mode- 
pairs removed (cluster-hop) [7].

The mis-match in the FSRs dictates the level 
of cavity-length/pump-frequency detuning required 
to cause a hop to an adjacent mode-pair. Assuming 
that the original mode-pair is exactly on resonance, 
then by changing the cavity mode frequencies by a 
total amount equal to the mis-match in the FSRs, a 
mode-hop will occur. Therefore, the condition for a 
mode-hop is given by

2(AL^ V^FSR̂  + ALi VjFSRj )
AFSR» (4)

where AFSR is the mis-match in the FSRs.
For a single-cavity OPO with approximately 

equal cavity lengths for the signal and idler, we 
consider the FSRs of the signal and idler, as 
inserted on the right hand side of equation [4], to be 
approximately equal; i.e. «  L/ «  L and hence 
FSRs ® ~ Now, for the case of similar
cavity finesses for the signal and idler, and by 
substituting AL̂  = ALy = AL̂ ^̂  into equation [4], 
the cavity-length detuning for a mode-hop is

AFSR , 
2FSR ^

(5)

where Xp is the free-space pump wavelength. This 
expression can be written in terms o f the refractive 
indicies of the signal and idler frequencies within 
the nonlinear crystal; i.e.

ALhop
Hi\l

2 (L + (w — 1)/) (6) /
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where n is the average refiactive index.
The second parameter that affects the tuning 

behaviour of the OPO is the pump-frequency. The 
detuning requir ed to cause a mode-hop is given by

^Vp-hop = ( 7 )

Pump power threshold
The pump power threshold is dependent on the 
degree to which the resonance conditions for the 
signal and idler modes are satisfied and can be 
understood in terms of figure 3, in which the linear* 
scales for the signal and idler are reversed.

FSRi
Idler
cavity ^ fS R j
modes / |  ' 2Fi

Signal 
cavity —̂  
modes

Figure 3. Detuning of the cavity modes.

This figure is used to derive expressions that predict 
the tolerances to fluctuations in the cavity-length or 
pump-frequency on a single mode-pair. The 
maximum detuning, Av, while maintaining 
operation on a single mode-pair, is given by

= Av  ̂+AV/ < FSR, , FSRj 
IF;

(8)

We equate the above expression to equation [15] in 
mference [7] which derives the standard expression 
for the DRO threshold; i.e.

FiFSR̂  + F,FSRith 1 + ( 9 )

Equation [8] is related to the second term of 
equation [9], and corresponds to the detuning that 
doubles the threshold.

Cavity-length detuning
We take the point where the threshold, F,;, doubles 
as an indication of the range over which the OPO 
operates on a single mode. Equation [8] becomes

-(AL^ VsPSRs + AL/ ViFSRi ) ^  FSRs FSRi<  --------- 2. ^----------- L

Fi
(10)

For a single-cavity OPO, where AL̂  = A L i~ A L ,  
and with similar* finesses for the signal and idler, i.e. 
Fs ^ Fi ~ F , the cavity-length stability is

(11)V
2F

For a dual-cavity, the FSR of the signal may 
differ* significantly from that o f the idler field. 
Then, assuming both cavities are subject to the 
same cavity-length change and have comparable 
finesses, the cavity-length stabilities are

A,
ALstab ~ 4F s(i)

for FSRsçiy»FSRi(^s)
(12)

Pump-frequency detuning
For fixed cavity-lengths, an indication as to the 
pump-frequency detuning allow ed , while  
maintaining operation on a single mode-pair, is

\AVp\< FSR, ^ F ^
"  2Fi2F. (13)

For a s in g le -ca v ity  DRO , where  
FSR, “ FSRi ~ FSR, and with similar* finesses for 
the signal and idler, i.e. F , ~ F i ^ F ,  the stability 
requirement on the pump-frequency is

^^p-stab  ~  —

FSR
F

(14)

For a dual-cavity DRO, the FSRs and/or the 
finesses o f the signal and idler may differ 
significantly. For unequal finesses and unequal 
FSRs, the stability conditions are

FSR.Avp -sta b 2F
S(0
s(i)

for FSR,( î  ̂ »  FSRi( ,̂  ̂ .
(15)

Single-cavity amplitude-stable operation
Multiple-parameter tuning allows for smooth 
frequency tuning of the OPO. For perturbations in 
the pump-frequency, then to maintain double
resonance, the signal and idler lengths must change 
accordingly. Therefore, the following expression 
must now be satisfied;

AV, = AV, + AV, -
(15)

A servo-lock applied to either the signal or the idler 
cavity-length which holds the OPO output power at 
a constant level, will maintain the OPO on a single 
mode-pair above threshold, correcting at the same 
time for both cavity-length and pump-frequency 
perturbations.

For a s in g le -c a v ity  DRO, with  
FSR, = FSRi - F S R ,  and with similar finesses for 
the signal and idler, equation [16] becomes

(  f s r IA V p « - 2 A L ^  . (17)
\  j
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Smooth frequency tuning can be obtained by 
changing the cavity-length by AL while controlling 
simultaneously the pump-frequency to maintain the 
double-resonance condition.

PZT Polarizer

Amplifie)

Detector

(b)

i J

Intoferom eter : 
FSR ^ 3  GHz.

Figure 4. Single-cavity servo-lock (a), and signal- 
wave single-frequency operation (b).

We stabilized the output of a single-cavity 
DRO to maintain operation on a single mode-pair 
by using a simple intensity-lock, as illustrated in 
figure 4(a). The DRO was locked to the side of a 
resonance mode, maintaining operation on a single 
mode-pair; see figure 4(b).

For a fixed pump-frequency, and by simply 
changing the common cavity-length, a single-cavity 
DRO cannot be used to tune continuously the DRO 
outputs. To provide this, it is essential to have 
independent control of the signal and idler 
cavity-lengths. There have been two methods 
reported for achieving this [2,5]. The first method 
used a single-cavity DRO [2] with type II phase- 
matching. A tunable biréfringent element, placed 
within a single-cavity, can be used to adjust the 
individual signal and idler cavity-lengths. The 
second method, which we have pursued, is to use a 
dual-cavity DRO [5].

Dual-cavity smooth frequency tuning
For type II phase-matching geometries, a polarizing 
beam-splitter can separate the signal and idler into 
different cavities. For the non-degenerate type II 
phase-matching in LBO, we used a coating- 
enhanced, polarizing beam-splitter to allow for the 
transition between single- and dual-cavity 
operation. Thp intra-cavity beam-splitter was 
inserted into the cavity at Brewster’s angle, and 
coated to provide > 99 .7  % transmission for the 
p-polarized idler wave and > 99.7 % reflectivity for

the j-polarized signal wave. In addition, > 97 % 
transmission was provided for the p-polarized pump 
wave.

Controlling the signal and idler cavity 
frequencies allows for smooth tuning of the OPO 
without the need for a tunable pump-frequency.

We express the relation between the two 
cavity-length detunings, AL̂  and AL/, to provide 
smooth-tuning from a dual-cavity DRO operating 
with a fixed frequency pump source as

ALj = AL/ FSRj  V/ 

FSR, V,
(18)

One cavity is controlled to provide fine adjustment 
of the output frequency (master-cavity): the other 
cavity (slave-cavity) is servo-locked to maintain 
constant output power.

In our dual-cavity DRO, we employed  
servo-control on the length of the signal cavity to 
maintain double-resonance; figure 5(a). Smooth 
tuning is achieved by scanning the length o f the 
idler cavity, and relying on the signal cavity-servo 
to maintain double-resonance. Figure 5(b) shows a 
trace of the locked signal single-frequency.

M astei
voltage

Beam-splitter

A m p lif ie r /^

Reference
t  Detector

(b)

• t*
5

I
Figure 5. Dual-cavity servo-lock (a), and signal- 
wave single-frequency operation (b).

For this first dual-cavity demonstration, the 
influence of a partially resonant pump field within 
the OPO cavity restricted the allowable tuning 
range. In addition to being highly-reflecting at the 
signal and idler, the mirrors were «  55% reflecting 
at the pump. This introduced a weak resonance at

Inteiferometer :
FSR  =  2 G Hz.

---------------►

— >■ Tune *

....................

i
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the pump frequency, with a pump finesse, 5. 
This dependence of an OPO cavity-length to the 
pump-frequency placed an upper limit to which the 
idler cavity could be scanned in length/frequency, 
before the pump field dropped below threshold.

To predict the level of smooth frequency tuning 
from our dual-cavity, we assume again, when at 
perfect resonance for the signal and idler, the OPO 
is operating at «  two times threshold. For a 
resonant pump field within the idler (signal) cavity 
of the OPO, the range over which the idler (signal) 
cavity-length can be scanned, while maintaining an 
OPO output, is

A L , - — --------------  , (19)
p - id le r  {signal)

where F p-idUr{signal) is the finesse of the idler 
(signal) cavity for the pump frequency. We rewrite 
equation [19], to express the maximum tuning 
ranges for the signal and idler, and
^^i~max- when using a fixed frequency pump 
soui'ce, resonant within the idler (signal) cavity, as

I A[Av, |A, I 17 1
 ̂ p-idler{signal) ^ i{s )

(20)
Therefore, for our dual cavity DRO, we expect the 
smooth frequency tuning range to be limited to 
« 0.2 GHz. In practise, we could tune the outputs of 
the dual-cavity OPO through «  0.4 GHz.

Conçiusiops

We have derived simple expressions for the 
requirements on the stability of the OPO cavity- 
length, and the pump-frequency, to maintain 
amplitude-stable, single-frequency mode-pair 
operation.

To provide stable mode-pair operation, it is 
essential to have fine-control of the OPO cavity- 
length to compensate for pump-frequency 
perturbations. The most appropriate OPO designs 
for this aie monolithic resonators [1], with electric- 
optic cavity-length control. In our discrete- 
component single-cavity OPO, this fine-conhol was 
provided by piezo-electric feedback to an OPO 
cavity-miiTor [6].

To provide smooth-frequency-tuning for a 
fixed pump-frequency, it is essential to have 
independent control of the cavity-lengths of both 
the signal and idler. The most elegant demonstation 
of this technique has combined type II phase-

matched KTP with orthogonal length control in a 
single-cavity [2]. To provide this from our LBO 
OPO, we proposed the use of a dual-cavity OPO, 
and further, took advantage of both type II phase- 
matching and frequency non-degeneracy to provide 
a first experimental demonstration o f this 
technique [7]. When pump resonance effects aie 
eliminated completely, this tuning method has the 
possibility of generating smooth frequency tuning at 
the GHz-level.

Future progress in cw OPOs is likely to take 
advantage of pump sources whose operating 
frequency can be selected from a large gain- 
bandwidth. Presently, the most appropriate laser 
source for this is a Ti:sapphire laser, and recently 
we have demonstated the use of this laser to pump a 
cw .OPO in the 1.5 to 1.7 [tm spectral region [8]. 
When such pump sources aie combined with dual
cavity resonators, cw OPOs will become ideal 
candidates for optical frequency division schemes.
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