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Abstract

Widely tunable laser sources based on second order nonlinear optical (NLO) conver-
sions and covering the 200 nm to 3 um region have been constructed. Considerable
effort is devoted to achieving reasonable linewidth and efficiency, two critical param-
eters for the practical use of NLO materials in spectroscopic and other experiments.
Using these devices, the ionization behavior of alkali metal - small molecule clusters
is explored. In particular, the spectroscopic results are used to investigate the physics
of solvation between potassium atoms and ions with small molecules.

Recent advances in the fabrication of nonlinear optical materials have led to the
discovery of several promising crystal candidates for high power applications. These
advances, coupled with the rapid progress in high power pulsed pump laser technol-
ogy, have made practically possible widely tunable laser sources based on nonlinear
optical conversions. Three major devices have been developed that provide continu-
ous coverage from 200 nm to 3 pm, and which combine reasonable power efficiency
with a range of linewidths suitable for various spectroscopic measurements.

The design philosophy throughout is to create practical devices that are as simple
and durable as possible. For example, a compact, low cost OPO based on type II
phase matching in BBO and off-the-shelf optics has been fabricated. The type II BBO
OPO is fully computer controlled, and provides wide tunability (= 410 nm to 3 ym)
and relatively narrow bandwidth (= 1 cm™') in the same package. To generate narrow
bandwidth radiation, e.g., close to the transform limit, an extremely simple, unidi-
rectional Optical Parametric Generator/Optical Parametric Amplifier (OPG/OPA)
is designed based on an intense nanosecond (ns) pump source. Compared with other
CW laser-seeded optical parametric devices, this OPG/OPA design combines simple
operation with a remarkable insensitivity to the matching of the seed laser frequency
to the OPO cavity mode. Numerical models are used to fully characterize the NLO

behavior of these cavities, and to optimize their performance.
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Finally, in order to produce UV harmonics of the fundamental oscillators, a
broadly tunable harmonic generator which effectively covers the 190 to 420 nm region
has been constructed. The thermal dephasing problem in high average UV power gen-
eration with NLO crystals is fully explored for the first time, and a new method of
overcoming this thermal dephasing problem is proposed and tested. For each of the
devices, several experiments had been carried out to characterize their performance,
particularly their wide tunability, ease of operation, and high power scalability.

Most importantly for this thesis, fundamental research on the interaction between
potassium and small molecules such as water, ammonia, and benzene has been car-
ried out with the above mentioned laser sources by collecting the Photo-Ionization
Efficiency (PIE) ion yield and Zero Kinetic Energy Electron - Pulsed Field Ionization
(ZEKE-PFI) spectra of neutral alkali metal-solvent clusters. The tuanble sources
made it possible to rapidly map out the ionization potentials of the different clusters,
and to thereby estimate the binding energies of the neutral and ionic clusters; while
the ZEKE-PFI spectra of K(NHj) reveal, as expected, a considerable increase in the
angular anisotropy of the intermolecular forces in the charged clusters. Interestingly,
the measured pair-pair interaction energies of the dimers stand in contradiction to the
ion selectivity achieved by biological systems. Many body forces therefore must con-
tribute substantially to the subtle balancing of forces that operate in the condensed
phase, and the results indicate the importance of further characterization of large clus-
ters, especially those with mixed constituents such as K(CgHg),(H20),,. Additional
applications in fields as diverse as atmospheric science and molecular astrophysics can

be expected as NLO materials and processes are further refined.
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Chapter 1 Introduction & motivation

1.1 Overview

The 200 nm to 3 pm region of the electromagnetic spectrum is of great importance to
the study of many chemical, physical, and biological processes. Convention divides
this interval into three distinct regions: Ultra-Violet (UV) radiation extends from 200
- 380 nm, Visible (Vis) light covers the 380 - 780 nm range, and the near-infrared
(NIR) lies between 780 nm and 3 pm. Historically, the fundamentals of molecular
spectroscopy emerged from studies in these regions, and they remain of great impor-
tance to many fields of scientific research to this day.

The workhorse methods of generating continuously tunable laser radiation to cover
the 200 nm to 3 pm region include dye lasers and color center-based systems such
as Ti:Sapphire. Lasers of this type matured in the 1970-1980s, are commercially
available, and are in widespread use today. Their utility in a number of applications,
however, is limited by a number of factors, one being their narrow tuning range. A
dye lasers, for example, requires dozens of dyes in order to cover the visible range,
while there are few dyes that lase efficiently beyond 1 ym. Furthermore, changing
dyes is a time consuming process and the solvents/chemicals used are often toxic
to humans along with being damaging to the environment. Although there has been
progress on solid state dye discs, the lifetime and tuning range of these devices remains
limited. Ti:Sapphire lasers are solid state systems with a fairly wide tuning range
and a long lifetime. Compared to the potential tuning range of the UV pumped
optical parametric devices presented in this thesis, the Ti:Sapphire laser’s tuning
range (680 nm to 1100 nm) is still relatively small. This situation is unfortunate since
many scientific disciplines — including chemical physics, astrophysics, cosmochemistry,
planetary/atmospheric sciences, to name but a few — rely on widely tunable laser

sources to acquire essential information.
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The remainder of this chapter discusses the types of chemical and physical ques-
tions that demand the use of broadly tunable all solid state laser sources. The major
scientific focus will be on how the unique capabilities of parametric devices aid in
the spectroscopic study of weakly bound small molecule - alkali metal/alkali metal
cation clusters, but also briefly discuss in this chapter other potential applications
of widely tunable laser sources in the fields of atmospheric chemistry and molecular
astrophysics. We then summarize traditional tunable laser technologies, identify their
most important shortcomings, and compare them to all solid state sources based on
(NLO) conversions. Parametric oscillators and amplifiers are potentially devoid of
such inherent drawbacks as limited tuning range, short lifetime, complicated plumb-
ing setups, and environmental pollution associated with, e.g., dye lasers, and such
devices are thus suitable for a new generation of tunable light sources. The research
described here has contributed significantly toward demonstrating many aspects of
the considerable potential of NLO conversions in the UV/Vis and NIR regions, but
some important issues in the means of achieving both high efficiency and narrow

bandwidth remain to be addressed.

1.2 Spectroscopy in the 200 nm to 3 ym region
with nanosecond laser sources

A nanosecond (ns) laser source operating in the 200 nm to 3 pm region can be used
to investigate a wide range of fundamental scientific problems. Many molecules have
excited electronic states in the UV /visible range that can be pumped by a widely tun-
able laser source. Probing the electronic transitions of molecules, and any subsequent
photophysical or reaction pathways such as intersystem crossing or predissociation,
can yield an enormous amount of information about the properties of such compounds.
Field or remote sensing studies of atmospherically relevant molecules involving co-
herent sources are a powerful means of examining the composition of the Earth’s and

other planetary atmospheres, and the chemical processes that occur therein.
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Rovibrational spectra are located in the infrared. Typically, for larger molecules
the unique, or “fingerprints”, features in their spectra occur in the 5-20 um region.
Therefore, widely tunable IR laser sources would provide a powerful tool to identify
different chemicals, to determine their abundance, and to study their vibrational
dynamics. While sources in the 1-3 ym range are usefuly only for molecules containing
hydrogenic stretches, they often form the basis for additional NLO conversion schemes
to generate tunable mid-infrared light.

Pulsed lasers produce high energies over short periods of time that can be used
to carry out ionization or dissociation spectroscopic experiments, where the high
peak intensity is required to achieve high detection efficiencies. In such studies, or
in absorption measurements, a major disadvantage of pulsed lasers is their shot-to-
shot amplitude noise. The recent development of cavity ringdown laser absorption
spectroscopy (CRLAS), however, reduces tremendously the sensitivity to such fluctu-
ations, to the extent that nearly quantum-limited absorption spectroscopy can now
be carried out with pulsed lasers. Furthermore, signal normalization schemes in
ionization-based spectroscopies have also been developed over the past decade. Thus,
widely tunable pulsed lasers are now quite attractive for detailed spectroscopic stud-
ies, as will be discussed at the end of this thesis.

The investigations presented here have been motivated by three primary goals:

e basic research in understanding the molecular structure and interactions of

weakly bound clusters involving alkali metals.

e data collection for the analysis of remote sensing studies of the atmosphere and

the interstellar medium, e.g., photolysis cross section measurements
e remote sensing instrumentation development for space/air-borne missions

We discuss each, briefly, in turn below.
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1.2.1 Spectroscopy of alkali - small molecule clusters

Many important chemical and biochemical processes involve the recognition and se-
lection of specific molecules. One example is the Nat/K* ATPase pump, which
removes Na® from and imports K+ into cells, thereby maintaining high intracellular
K* and low intracellular Na* concentrations [4, 5. To accomplish this task, the
ATPase membrance protein has sites of high Na* affinity on the interior of the cell
membrane, and sites of high K affinity on the exterior, sites that are able to re-
move the ions, selectively, from the surrounding water. The ability of these binding
sites to distinguish between Nat and Kt depends on the site structure and on the
energetics of removing the ions from water and placing them in the sites. It is diffi-
cult to explain the enormous difference in the permeability (10,000 to 1) of K* and
Na* given only the differences in their ionic radii (0.97A for Nat, 1.33A for K+).
Recently, the Lisy group [2] has observed size selectivity in the gas phase cation-m
interactions of alkali metal cations with water and benzene. Their results indicate
that K*(H,0),, clusters can be dehydrated by benzene, while Na*(H,0), clusters
cannot. This supports theoretical arguments that aromatic 7 bonding can compete
successfully with water molecule interactions, but that for Na*, the bonding between
Na*t and water is favored. Nat(H,0),, clusters, because of their large size, cannot
pass through the ion channel. For K*, the competition favors bonds between K* and
benzene, and the K*(H,0),, clusters can be dehydrated, allowing the desolvated K*
ion to pass through. Ultimately, such theories needs to be tested with quantitative
thermodynamic or structural data and accurate intermolecular force fields, data that
currently cannot be obtained by theoretical calculation alone.

Signal transmission in nerve cells, accomplished by voltage-gated ion channel
membrane proteins, also depends critically on the interaction between polar (and
possibly non-polar) molecules and Na* and K* [6, 10, 11]. Upon opening, Na* chan-
nel proteins selectively allow Na' ions to flow into the cell, while the K* channel
proteins selectively allow Kt to leave the cell. The ion selectivity achieved by these

proteins is determined not only by the interaction between the ion and the pore region
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of the protein, but also the water-cation and water-polar molecule interactions in the
pore. Other factors affecting selectivity are hydrogen bonding between the pore and
the water molecules surrounding the ion, and the physical dimensions of the pore’s
selectivity filter. Selected illustrations of ion channels are shown in Figure 1.1.

Although high-resolution structural data are not yet available for ion channel
pores, there is evidence which indicates that Na* channel pore dimensions are ap-
proximately 0.3 nm x 0.5 nm, making them larger than the K* channel pores, which
are believed to be 0.3 nm X 0.3 nm in size [7]. The Na* pores are thought to be formed
from the interaction of Nat with partially-negative oxygen atoms such as those in
carbonyl groups, while K™ pores may involve the cation-7 interaction between K™
and non-polar aromatic rings, as shown in Figure 1.1c [8, 9, 3]. Recent theoretical
results have suggested that the Nat channel pores must be large enough to allow a
Na™ ion along with its first solvation shell of water molecules to pass through intact.
Na™ has difficulty passing through K* channel pores because the desolvation required
to drive the dehydrated Na*t through the smaller pore is energetically prohibitive [12].
The results further suggest that Kt does not pass through Na* channel pores because
its interaction with H,O is not sufficiently strong to displace the H,O molecules in
the pores, which are hydrogen-bonded to polar side groups on the protein. In the K+
channels, the cation-7 interaction is strong enough to displace the water molecules of
hydration surrounding the K*, thereby allowing it to pass through the channel.

While structural data for ion channels is lacking, some insight may be gained
from the recently determined structure of the K* binding site in another protein,
the dialkylglycine decarboxylase (DGD) enzyme, in which a K* ion in the site is
coordinated by six oxygen atoms in an octahedral arrangement, as shown in Figure
1.1d [13]. Three oxygens are from carbonyl groups, and the other three are supplied
by a carboxyl group, a hydroxyl group, and a water molecule. When a Na™ ion
occupies the site, the cavity shrinks to accommodate the smaller ion, forcing the
hydroxyl oxygen out of the cavity and leaving the Na* coordinated by five oxygens
in a distorted trigonal bipyramidal geometry. The site preferentially binds K¥, the

selectivity being determined by the energetics of the interaction of the ions with the



Figure 1.1: (a) Schematic illustration of ion channel proteins embedded in a cell
membrane [6]. (b) Cut-away illustration of an ion channel protein showing the water-
filled pore and the selectivity filter [6]. (c) Illustration of the proposed selectivity
filter in K* channel proteins (from Miller[3]). (d) Hlustration of the K* binding site
in DGD (from Miller([3]).



(2) (b)

ion-transporting proteins water-filled channel

Ion channels in cell membrane (s) selectivity filter
select between Na* and K*

)

v

"
Proposed binding site K" binding site

(c) (d)




8
polar oxygen-containing groups as well as that of the overall protein structure.

Clearly, accurate intermolecular potential energy surfaces, or IPESs, describing
the interaction between alkali metal ions and water and between the ions and groups
that might line ion channels are required in order to determine how ion channels and
protein binding sites achieve selectivity. Although much has been learned about alkali
ion hydration from thermochemical and transport data [14], neutron diffraction [15],
Raman spectroscopy [16], and theoretical methods [17, 18, 19], the modeling of the
complex environment inside the ion channels and protein binding sites requires more
accurate information on structure and energetics than these methods can provide.
In order to provide stringent guides for computational work, the IPES describing
the interaction between an alkali ion and one water molecule must be determined
precisely, as must the IPESs describing alkali ion interactions with several solvent
molecules.

The best way to gather the necessary experimental data is through the spectro-
scopic study of isolated clusters composed of an alkali metal ion and one to a few
solvent molecules in the gas phase. While binding energies of clusters composed of
Na™ and a small number of water or ammonia molecules have been measured in high
pressure mass spectrometry experiments [20, 21], there are only a handful of measure-
ments of vibrational frequencies of such clusters. Hertel and coworkers, for example,
have measured the sodium-water and sodium-ammonia stretching frequencies in the
1:1 clusters [22, 23]. No direct structural data exists for any of these species, but
numerous calculations of their structures agree quite well [24, 25, 26, 27]. Accurate
experimental structural data is still desired, however, because small changes in the
geometry and energetics can have large consequences in constricted ion channels and
binding sites.

As a further step toward acquiring the necessary structural and vibrational data,
and following previous work in the Blake group by Rodham et al. on the Na(H2O)
and Na(NHj;) clusters [15, 16], a modified “pick-up” source has been used to create
jet-cooled K(H50),,, K(NHj),, and K(Cg¢Hg), clusters. A combination of thresh-

old photoionization efficiency (PIE), zero kinetic energy electron-pulsed field ioniza-



9
tion (ZEKE-PFI), and resonance enhanced multi-photon ionization (REMPI) spec-
troscopies have been used to study them. ZEKE-PFI spectroscopy in particular is
a powerful technique for obtaining high resolution spectra of molecular and cluster
ions. This technique is based on the detection of threshold photoelectrons generated
in the laser ionization of their neutral precursors [28]. With this technique, precise
ionization potential and vibrational frequencies of certain clusters were measured, and

some structural and interaction energy information inferred.

1.2.2 Research in atmospheric chemistry with all solid state

laser sources
Studies of photolysis mechanisms

The wide tunability and high output powers of the light sources described herein have
led to a number of other experiments in the Blake group. For example, the coupling
of radiation and chemistry in the upper troposphere and lower stratosphere is very
important to our understanding of the chemical balance of the environment, yet much
uncertainty remains. For example, the photodissociation of a number of gases (e.g.,
nitric and peroxynitric acids) in these regions of the atmosphere may be driven by
radiation longward of 300 nm where the photodissociation cross sections are very
poorly known. A widely tunable, high average power laser would be very helpful in
carrying out any new measurements by coupling an intense photolysis source with
sensitive laser induced fluorescence detection systems.

Another example is provided by recent studies of nitrous oxide, or NoO. N2O
is an important greenhouse gas and the major natural source of NO that initiates
the catalytic NO, ozone destruction cycles in the stratosphere. N,O concentrations
have been increasing rapidly for the past several decades, and it is uncertain what is
causing this change. Measurements of the isotopic composition of atmospheric trace
gases can be a useful tool for inferring their global production and loss rates. In this
technique, if the isotopic signature of the various sources and sinks are known, then

the atmospheric composition (that is, the concentration and ratios of the different
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isotopomers) provides additional constraints on the sources and sinks.

Photolysis in the upper atmosphere represents the primary sink of NoO. Caltech
and JPL researchers have suggested [29] that N»O should be isotopically fractionated
as a result of this process. In particular they suggested that because the zero point
vibrational energy of the isotopomers are different, the absorption cross section in
the ultraviolet will be shifted as a result, leading to different photolysis rates for the
different isotopomers. This mechanism has now been verified by experiments in the
Blake group [30] in which the N and '®0 isotopic signatures are measured as a
function of the extent of photolysis at different wavelengths. The high average power

and tunability of the parametric oscillators were essential to these experiments.

Atmospheric sensing and monitoring of reactive species

Laboratory studies of the mechanisms of photo-induced chemistry is essential to un-
derstanding the changes that are occurring in the atmosphere. At the same time, there
is an urgent need to monitor the chemical composition of the atmosphere, particu-
larly the reactive free radicals that drive much of the chemistry in the stratosphere
and troposphere, e.g., the OH radical [32], NO [31], and the BrO radical [33]. To
carry out such in situ measurements, especially when multiple chemical species must
be monitored simultaneously, widely tunable laser sources would be of great utility.
Since these instruments must be airborne, there are stringent requirements on power
consumption, size and weight, as well as the lifetime and reliability of the tunable
laser sources and the sensitivity of the instruments. In this regard, all solid state laser
sources based on nonlinear optical conversion would seem to be promising candidates

for a new generation of spectrometers.
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1.3 200 nm — 3 ym ns laser sources

1.3.1 Motivation

The preceding discussion elucidates the importance of spectroscopy in the 200 nm to
3 um region for furthering our knowledge in chemical physics and the atmospheric
sciences. In the following section, the attributes of an ideal, widely tunable ns pulsed
laser source that covers this region will be outlined. The advantages and disadvantages
of traditional tunable lasers to laser sources based on nonlinear optical conversions

that form the basis of this thesis will then be compared.

1.3.2 The ideal, widely tunable ns laser source

An ideal widely tunable laser source would have the following qualities:

1. High spectral resolution: Transform limited resolution is ultimately desired for
most spectroscopic studies. For a pulsed laser of width 7 seconds, the transform

limited resolution (§v¢rans.) is

1
2nTe

, (11)

ov, trans. —

where c is the speed of light in vacuum. Lasers with bandwidths of one to a few
wavenumbers can be very useful in certain environment monitoring situations,

however, particularly for preliminary or pilot studies.

2. Frequency accuracy: Line frequencies are the primary result of many spectro-
scopic experiments. Complicated mechanical designs often result in unstable

laser frequencies, or lasers that can be difficult to calibrate.

3. Wide tunability: Continuous and wide-band tuning capabilities are highly de-
sirable. Here, tunability not only means the possibility of tuning from one
wavelength to the other, but also ease of use when changing wavelengths. This

is especially true for narrow bandwidth operation, because narrow bandwidths
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typically require much more complicated tuning mechanisms than those for
broadband operation. The repeatibility of the wavelength setting and high

power output are also challenging requirements.

. Long-term reliability: For experiments on space/air-borne platforms, where
manual maintenance opportunities are scarce or non-existent, long-term reli-
ability is indispensable. For laboratory experiments, a spectrometer that de-
mands frequent maintenance can eat up a staggering amount of research budget

and man-hours over time.

. Automated operation: Similar to the previous item, automated operation is
indispensable for space/air-borne experiments. It also tremendously facilitates

laboratory data acquisition.

. Small size and light weight: Because limited space is available on space or
air-borne systems, it is important for laser sources to be compact. Thus the
preference of all solid state lasers over liquid solvent dye lasers that may require

additional circulation and cooling accessories.

. Low power consumption: These last three items, while very desirable in the
laboratory, are absolutely critical to satellite/air-borne projects, where space,
weight, and power are tightly rationed. Therefore, all solid state lasers must
continually improve their efficiency. This is a major goal to be kept in mind

during the development of laser devices such as those described in this thesis.

. Robustness: A laser source that is not robust enough to pass flight-qualification
tests will not be allowed on a satellite or air-borne platforms. Robustness to
varying environmental conditions also sets a high standard for the thermal and

opto-mechanical design of laser systems.

. Low cost: The cost not only includes the prices paid at the time of purchase,
but also the operational cost — for example, electric power consumption, and

regular material changes, e.g., gases, tubes, dyes, etc.
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1.3.3 Traditional 200 nm to 3 ym ns tunable laser sources
The traditional tunable lasers in this region include:

e Dye lasers: Dye lasers are usually pumped by UV or visible (green) lasers.
They have a wide tuning range from the near-UV/deep blue to the near IR.
Each dye, however, only has a limited tuning range, and frequent dye changes
are therefore needed when scans from one wavelength region to another are
desired. Solid state laser dye discs are much easier to handle compared to dyes
in liquid solvent, and there has been tremendous progresses in their lifetimes and
damage thresholds, but at present such discs are available only over a limited

portion of the full operating range of dye lasers.

e Color center lasers: These lasers use crystals such as Ti:Sapphire, Cr:LiSAF,
Cr:LiSGaF and Cr:LiCAF as the gain medium, and they can cover a wider
range with a single crystal than can dye lasers. Still, the tuning range is rather
limited for many applications. For example, the Ti:Sappire laser has the widest
tuning range of these systems, covering the 680 nm to 1100 nm interval when
pumped in the green. Cr:LiSAF has a slightly smaller tuning range but can be
pumped by diode lasers directly at 630 nm; while Cr:LiCAF can be pumped at
266 nm to provide direct tunability between 280 and 320 nm [37].

e A variety of other pulsed, tunable lasers can be envisioned in this region, but

they are not as widely used as dye or color center lasers.

1.3.4 All solid state, widely tunable ns lasers based on NLO

conversions

The recent progress in nonlinear optical (NLO) materials and solid state pump lasers
has triggered rapid developments in all solid state widely tunable laser sources. The
discoveries of new nonlinear optical crystals, such as KTP/KTA, several members
in the borate crystal families (e.g., BBO, LBO and CLBO, etc.), and periodically
polled materials (e.g., PPLN, PPKTP), have made the practical the longstanding
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Table 1.1: General comparison of traditional lasers and optical parametric devices

OPO, OPG/0OPA Color center | Dye lasers

Devices -

Tuning range Very wide, covers | Wide, covers the | Narrow, limited
the phase matchable | fluorescing region | in the visible
transparency region
of the material, espe-
cially in the IR

Inherent bandwidth | Relatively narrow, 1 | Wide, 100nm Wide, 10’s of nm

- 10 nm
Threshold energy High Low Low
Operational cost Low Low High
Requirements for | Narrow pump laser | No requirement No requirement
narrow bandwidths | source on pump laser
Slope Efficiency High Medium Medium

dreams of using NLO conversions to fabricate widely tunable, coherent light sources.
These crystals exhibit exceptional qualities, such as large NLO coefficients, wide
transparency regions, and high damage thresholds. The properties of these crystals
and their applications will be discussed at length in Chapter 2.

The major tunable devices based on nonlinear optical conversions are those based
on optical parametric processes, e.g., optical parametric oscillators, or OPOs, and
optical parametric generators (OPGs) and amplifiers (OPAs). In Table 1.1, some
of the advantages and disadvantages of traditional tunable laser devices and devices
based on optical parametric processes are compared.

It can be seen that optical parametric devices have much wider tuning ranges than
do traditional tunable lasers, and their slope efficiencies are also higher than that of
other tunable lasers. In addition, optical parametric devices without any linewidth
narrowing elements have an inherent bandwidth that already relatively narrow, and
that can be used directly in a variety of spectroscopic experiments. This is especially
true for devices designed specifically for spectroscopy such as the type II OPO system
described in Chapter 3 [38]. The inherent bandwidths of dye lasers and color center
lasers are so wide that they are useful only for a limited number of ns experiments,

but are of great utility in the generation of ultrafast pulses. Traditional dye lasers and
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color center lasers do have relatively low threshold energies, however, and therefore
put less demand on the damage threshold of the cavity optics and crystals. In this
thesis, methods that lower the operational threshold energy for optical parametric
devices will therefore be highlighted. Finally, optical parametric devices require a
narrow bandwidth pump laser in order to operate at or near the transform limit,

while traditional tunable lasers do not.

1.4 Summary

An outline of the remainder of this thesis is as follows. In Chapter 2, the theory and
materials that form the foundation of second order nonlinear optical conversions is
presented. In Chapter 3, the details of the type II phase matched OPO device is
given along with some of the spectroscopic results that have been obtained. Chapter
4 provides the details of a simple, single frequency diode laser seeded OPG/OPA sys-
tem that gives nearly transform limited bandwidth. The experimental techniques and
apparatus used to investigate the spectroscopy of alkali metal-solvent clusters are de-
scribed in Chapter 5, while Chapter 6 discusses the results of the cluster spectroscopy
experiments. Conclusions and directions for future work are given in Chapter 7. Ap-
pendices are then included which reproduce the equations ncessary for calculating a
variety of phase matching conditions and phase mismatch, along with the programs
that perform the computer simulations for the nonlinear optical conversions. Also
given are the operational details, such as computer programs, for the ZEKE-PFI

experimental apparatus.
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Chapter 2 Second Order Nonlinear

Optical Conversions

2.1 Basic principles of second order nonlinear op-

tical conversions

2.1.1 Three wave interactions in 2"¢ order NLO processes

The linear optical response of a material is proportional to the external electromag-
netic fields that are incident upon it. Consider two coherent optical waves (with
frequencies v and 1) that overlap in a certain material, whose electric fields are

given by [1]:

E1 (t) = Eleiwlt

Ey(t) = FEpe™?, | (2.1)
where w; = 27y;. The combined field in the overlap region is given by

E(t) = Ei(t)+ Ex(?)
= E "' + Eye™ . (2.2)

Now, if the material responds quadratically, rather than linearly, to the two incident

beams, the response, S(t), in such a material will be given by:

S(t) « E()*
Re(S(t)) o Re(1/2(E%+ E2) + 1/2[E? cos(2wit) + E2 cos(2wst)] +
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-+ E1E2 cos[(wlt + (.Ugt)] =+ E1E2 cos[(w1 — (.dg)t] (23)
SUM—FREQUYENCY FIELD DIFFERENCE—FEEQUENCY FIELD

The last two terms are new fields oscillating at frequencies equal to the sum of and
difference between the two incidental fields — representing the sum and difference
between w; and ws. For a detailed theory on the physical origin of such second order
nonlinearities in materials, the interested reader is referred to the classic textbook by
Yariv [2].

In the case when the response S(t) is the dielectric polarization P, we may write

in general:

P(E) = K(B)E=roE+xPE*+x®E + ...,
(2.4)

where k is the linear dielectric susceptibility (denoted as k¢ in the absence of the
electric field), and x®@, x® and so forth are the nonlinear dielectric susceptibility
coefficients (second order or square, third order or cubic, and so on, respectively).

The second order nonlinearity is non-vanishing (x(? # 0) only in asymmetric ma-
terials, 7.e., in crystals without a center of symmetry, or at the boundary of isotropic
or symmetric materials where the symmetry is broken. In materials with a symmetry
center, X, = 0. In contrast, the third order nonlinear susceptibility is non-zero in
all crystal and isotropic materials.

Thus, propagation of two monochromatic waves with frequencies »; and v, in a
crystal with a non-zero second order nonlinearity gives rise to two new electromagnetic

fields with frequencies that satisfy the conservation of energy, or
W34 = W1 o wy (25)

as demonstrated by equation (2.3). The sum frequency generation (SFG) component
with w3 = w; +w, provides a method for the conversion of long wavelength radiation,

e.g., IR or visible radiation, to short-wave radiation, namely, visible or UV light.
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Difference frequency generation (DFG), with wy = w; — wy, allows one to convert
short wavelength radiation to long wavelength radiation. If w; = ws, a special case
of sum frequency conversion is obtained, called Second Harmonic Generation (SHG),
where w3 = 2w;.

The optical parametric process is opposite to that of SFG. Here, two photons with
the frequencies w, o are generated from one higher energy photon w;. Generation of
more complex combination frequencies is also possible with successive SFG stages.
For example, Third-Harmonic Generation (THG) can be realized by SHG followed
by SFG i.e., (w3 = 3wy = wy + 2w;). Fourth-harmonic generation, or 4HG, can be a
combination of two SHG processes — (w4 = 2(2w,)); or a SFG process involving the
third harmonic frequency and the fundamental frequency, i.e., (wy = 3w; 4+ 1w;). The
latter is sometimes used to extend the so-called phase matching range of a nonlinear
crystal (defined below).

When all the input frequencies (w,w;), along with their sum and difference fre-
quencies (ws,wy) lie in the optical region, the processes associated with the generation
of new electromagnetic fields are termed second order nonlinear optical conversions.
Each of the devices described in this thesis operate in the frequency range from 52600
cm~'to 3300 cm™!, or approximately 190 nm to 3 um, and so can be characterized

as nonlinear optical converters.

2.1.2 Phase matching conditions

The previous section describes energy conservation during 2" order nonlinear optical
conversion. Under typical conditions nearly all optical materials are weakly nonlinear,
i.e., x® ~ 108k, and nonlinear effects can only be observed at measurable levels
when light propagates through a fairly long crystal while satisfying the so-called
phase-matching conditions [1]. For SFG or DFG, the appropriate condition is:

ks = ]Cz :|: kl (26)
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Here, the k; are the wave vectors corresponding to the electromagnetic fields with

frequencies w; (i =1,2,3), or

21n;

Ai

| ks =l = = 2mnvr (2.7)
where v;, n; and ); are the frequency, refractive index and wavelength of the corre-
sponding photons. Along with the energy conservation equation (2.5), equation (2.6)
requires that momentum also be conserved.

The relative location of the wave vector under phase matching can either be
collinear (where scalar phase matching applies) or noncollinear (where vector phase
matching applies). Under collinear phase matching we obtain the conditions for SFG

and for parametric oscillation,

ks = ko + k1, or wyng = wang + wing . (28)

For SHG, where w; = wsy; w3 = 2wy, the above equation simplifies to
kg = 2k1, Oor ng =ny (29)

Note that in the optical region, the above equalities (2.9,2.8) for phase match-
ing will never be possible for light waves with the same polarization because of the
“normal” dispersion (n; < n3) properties for the same polarization inside isotropic
materials. The phase-matching conditions can only be met in anisotropic crystals un-
der the influence of differently polarized waves, as is outlined in the following section.
Therefore, both a non-zero 2*¢ order susceptibility and appropriate phase matching

geometries are required for efficient 2nd order nonlinear optical conversions.

2.1.3 Phase matching inside nonlinear optical crystals

In a uniaxial crystal a special direction exists called the optic axis (typically labeled
the Z axis). The plane containing the Z axis and the wave vector k£ of the light

wave is termed the principle plane. A light beam whose polarization is normal to the



23
principle plane is called an ordinary ray, or o-ray, while a beam polarized parallel to
the principle plane is known as an extraordinary ray, or e-ray. The refractive index of
an o-ray does not depend on the propagation direction, while that for the e-ray does.
Thus, the refractive index in a nonlinear optical crystal generally depends both on the
light polarization and propagation direction. The difference between the refractive
indices of the o-ray and e-ray is known as birefringence, An. The An is equal to zero
along the optic axis Z, and reaches a maximum in the direction normal to this axis.
In the plane normal to the Z-axis, the refractive indices of the o-ray and the e-ray
are termed the principle values of the refractive index, and are labeled by n, and n,,
respectively. The refractive index of the e-ray depends on the polar angle 6 between

the Z axis and the vector k. It is determined by the equation:

“(0) = 1+ tan®6
T Z A T (no/ne)? tan? 0

(2.10)

Here, the superscript “¢” in “n¢(f)” denotes the changing refractive index for the

e-ray. The following relations then follow immediately:

If n, > n, the crystal is called a negative crystal; while if n, < n, the crystal
is termed positive. Crystals like 3-barium borate (BBO) and LiNbOj are negative
uniaxial crystals. The dependence of the refractive index on the light propagation
direction inside the crystal is a combination of a sphere with radius n, (for the o-ray)

and an ellipsoid of rotation with semi-axes n, and n,.
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Figure 2.1: Index sphere in a negative uniaxial crystal. If at a certain angle n¢(#) = n,,
the type I phase matching condition is fulfilled for SHG.

In the Z-axis direction the sphere and ellipsoid are in contact with each other. By
changing the value of #, the phase matching condition is fulfilled (Figure 2.1) if it is

possible to find an angle at which

An(f) =n®(0) —n, =0 . (2.11)

In biaxial crystals, the refractive index sphere will be a 3-dimensional structure
which not only involves the change of 6, but also the angle ¢. Thus, phase matching
in biaxial crystals is much more complicated than that in uniaxial crystals. The
principle, however, remains the same — only with different polarizations can the three
light wave phase matching be obtained in a birefringent crystal. Readers interested
in further details are urged to consult reference [3].

The polarization combinations of the phase matching process permit the types
of phase matching that are possible in NLO crystals to be classified. In negative

crystals, if the three waves follow the relationship:

ko1 + ko2 = k3, (2.12)
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then this combination is “ooe” phase matched or type I phase matched. In a posi-
tive crystal, the appropriate combination is “eeo,” and it is still called type I phase
matching. The generally accepted convention, and that adopted in this thesis, is:
The first two symbols in the expression “ooe” or “eeo” refer to the waves with lower
frequencies. Further, the first wave has a frequency lower or equal to that of the
second, and the third symbol refers to the wave with the highest frequency. If the
first two lower frequency waves have the same polarization, then the phase matching
is refered to as a type I process. Alternatively, if the last two waves have the same
polarization, the phase matching is of the type II variety. Finally, if the last two
waves have the opposite polarization, then it is called type III phase matching. This
convention applies not only to uniaxial crystals but to biaxial crystals as well.

To satisfy the phase matching conditions according to equation (2.11), one must
calculate the phase matching angle 0, or ¢,,. Tables 1 and 2 in Appendix A,
adapted from [3], list all the formulas needed to calculate the phase matching angle
for different phase matching types and crystals. The phase matching angle can also
be calculated with the Lagrange formula, which can be applied to any kind of phase
matching combination, as is also described in the Appendix.

When an e-ray enters a crystal, the direction of the propagation of its wave vector
k generally does not coincide with that of the energy flow vector s. The angle between

s and k is called the “walk-off” angle p:
p(8) = £ arctan[(n,/n.)? tan 6] ¥ 6 (2.13)

The upper signs refer to a negative crystal, and the lower signs refer to a positive
crystal. This walk-off effect will limit the effective interaction length of the three
waves in nonlinear optical conversion, especially when the size of the laser beam is
very small, and therefore should be eliminated whenever possible (see Chapter 3 for

details).
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2.2 Efficiency of NLO conversions

2.2.1 Basic differential equations for NLO conversions

Based on the electromagnetic field Maxwell equation inside a crystalline material,

606 E(r,t) _  4m 0°Pyy(r,1)

2
\v4 E( t) + o2 @ e (2.14)
where equation (2.4) has been used for the 2" order nonlinear polarization
Py (r,t) = xX? E*(r,1) (2.15)
and the boundary conditions for the electric field E(r,t), we have:
1 3
= z_: (r,t) exp[i(wnt — kn7r)] + C.C.) (2.16)

In the above, the A,(r,t) are the complex wave amplitudes, w, and k, are the fre-
quencies and wave vectors, respectively; and C.C means “complex conjugate.” From

these three equations, the expressions

M1A1 = iUlA3A; eXp('lAkZ) (217)
M2A2 = iO'zA3AI exp(iAkz) (218)
M3A3 = ’I;U3A1A2 eXp(—zAkz) (219)
and
0 0 i, 02 02 0 0?
— N R - 2.20
My= o +Pas top (g T 58) Tt 5y titga Toat u(4)  (220)
may be derived, with
_ Wideyy

(2.21)
n;c
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Here, the u, are the group velocities, the g,, are the dispersive spreading coefficients,
Ak is the total phase mismatch, the o, are the linear absorption coefficients, the
Qn are the 2™ order nonlinear absorption coefficients, n; is the refractive index of
the corresponding wave, d.;y is the effective nonlinear optical coeflicient, and c is the
speed of light.

In this thesis, we will be dealing with nano-second (ns) pulses, so the group
velocity and dispersion variations are negligible and can be ignored. Hence, the factors
that ultimately decide the final efficiency will be the phase mismatch Ak and optical
absorption from both linear absorption, «,, and 2-photon nonlinear absorption, @,.

Due to the complexity of the differential equations (2.17), (2.18) and (2.19), and
the nonlinear nature of the interactions involved, it is impossible to solve them an-
alytically. Therefore, numerical simulations are carried out. The appendix to this
thesis describes a computer program which uses the Runge-Kutta step method to
solve the above equations numerically. For each of the devices presented herein, the
program can be modified to carry out the theoretical simulations, the results of which

will be presented in later chapters.

2.2.2 Angular, spectral and temperature phase mismatch

In equations (2.17), (2.18) and (2.19), the Ak is the total phase mismatch and consists
of
Ak = Akp, + Akpr + Akgey (2.22)

where Aky, is the linear phase mismatch, or
AkL = kl ~+ k2 - k3 . (223)

Ak, is the mismatch due to free-carrier generation in the conduction band of the
crystal due to nonlinear absorption, and Ak,, is the phase mismatch imposed by
photorefractive effect inside the nonlinear optical crystal. The Ak, and Ak, terms

are not important to this thesis since we are dealing mainly with BBO crystals and
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ns laser pulses. BBO crystals, unlike ferrite crystal such as LiNbO3 and KTP (Potas-
sium Titanyl Phosphate), have a small photorefractive effect. In addition, the deep
UV peak power inside BBO crystals is not very high, and so the main effects that
must be considered are those of the angular bandwidths, spectral, and temperature
bandwidths.

In real nonlinear optical conversions, the situation is far from ideal. The input
laser radiation is divergent, pulsed, and of finite spectral bandwidth. There is also
absorption inside the crystal, both from the input and converted light waves, that
results in a temperature variation inside the crystal. In practice, therefore, the fol-
lowing parameters of various nonlinear optical converters — the angular, spectral,
and temperature bandwidths corresponding to maximum permissible divergence, the
spectral width of the input radiation, and the temperature instability inside the spe-
cific crystal material - must be calculated.

The value Ak;, can also be rewritten as a function of crystal temperature T, the
frequencies of the interacting waves v, and the deviation from the phase matching
angle 660 = 6 — 6, as may be simply understood because as these three factors
change, ki + k2 — k3 will change as well. The dependence of Ak (here we drop the
subscript “;” for simplicity) on these parameters, to first order, can be approximated
by the first terms in the Taylor series expansion:

d(Ak)

B(AK)  B(A)

It has been demonstrated that the power of a converted light wave in the fixed-field

approximation is halved if the phase mismatch is equal to

Ak = 0.886% , (2.25)

where L is the interaction length. Based on equation (2.25), the angular (Af), tem-
perature (AT), and spectral (Av) bandwidths can be expressed as

A0 = 17728k

L 8(50) ]0_=10pm (226)
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B m 0(Ak),_,
AT = L7727~ ik, (2.27)
N
Ay = LR [—— 21 : :
v = Lmf 2 OB (2.28)

The derivation of these equations depends on the dispersion of the refractive indices
and on the type of phase matching. The equations for calculating the internal angular,
spectral and temperature bandwidths are listed in Appendix A.

It is worth mentioning that when the phase matching is achieved for both 6,
and ¢pm equal to zero or 90 degrees, a special type of phase matching, called non-
critical phase matching, or NCPM, is obtained. Here, the crystal has the largest
angular bandwidth. In addition, the “walk-off” effect is eliminated, and NCPM is
therefore widely used in SHG of continuous wave laser source where tight focusing is
required. The tuning range of NCPM phase matching can be extended somewhat by
temperature tuning.

Another important point to consider is that the angular and spectral acceptance
bandwidth given in Appendix A can only be applied along the so-called sensitive
direction, that is, the direction of the e-ray’s polarization. For example, in a negative
uniaxial crystal such as BBO used in a type I phase matching fashion (ooe, w; +wy =
ws), the acceptance angle in the 6 direction is only about 1 mrad or less, while the
acceptance angle in the ¢ direction is typically 50 times larger. This is illustrated in

Figure 2.2. The relationship between the acceptance angle in the § and ¢ direction

is given by
I = \/p? tan2(Gpm + A) — p? tan® Gy (2.29)
and
l
.Y TN 2.30
¢ p/ cos Opm ( )
Thus,
A = ¢08 O/ tan? (Bpm + AG) — tan® Gym = 1/2 tan OpmAD (2.31)

Numerically, for the type I BBO OPO process, the acceptance angle is only about

0.5 mrad in the sensitive (f) direction at a phase matching angle of 30°, but in the
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Figure 2.2: An illustration of the differing acceptance angles in the # and ¢ directions.
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insensitive (¢) direction the acceptance angle is 24 mrad. An important application of
this difference in acceptance angles is the use of cylindrical focusing in the conversion
systems described in Chapters 3 in order to increase the intensity while at the same
time keeping the divergence smaller than the acceptance angle in both directions.
This is applied to both SHG [28] and OPO processes [35].

The characteristic value of Ak from equation (2.25) is based on what is termed the
fixed-field approximation, that is under the assumption that the input wave depletion
and phase mismatch variation is negligible during the NLO conversion. This is true
for processes in which the energy exchange of the three waves is sufficiently small.
Obviously, this approximation is not true for processes with very high conversion effi-
ciency or in cases where high absorption exists. For numerical simulations, however,
it is still possible to use this approximation since during the simulation the crystal
is divided into infinitesimally small units, in which the exchange of energy among
these three waves can be made correspondingly small. The signal that the unit cell is
small enough is that the resulting efficiency from the simulation does not change as
the unit size is reduced further. Numerical simulations based on this approximation
can be easily extended to include anisotropic phase mismatches such as the thermal
distribution inside the crystal material [4], and is used later in this thesis to provide

insight into high average power deep UV generation in absorbing nonlinear materials.

2.3 Nonlinear optical crystals

There have been many powerful nonlinear optical crystals discovered since the in-
vention of the laser. In this section, some of the most important nonlinear optical
crystals are reviewed, including a qualitative description of the very latest results.
For a more detailed quantitative description, interested readers should consult ref-
erence [3] and the many specific papers cited therein that describe the properties of

individual crystals.
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2.3.1 Most often used nonlinear optical crystals

As early as 1961, Franken et al. [6] observed radiation at the doubled frequency when
a ruby laser beam was directed into a quartz crystal. Because the phase matching
is not fulfilled in quartz, the conversion efficiency to the second harmonic was very
low (107'?). After theory of phase matching in birefringent crystals was proposed,
however, there was rapid development of nonlinear optical conversion schemes and
the crystal materials used in these applications.

ADP (Ammonium Dihydrogen Phosphaste) and KDP (Potassium Dihydrogen
Phosphate) were the first crystals used for robust nonlinear frequency conversion [7].
These two crystals, along with their derivative KD*P (Deuterated Potassium Dihy-
drogen Phosphate), are very easy to grow but have relatively low damage threshold,
small 2" order nonlinear coefficients, small birefrigence, small temperature band-
widths, and a limited region of high optical transparency. The small birefregence
puts a limit on the nonlinear optical crystals’ phase matching capability as is out-
lined by the phase matching theory described in Section 2.1.3. Today, these crystals
are still in wide use because of their low cost and large crystal size. For example, the
National Ignition Facility at Sandia National Lab still uses KD*P in sizes as large
as 250 mm to generate high power harmonics of the 1064 nm Nd:YAG fundamen-
tal [19]. Many powerful Nd:YAG lasers still use KDP and KD*P in their harmonic
generators, although the small temperature bandwidth of KDP/KD*P requires a
temperature stablized crystal oven for maximum conversion efficiency.

LiNbOs [9] and LiIO3 [10] were invented in the 1960’s and have pioneered difference
frequency generation and optical parametric processes in the near IR region [11, 12].
These two crystals suffer, however, from low damage threshold and poor transmission
in the visible and UV. The KNbO;3 derivative of LiNbO; is another very important
NLO crystal, especially since it can be temperature tuned to fulfill the SHG phase
matching condition in the 850 - 950 nm range in order to generate blue wavelengths
from high efficiency near-IR diode lasers [13, 14]. Today, most of the all solid state
diode pumped lasers use KNbOj3 as their SHG material. KNbOj is quite difficult to
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grow and fabricate, it so it is now giving way to Periodically Poled LiNbO3 (PPLN).

KTP (Potassium Titanyl Phosphate) [15] is a critical nonlinear optical crystal
invented in 1976. It is easy to grow, and has low absorption in the 1064 nm and 532
nm region. This is the crystal of choice for 1064 — 532 nm SHG. It is also a better
crystal than LiNbOj3 in the near IR region for DFG and OPO conversions [16] due
to its higher damage threshold. The arsenate derivative, KTA (Potassium Titanyl
Arsenate), has generated considerable recent enthusiasm because it has much better
IR transmission in the chemically important 3 - 5 ym region [17], and so KTA should
be a very good candidate for parametric interactions in this region.

The discovery of nonlinear optical materials is, at present, a slow and painstaking
process, with much research having been focused on the phosphate crystals (KDP,
ADP and KTP). The borate crystal family did not receive much attention because
there was an error made in the 1930’s on the structural properties of § -BaB,O4
(BBO). This crystal was determined to have a center of symmetry and therefore
would be impossible for use in 2"¢ order nonlinear optical applications. Liang et al.
pointed out this mistake in the early 1980’s [18] and proposed that BBO would be a
very promising nonlinear optical crystal. BBO as a nonlinear optical crystal material
was confirmed in 1985 [19], and has received great attention as the crystal growing
technology improves.

BBO has a relatively large birefrigence and therefore is phase matchable from
409.6 nm to 3500 nm for SHG, and from 189 nm to 3500 nm for SFG. It has wide
transmission region from 190nm to 3500nm and has a high damage threshold com-
pared to KTP and LiNbQOj3. Its nonlinear optical coefficient is also several times larger
than that of KDP for harmonic generation at UV wavelengths. These favorable prop-
erties allowed allowed BBO to be the first commercially available crystal that can be
used in a UV pumped OPO device to generate tunable laser radiation from the UV
to the near IR [2, 21]. The devices described in this thesis are based on BBO crystals.
Recent progress in the crystal growth techniques for BBO has begun to optimize the
Czochralski, or pulling, method [22]. This method is almost 100 times faster than

the current flux-grown method and the quality is expected to be better, and so its
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widespread use should greatly reduce the cost of BBO crystals, making it a powerful
yet affordable NLO material.

The LBO (LiB3Os5) nonlinear optical crystal was invented in 1989 [23]. LBO has
even higher damage threshold than BBO, and has the unique property that it does
not show a photorefractive effect, unlike other types of NLO materials. Although
its nonlinear coefficient is smaller than in BBO, it is NCPM phase matchable at an
elevated temperature (152° C) for SHG of 1064 nm. Therefore, it has become the
workhorse for high power, long term generation of 532 nm radiation (see, for example,
the Millenia solid state green laser from Spectra-Physics).

Soon after the discovery of BBO and LBO, Cheng et al. [26] proposed a the-
ory on the structure of the borate NLO crystals, which led to the discovery of
many new borate nonlinear optical materials with exceptional merits, such as CLBO
(CsLiBg0,0), CBO (CsB305), SBBO (SraBe;B,07) and KBBF (KBe,BOsF) were
discovered. SBBO, for example, has the potential to generate VUV radiation down
to wavelengths as short as 170 nm directly by SHG.

The CLBO (CsLiBg0O,0) crystal is the newest member in the borate nonlinear
optical crystal family [24]. It has a damage threshold even higher than that of BBO.
Although it has smaller nonlinear optical coefficients, it does have much larger an-
gular, spectral and temperature acceptance bandwidths and a much smaller walk-off
effect than BBO. Since absorption starts to reduce the performance of SHG or SFG
at UV wavelengths, the larger acceptance bandwidths and smaller walk-off effect in
CLBO allow for much higher conversion efficiency at high input power. A detailed
comparison of BBO, KTP and CLBO crystal for the SHG and SFG processes is given
in Chapter 4. CLBO is therefore a promising crystal for harmonic generation of deep
UV radiation, but is presently hampered by its unstable crystal structure, which leads
to an unpredictable natural life time [25].

In the longer wavelength IR region (2 - 10 um), two crystals, AgGaS, [27] and
ZnGeP, have recently attracted much attention. Because of the improved quality
and transmission in this region for ZnGeP, crystals [28], for example, they are now

promising crystals for high efficiency, high power NLO conversion in this pivotal
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region. Possible integrated optical/IR schemes will be discussed at the end of this
thesis.

Another recent development is that of periodically poled materials, e.g., periodi-
cally poled LiNbO3 (PPLN) or KTP crystals. This technology [12] applies a spatially
periodic strong electric field onto ferroelectric crystals such as LiNbO3 and KTP,
which changes the dipole orientation inside the crystal, thereby effectively changing
the sign of the crystal’s nonlinear optical coefficient. By changing the period of the
spatial electric field, the phase matching conditions can be achieved throughout the
optical transparency region of the material using the largest NLO coefficient with
no walk-off losses. This technology enables many nonlinear optical conversions that
were difficult to achieve previously, e.g., efficient SHG of CW laser without external
cavity enhancement [31], a singly resonant OPO pumped by a CW laser source [30],
and a ns OPO pumped by low pulse energy lasers [32]. Periodically poled materials
are currently limited by their small size. Commercially available PPLN crystals, for
example, have apertures of only 0.5 mm in height, and therefore cannot handle very
high pump powers. With improvements in the electric poling the aperture size is be-
ing enlarged. Recently, periodically poled RTA (Rubidium Titanyl Arsenate) wafers

as large as 4x4x20 mm have been successfully fabricated [37].

2.3.2 Damage thresholds of nonlinear optical crystals

One critical figure of merit of a nonlinear optical crystal is its damage threshold.
There is much ambiguity in the definition and measurement of the damage threshold
of nonlinear optical crystals. The sources of the ambiguity include, but are not limited

to:

e The damage can arise at the surface or in the bulk material. The bulk damage
threshold is considered as the “true” damage threshold of the material, since
surface damage threshold is expected to be much lower than the bulk damage
threshold due to the disruption of the crystal structure at the surface and the

introduction of impurities during the optical grinding of the surface(s). Some
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crystals, e.g., KDP and BBO are slightly hygroscopic, and so the surface damage
threshold will be much lower if the uncoated crystal is left in the air for a long
period of time. Thus, crystals can easily become damaged at their surfaces, and
this damage grows quickly under intense laser radiation. The damage growth

rate also varies from crystal to crystal.

It is this author’s experience that KTP and LiNbOj crystal surface damage can
easily transfer to the bulk material. In contrast, BBO crystal surface damage
usually begins on the coating and its growth rate is rather slow. This property
is related to the crystal structure of the NLO materials. Therefore, in order
to preserve the value of the nonlinear optical crystal it is essential to stop the
laser operation once optical damage is observed at the surface, especially for
LiNbO3 and KTP. The bulk damage is usually related to any impurities, e.g.,
tiny inclusions and inhomogeneities, inside the crystal. This damage mainly
depends on the crystal’s production quality, and indeed varies with production

runs among different crystal suppliers.

The optical damage threshold is a wavelength dependent quantity. Very often
it is difficult to test the damage thresholds at all wavelengths of interest. For
nonlinear crystals used in the UV, visible and near IR, the damage threshold
decreases as the wavelength gets shorter and shorter. This is because as the
photon energy increases, so to does the two photon absorption cross section
increase [33]. For example, BBO’s transparency region ends at 189 nm (50%
loss/cm), and it is therefore reasonable to expect the band gap of the BBO
crystal to be equal to the photon energy of 189 nm [23]. The damage thresh-
old of a BBO crystal thus decreases much faster in the UV, especially below
400nm. Also, the shorter UV wavelength results in stronger scattering around

tiny inclusions and inhomogeneities.

For pulsed lasers, the optical damage threshold strongly depends on the pulse
width. It is a function of both the energy density (mJ/cm?) and power density

(MW /cm?). The damage threshold in terms of power density increases as pulse
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width get shorter. There is no strict formula to describe this relationship.
Generally, the magnitude of damage threshold increase is much less than the

magnitude of pulse width reduction.

2.4 Pump lasers

Efficient nonlinear optical conversion requires not only novel nonlinear optical crystals
but also high quality pump lasers. In this thesis, the emphasis is on nanosend (ns)
processes, and therefore only ns pump lasers are discussed here.

Before 1985, all commercially available high power pulsed Nd:YAG lasers used
unstable resonator cavities in order to generate the highest possible pulse energies.
Unstable cavities can utilize the largest possible volume of the gain media, usually
a Nd:YAG rod, because the beam waist is not located inside the resonant cavity.
However, diffraction effects are unavoidable consequences of unstable cavity design,
and all of the earliest Nd:YAG lasers, such as the DCR series from Spectra-Physics,
possess intense diffraction patterns in their beam profiles. Since the nonlinear optical
conversion depends quadratically on the fundamental input power, the diffraction
pattern is much stronger at the harmonics of the Nd:YAG laser’s fundamental output.
Pump lasers with this kind of diffraction pattern are especially bad for nonlinear optial
conversions. Because the energy distribution is not homogeneous inside the laser
beam, there can exist hot spots with intensities that are orders of magnitude above
the average. This results in damage of optics and crystals used for nonlinear optical
conversions — especially for visible OPOs because the short UV pumping wavelengths
are typically involved where the damage threshold is low. To overcome this problem,
one solution is to propagate the laser beam a long distance before directing it into
the OPO cavity. After the long optical path, the high diffraction orders are removed
from the laser beam — making the laser beam profile much smoother. This technique,

although simple, leads to two disadvantages:

e The energy loss during this long optical path can be large, usually over 50% of

the energy is lost due to diffraction after 3 meters of propagation.
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e The pointing stability of these lasers were typically poor, and propagation over
a long optical path causes large laser beam position changes that makes stable

operation very difficult.

e When the laser deviates from perfect alignment, there is small phase disorder
in the laser beam as it exits the laser, even though the laser beam profile looks
normal. As the propagation path gets longer, the phase disorder will form hot

spots which damage subsequent optics and crystals.

To eliminate the diffraction pattern, instead of using an appodized output coupler
in the Nd:YAG laser, an output coupler with rapid varying reflectivity (RVR or
“Guassian coupler”) is now used. The RVR mirror can correct the diffraction pattern
by tailoring the radial reflectivity appropriately. Early RVR mirrors were not very
good, and residual diffraction patterns remained, especially in the harmonics. The
latest RVR mirrors can be almost perfectly matched a to laser’s output characteristics
at the fundamental wavelength, and smooth beam profiles, even those close to a step
function, or “flat top,” can be generated at the fundamental and higher harmonics.
Present lasers still suffer from thermal loading inside the Nd:YAG laser rod, which
is especially severe at higher pulse repetition rates, and phase variations across the
beam profile.

More recently, phase conjugate mirror technology has been introduced commer-
ically. This coupled with thermal compensation enables the amplification of small
pulse energy laser beams with exceptionally good beam profiles, leading to high qual-
ity laser beams at high repetition rates and high pulse energies. Such lasers should
provide very stable output energies and beam profiles over a long period of time.
There are also a number of other factors that must be considered for the pump laser
in various OPO/OPG/OPA processes, and these will be discussed at greater length
in Chapters 3 and 4.

For experiments with ns pulses, high repetition rate (> 1kHz), high average power
(multi-watt) with low pulse energy (mJ/pulse) lasers are sometimes needed or desir-

able. Lasers with these properties have dramatically improved their performance and
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reduced their size due to diode pumping technology[38]. Diode pumping provides
energy to the laser gain media with much better efficiency than that available with
flash lamp pumping. Therefore, the thermal load in the gain media is reduced, mak-
ing cooling processes correspondingly more efficient. The diode pumping also reduces
the operating costs of these lasers. Diode-pumped lasers have high average power, but
low pulse energy and therefore low peak power. In order to drive efficient nonlinear
optical conversion, focusing is required. Focused beams usually have a divergence
much larger than the acceptance angle of a NLO crystal, and the volume at the focal
point is very small. Then, this focusing put acceptance angle problem and thermal
load problem on the nonlinear optical devices. In Chapters 3 and 4, OPO and SHG
processes with diode-pumped lasers are explored, paying close attention to the large
difference in acceptance angles in the two orthogonal directions in order to address

the thermal loading and acceptance angle problems.

2.5 Conclusion

In this chapter, we explored the basic equations for energy conversion and phase
matching conditions in a nonlinear optical crystal. Computer modeling software has
been designed based on the theory outlined herein, and is presented in Appendix A.
A survey of the lastest developments in NLO crystals and some of their interesting

properties in ns pulsed laser operation were discussed.
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Chapter 3 A simple 355 nm-pumped
type II BBO OPO with broad tuning

range

3.1 Theory of ns OPOs

Optical parametric oscillators are powerful solid-state laser sources with potentially
very large continuous tuning ranges. For example, OPOs based on BBO can be
continuously tuned from 410 nm to 2.5 um with a single set of mirrors when they are
pumped at 355 nm [1] [2] [3], or from 310 nm to 2.5 pym when pumped at 266 nm
[4],[5]. 532 nm pumping of OPOs based on KTP and KTA crystals can cover the range
from 620 nm to 4 pm[6]. With proper pump lasers, crystal materials, and optics, the
conversion efficiency of such pulsed OPOs can be as high as 70%. The basic theory of
the parametric process was known long before the invention of practical OPO devices.
There was considerable interest in the microwave parametric amplifier in the 1950’s
[9], for example, while first theoretical analysis of an OPO was put forward by Kroll
in 1962[7]. Shortly after the first demonstration of the OPO process by Giordmaine
ad Miller in 1965 [8], there was tremendous hope that a robust, widely tunable OPO
light source was well within reach. The experimental development of such devices was
hampered primarily by the lack of suitable nonlinear optical crystals, and secondly
by the availability of good pump lasers. In the 1970’s and 1980’s, KTP and several
new borate crystals were discovered, especially BBO, and these discoveries have had
a great impact on the development of UV pumped OPOs that can be tuned from the
UV to the near IR region.

Optical parametric oscillation is a NLO process in which an input pump photon

propagating in a nonlinear optical material is converted into two lower-energy pho-
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tons. The energy conservation and phase matching conditions described in Chapter
2 are thus applicable to OPOs. Next, the operational threshold, efficiency, beam

characteristics, and bandwidth of OPO cavities will be examined.

3.1.1 Operational threshold and efficiency of ns OPOs

The simplesst OPO consists of a plane-parrallel two mirror cavity. While such a
plane-parallel cavity is unstable, the gain profile generated by the pump beam quickly
confines the resonant wave and stabilizes the cavity mode.

When a ns OPO lies near threshold, it is safe to assume no pump depletion
occurs and to invoke a slowly varying optical power envelope (so that time can be
disregarded). Other effects such as two photon absorption and two dimensional pump
beam inhomogeneity can also be ignored, and in this limit equations (2.17), (2.18),

and (2.19) can be simplified to yield:

04,

P + 0,4, = i0,A,A} exp(iAKz), (3.1)
aaf:s + (5,’Ai = iUiApA; exp(iAKz). (32)

Here, the subscript p, s and 7 denote the pump, signal, and idler waves. If the idler
field is assumed to be zero at the entrance to the crystal, the signal field at the end

of a crystal of length [ is given by
Ay(l) = A,(0)exp ™ coshT'L (3.3)

where
[ = 1/040:9s| A, (3.4)

is the parametric gain coefficient, and

,w2

_ p

where w, and w, are the pump and signal laser beam diameters. An effective gain
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length L has also been introduced where

ol f(\g li) . (3.6)

w

The walk-off length, [,,, is given by

! _ VT | Wyt (3.7)
Y2 p\witw?/2

where p is the walk-off angle. Therefore, the single pass signal power gain is

| = exp (—2ad) cosh®T'L (3.8)

For ns OPO operation, the buildup to threshold may be calculated by assuming a
Gaussian time profile for the incident pump intensity. This yields a time dependent

gain coefficient, I', described by
[ =Tyexp —(t/7)?, (3.9)

where 7 is the 1/e? intensity of the pump pulse width. The generated signal wave is
amplified from the initial parametric noise field as it makes m cavity trips. During a
single trip the pump intensity is assumed to be constant.

Thus, in a single cavity after m passes, the signal power is
P, = Pp_1{Rexp(—4al) cosh?[Tyexp —(t,n/7)°L]} (3.10)

where R is the reflectivity of the cavity. Here, the threshold output level is de-
fined either as a signal energy of 100 uJ, or a signal power-to-noise power ratio of

In(P,,/Py) = 33 [11]. A time independent gain profile of width 7 is introduced,

oL

-1/2
In(1/VR+/(1/R) — 1)]}

7 =27{In| (3.11)
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which, in the long pulse limit (i.e., pulse width > round trip time), leads to [13]

Tyl = 2\/7?[%] (3.12)

Solving equations (3.12) and (3.11) iteratively generates values for 7 and I'(L. The

threshold pump peak intensity is therefore, using equation (3.4) and I = Ince|A4,?,

Iy = (T4L)?/og,L? (3.13)
where ,
Qwswid
= Dy (3.14)
TsMiNp€RC3

The energy fluence threshold is calculated by integration to be Jy = \/gTIQ. Assuming

7 is fixed at 27, we find

2.225 T[i
~ og,L? ‘2rc

ln(%) + 2al + ln(%) +In2? . (3.15)

This is the threshold energy for a Gaussian profile time dependent pump pulse with
the pump passing through the cavity only once. L. is the optical length of the cavity.
If the pump beam is double passed by back reflecting it, the threshold energy is

lowered to

2.225 T L P
o(7 =2) og,L? (1 +'y)2[27'c n(PO) +8ak+ng

1

\/ﬁ) +mn2* ,  (3.16)

where 7 is the ratio of the backward to forward pump field amplitude inside the
crystal. The above equations, (3.15) and (3.16) provide considerable guidance as to
the design of ns OPO cavities:

e The first term in the square bracket indicates the effective loss due to the buildup
time during pulsed operation. Therefore, the cavity length L. should be mini-

mized to be as short as possible.

e The second and third terms describe the increase of threshold due to absorption
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loss and cavity output coupling losses. The final term is due to single pass
pump or double pass pump operation. According to these two equations, the
reflectivity R should be as high as possible in order to reduce the threshold.
Many pump lasers have short pump pulses, however, e.g., the Coherent Infinity
laser has a pulse width of ~ 2 ns at 355 nm. If the cavity length is roughly 9 cm,
or 0.3 ns in optical path length, these two equations are no longer valid, and an
exact numerical simulation is required. The first term will likely dominate the
threshold factors and dictate the operational threshold under such conditions if

the other losses are not too high.

e The double passing of the pump beam is very helpful in reducing the operational
threshold of the OPO cavity. If v ~ 1, the threshold is lowered by approximately

a factor of four.

e The threshold pulse energy is proportional to the inverse of ¢, which means
that the threshold pulse energy is proportional to the inverse of the square of
deys, the 2" order nonlinear optical coefficient. Therefore, choosing a crystal’s

cut angle so as to optimize the desf is very important in lowering operational

threshold of the OPO.

Significantly, the above equations assume that the pump laser beam is well colli-
mated (i.e., Ak = 0) and has a uniform phase front of high optical quality. In reality,
the beam quality is far from ideal, and the threshold may be increased significantly
because of poor pump laser beam quality.

The efficiency of a ns OPO is closely related to its operating threshold. In or-
der to operate efficiently, assuming low cavity loss due to absorption and unwanted
Fresnel reflection, the pump laser pulse energy should be at least twice the operating
threshold. In addition to the oscillation threshold, one should also consider the pro-
cess of “back conversion” for efficient operation. Back conversion, that is parametric
conversion of energy in the phase matched beams back ino the pump laser field, is
very important factor to consider if high efficiency operation is envisioned. Numerical

models based on the energy flow equations (2.17), (2.18), and (2.19) of Chapter 2 are
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presently under development to simulate OPO and OPG processes. An interesting
general feature that follows from these considerations is that the length of the crystal
should not be as long as commercially feasible due to back conversion.

In order to operate efficiently, the damage threshold of all the crystals and optics
should lie well above the oscillation threshold. Generally speaking, in order to run
the OPO reliably over a long period of time, the crystal material and optical coatings
should have a damage threshold at least ten times that of the oscillation threshold.
In order to achieve this goal, the NLO crystal quality and the optical coating damage
thresholds all need to be improved over present values, or one needs to find new NLO
crystals with lower operating thresholds. The LiNbOj crystal is a perfect example of
these two directions. Bulk LiNbOj; has a low damage threshold so it cannot be used in
an OPO over long periods of time. The improved MgO:LiNbOj3 version of the material
has a slightly higher damage threshold but remains sufficiently low that OPOs based
on LiNbOj; are not very durable. On the other hand, Periodically Poled LiNbO;
(PPLN) lowers the oscillation threshold by two orders of magnitude, therefore, OPOs

based on PPLNs can be very easy to setup and are quite reliable [12].

3.1.2 Bandwidth properties of ns OPOs

The linewidth of an OPO is dictated by a crystal’s Single Pass Gain (SPG) bandwidth,
along with its dispersion and crystal length, as given by the spectral acceptance
bandwidth formulae in Chapter 2. When the pump beam is not perfect, it is also
necessary to include the contributions from the pump beam’s full angle divergence
(66,) and optical bandwidth (év,). The signal bandwidth inside the OPO is then
proportional to

Av;PE ~|[(¢/L) + (¢/2Xp)(0np/ 06,)008, + Avy Byl / B (3.17)
Bik = [(ni — m5) — X;(On;/OA;)0 + A (Ork/ Ok )o] (3.18)

where j, k = s,p or i are the signal, pump and idler respectively. 3;; is derived from

the acceptance bandwidth Av; given in Appendix A.
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The actual spectroscopic linewidth of the OPO radiation, emitted under stable
operation conditions well above oscillation threshold and after multiple passes in the
OPOQ cavity, can often be several times narrower than the AvSF¢. This is due to
the fact that the multiple passes inside the cavity allow the OPO crystal act as a
spectral filter. Thus, it is convenient to introduce an empirical scaling factor to
reduce the SPG bandwidth to match the observed bandwidth. This factor is related
to the number of round trips the OPO pulse undergoes inside the cavity. The larger
numbers of round trips (decided by the pulse width of pump laser and cavity length),
the larger the scaling factor. In order to reduce the OPO bandwidth, an OPQO cavity
should be made as short as possible to keep the pump laser pulse in the cavity for as
long as possible while not compromising peak intensity and total pulse energy. This
approach is bourne out by our BBO-3B II OPO pumped by a Spectra-Physics GCR-
16s Nd:YAG laser with an extended cavity length option, for which the pulse width
about 8-10 ns at 355 nm. The OPO cavity produces radiation with a bandwidth of
about 1 cm™!. When the same OPO cavity is pumped by a Coherent Infinity Nd:YAG
laser (pulse width about 2 - 2.5 ns at 355 nm), the output bandwidth increases to >2
cm™!, a factor of 2 larger.

Equation (3.17) predicts that the SPG bandwidth should be different for the signal
and idler waves. In reality, they have the similar bandwidths. This arises because the
signal and idler exchange energy as the the three waves interact inside the nonlinear
crystal, especially when the starting signal or idler field is strong. The final bandwidth
will then be decided by the initial wave bandwidth, be it signal or idler.

3.2 Simple 355 nm-pumped Type II BBO OPO

3.2.1 Design considerations

Optical Parametric Oscillators (OPOs) based on type I phase matching in BBO crys-
tals have been developing rapidly over the past decade. Type I BBO OPOs can
achieve high effciency and wide tunability [1],[2], particularly when pumped at 355 or
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266 nm. The inherent gain linewidth in type I BBO OPOs varies from sub-nanometer
to many nanometers as the wavelength is tuned toward degeneracy, however. For free
running type I BBO OPOs, this inconsistent linewidth precludes many applications
where (sub-)wavenumber resolution is required. Alternatively, type I BBO OPO de-
signs based on grazing incidence gratings offer high spectral resolution, but lower
efficiency. In order to generate >10 mJ of energy in the visible and UV, for example,
over 300 mJ of 355 nm is routinely required to pump an OPO + OPA design, which
adds to the cost and complexity of such systems [2]. Here, a very simple free running
OPO based on type II phase matching in BBO crystals is described which contains no
frequency selective elements, yet has consistently narrow linewidth. It has a simple
plano-plano cavity design, low threshold, extraordinarily high doubling efficiency, and
covers the same tuning range as BBO OPOs based on type I interactions.

To our knowledge, ns-pulse length OPOs based on type II phase matching in
BBO crystals have been reported only once before [14], and these authors were only
able to demonstrate tuning the from 480 to 630 nm. There are two main reasons
that type I BBO OPOs have not received the same wide attention as their type I
BBO counterparts. First, type II phase matched BBO crystals, although they give
consistently narrow linewidth output, have much smaller non-linear coefficients than
do BBO crystals cut for type I interactions, especially near degeneracy. The value of
dess for type II BBO is

Qepe = doo cOs?Osin3gp . (3.19)

Where ¢ =30°, d2;; is proportional to cos§. Based on equation (3.19), the threshold
will increase quickly as the tuning angle # increases. Figure 3.1 shows a plot of the d? ff
for type I and type II BBO material over the 410 - 700 nm tuning range. Clearly, the
dsz for a type II BBO at A, = 700 nm decreases to 30% of the dsz value when A\, =
420 nm. This means that the operational threshold of the Il BBO OPO cavity should
increase two-fold as it is tuned toward the red limit of the cavity. The reported type
IT OPO cavity [14] has a limited tuning range up to 630 nm (signal) mainly because
of the rapidly decreasing d? ¢ near degeneracy.



51

Comparison of type land Il OPO phase matching

158\\‘\‘“-\“—"'
a 10

£ —— Type |l
a 5 \‘\\‘
O T T

410 510 610 710

Signal Wavelength (nm)

Comparison oftypeland Il OPO phase matching

50

45 1 |—=—Type | /’/0

g 40 ——Type Il /
:f 35 /'/
M
o
¥
20 . T
410 510 610 710

Signal Wavelength (nm)

Figure 3.1: The upper plot shows the dess of the type II BBO when it is phase
matched to generate radiation from 410 nm to 710 nm when pumped at 355 nm, and
the lower plot shows the internal angle tuning range required to perform the same
tuning range.
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Second, type II BBO crystals require much larger tuning angles than do their
type I counterparts in order to cover the complete tuning range when pumped at
355 nm. Therefore, long and large aperture BBO crystals must be used to generate
efficient output. For example, to cover the 410 - 710 nm signal region, a type II BBO
crystal must be rotated from 27° to 48° internally, or 38° externally. For a pump
beam size of 6 mm, and an interaction length of 12 mm, a crystal of size 12x6x12
mm? is required. The cost for such crystals was well over $10K /piece even as recently
as three years ago. Fortunately, improved crystal growing technology has now made
such large crystals routinely available. Commercially grown BBO crystals using flux
methods can now use boule sizes up to ¢ = 135 x 32 mm?, and this permits the mass
production of BBO crystals with high optical homogeneity in sizes up to 20x20x25
mm?. More recently, R&D efforts have improved the Czochralski (CZ) method such
that high quality BBO crystals can now be grown 100 times faster (8 hours vs. 2
months) than the traditional flux method. Although the size of CZ grown crystals
still need to be increased in order to obtain large volume BBO crystals suitable for
OPO systems, it is predictable that a sizable quantity of high purity, large size BBO
crystals will soon be routinely available. Along with the crystal growing methods,
crystal polishing and coating techniques have also been improved. Protective coatings
from CASIX, for example, also serve as a broad band Anti-Reflection (AR) coating
that provides less than 2% reflection over a 500 nm tuning range in the UV /visible
region. It can also withstand up to 500 MW /cm? 355 nm power densities for ns
pulses — or 1 J/cm?2/pulse (data collected from OPO operational tests).

The limited tuning range of the previously reported II BBO OPO arose from
its cavity design. In this design [14], the signal wave (A <710 nm) was resonated,
so the cavity mirrors had to withstand high laser intensity (up to 100 MW /cm?)
throughout the visible tuning range. For broadband dielectric mirrors that provide
over 95% reflectivity in bandwidth of at least 250 nm in the UV /visible, all have
damage thresholds lower than 100 MW /cm?; and metallic mirrors, such as protected
Al mirrors, have wide reflectivity but low damage thresholds, especially in the 410 to

480 nm region. On the other hand, metallic mirrors, especially protected Ag mirrors,
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have very high reflectivity (> 98%) at wavelengths longer than 700 nm, and a peak
damage threshold well above 100 MW /cm? from 700 nm to 10 pm.

As pointed out in the previous section discussing the oscillation threshold of short
cavity ns OPOs, the equation describing the operating threshold does not always
accurately characterize the relationship between the output coupler reflectivity and
the OPO operational threshold. Similar experimental results were obtained by Byer
et al. [13] in the case of a 1064 nm-pumped LiNbO3 OPO, for which there was a
large discrepancy bewteen theory and experiment for pump pulses even as long as
10 to 20 ns. Indeed, they demonstrated that the oscillation threshold is insensitive
to the reflectivity (R). We are in the process of developing a numerical model which
quantitatively considers the short duration of the ns pump laser pulse. Qualitatively,
intense pump pulses can exceed the operational nearly instantaneously — this is
verified by the fact that the delay between 355 nm-pumped OPO pulses and the
pump pulse itself is only 1 ns, at most, for both 2 ns and 5 ns pump pulses at 2x-3x
threshold. Therefore, the feedback, or reflectivity, of the cavity is no longer critical,
and efficient utilization of the pump pulse becomes the key to improved operational

efficiency and lowered threshold values.

3.2.2 Details of the type II BBO OPO cavity

Building on the above results, a very simple linear cavity was Designed and tested.
As shown in Figure 3.2, it consists of a plano rear mirror M;, which is a standard
metallic reflector in the near-IR (protected Ag); a plano output coupling mirror M,
which is a standard normal incidence Nd:YAG high reflector at 355 nm; and a pump
input coupler M3, which is a standard 45° high reflector for P-polarized 355 nm
light. There are two counter-rotating type II BBO crystals inside the cavity that are
controlled by digital DC servo motors The 6x12x12 mm crystals are cut for type II
phase matching at #=37° and $=30°, and are coated with the high damage threshold
(>500 MW /cm? at 355 nm for ns pulses) protective coating mentioned in the previous

section, which also serves as a broad band AR coating. The 355 nm pump beam is
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P-polarized with respect to the surface of M3, and so with type II phase matching
the signal is S-polarized while the idler is P-polarized, respectively. Thus, the idler
experiences low losses while the signal experiences higher losses inside the cavity. A
long wave pass filter (RG715 from Schott Glass) is also inserted between M3 and M,
at a 45° angle of incidence for the P-polarized idler. This filter will completely absorb
all the signal wavelength while being close to Brewster’s angle for the idler, and a
(weakly) singly resonant OPO is therefore formed on the idler.

The servo motors have very high translational resolution (0.5 pym) and repeata-
bility, +£2 pm (Model 850F from Newport Corporation). They are controlled by an
OEM motional control PC plug-in card (Model DCX-PC100) from Precision Motion
Control (PMC), Inc. Each card can control up to 8 digital servo motors and does not
require additional power supplies. The PC can host as many motion control cards its
slots will allow. This configuration makes the control of the OPO very flexible. The-
oretically, it should be straightforward to add as many control axes as needed later
in order to further extend the OPO wavelength and to control different experiments
automatically. The PC100 card can also control any type of digital DC servo motor
or stepper motor, and it houses an RS232 serial port and GPIB functionality so that
an independent OPO system can be constructed with this card in a PC compatible
computer. Windows-based software drivers, such as Visual BASIC, Visual C, and
LabView, are provided by PMC to enable a variety of programming languages to be
used for control of the DC servo motors.

The two crystals are controlled independently, in order to synchronize the angle of
incidence for each crystal. In many OPO cavities, a grating in the Littrow or Litman
configuration is used to narrow the bandwidth. Therefore, there is a relatively simple
relationship between the angle of the grating and the wavelength — i.e., an OPO
cavity with a grating acts as a monochromator, and the wavelength calibration is
relatively simple once the crystal and grating angles are synchronized. Typically, some
20 to 30 calibration points over the tuning range can be used to precisely calibrate the
OPOQO. In the cavity design described here, there are no internal dispersive elements

which have a simple relationship to the wavelength. Instead, it is the relatively
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Figure 3.2: A type II BBO OPO pumped at 355 nm. The type II BBO OPO cavity
resonates the idler wave, and uses two counter-rotating BBO crystals to cover the
410 to 2500 nm region. This design can be readily changed to 266, 532 or 1064 nm
pumping with proper optics and crystals in the cavity.
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complex phase matching relationship of type II BBO crystal that determines the
wavelength-crystal positioner relationship. Thus, to generate precise and repeatable
wavelengths with this OPO cavity, the wavelength must be calibrated very accurately
with respect to the angle of the crystal, or directly to the position of the digital servo
motors.

Theoretically, this should be a simple calibration and regression process. Since the
motor’s absolute step size is only 0.05 um, however, the digital motor counts can be
very high — over 10° for the complete tuning range! Thus, there is no simple function
that can accurately correlate the wavelength even to a single axis, much less to the two
axes simultaneously. Further, even small errors introduced by a regression polynomial
function can easily translate into a position error of well over 100 motor counts because
of the large number of total motor steps involved. A “dynamic” regression method was
therefore adopted. In the dynamic regression method, calibration tables as outlined
above can still be used. Instead of performing the regression over the complete tuning
range to a high order (n > 3) polynomial, however, only a 2™ order polynomial is used
over a smaller number (<10) of calibration points that span a limited tuning range
(<50 nm). The center point of the limited number of calibration points is dynamic,
following the target wavelength. In this way, the potentially large calibration errors
are avoided by retaining only 2"¢ order polynomials, yet the regression is accurate
enough over the entire tuning range using only a single calibration table. This table
consists of about 60 points covering the complete signal tuning range from 420 to 680

nm, and from 740 to over 2500 nm for the idler wave.

3.2.3 Performance of the 355 nm-pumped type II BBO OPO

The OPO power spectrum measured external to the cavity and without Fresnel cor-
rections is given in Figure 3.3. A Spectra Physics Nd:YAG GCR-16 laser produced
the pump beam with a beam diameter of 5.5 mm, a pulse energy of 135 mJ, and a
beam divergence of less than 0.5 mrad (FWHM). The spectrum shows the usable effi-
ciency of the OPO is as high as 30%. We attribute this high efficiency to the following
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factors — pump beam double passing, walk-off compensation inside the BBO crystals,
and extra-long interaction lengths coupled with an efficient broadband AR coating on
the BBO crystals. Double passing lowers the threshold of this OPO design by almost
70%, while the counter rotating BBO crystals [1, 10] provide walk-off compensation.
The walk-off compensation efficiency increase is fairly small in an idler-resonating
type II BBO OPO because the idler has the same polarization as the pump. Thus,
they walk-off in the same direction although at slightly different angles (~ 0.1°). The
two crystals design does reduce the linewidth of the OPO output due to the longer
effective interaction length inside the cavity, however [10]. Also, the counter rotation
cancels the optical displacement caused by the crystal refraction. Finally, durable
broadband AR coatings on the BBO crystals reduce the overall loss inside the OPO
cavity, and improve the lifetime of the crystals as well. Figure 3.3 also shows that
the tuning gap at the degeneracy point (710 nm) can be easily covered with this
OPO design. Because the signal and idler have orthogonal polarizations, a simple
polarization beamsplitter can be used to separate the signal and idler waves near the
degeneracy point. This feature has been used in the doubling experiments outlined
below.

The OPQO’s signal (410 - 710 nm) linewidth was mesaured with a Burleigh WA-
4500 pulsed wavemeter, and that of the idler by collecting the photoacoustic absorp-
tion spectra of various gases in the near infrared. The results are summarized in
Table 3.1. Due to energy conservation and three wave interactions in the nonlinear
optical process, the linewidths of the signal and idler are equivalent, being consis-
tently narrower than 2 cm~! throughout the entire tuning range when pumped by a
single frequency injection seeded Nd:YAG laser at twice the threshold intensity. The
linewidth is less than 1 cm~! when the signal wavelength is below 600 nm, as shown
by the photoacoustic absoprtion spectrum of CoH, presented in Figure 3.4.

When pumped with an unseeded Nd:YAG laser (Av at 1064 nm ~ 1 cm™'), the
linewidth increases by a factor of two, as is also demonstrated in Figure 3.4. The
rotational structure of CoHy is nicely resolved when a seeded single frequency pump

source is used, but only barely so for an unseeded pump source. This effect, namely
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Figure 3.3: The power spectrum and doubling efficiency of the 355 nm-pumped type
IT BBO OPO, measured at a pump pulse energy of 135mJ/pulse. The pump laser
operates in a single frequency mode. The direct output of the OPO ranges from 410
to 2500 nm. Subsequent UV generation from 208 to 410 nm is achieved in three BBO
doubling crystals.
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Table 3.1: Material parameters for 7 mm long BBO type I doubling crystals, and the
linewidth characteristics of the type II BBO OPO system. The corresponding idler
radiation has linewidths comparable to the signal due to the conservation of energy.

Wavelength (Signal / | 420 500 580 660 700 780 860
Idler, nm)

11 BBO OPO output | 0.7 0.8 1.0 1.4 1% 1.4 1.2
linewidth (cm™1)

SHG Acceptable | 1.0 1.7 2.7 3.7 4.4 5.8 7.5
Linewidth (FWHM,

cm™!)

Angular Acceptance | 680 430 200 620 680 820 970
(purad, FWHM)

d.; (x KDP) 1.1 2.5 3.0 3.3 3.4 3.6 3.7

Doubling Efficiency | 30% 45% 45% 48% 45% 16% 15%

Note: SHG efficiency measured with OPO pumped at 2x threshold.

that the linewidth of the OPO is affected by the linewidth of the pump source, is not
significant when the change in pump linewidth is small (see, for example [14]), but is
clearly measurable when a single frequency pump source is used.

Table 3.1 also summarizes the doubling efficiency that can be obtained with this
OPO design. The doubling experiments were performed in 7 mm long AR-coated
BBO crystals. Over 40% doubling efficiencies have been observed for signal wave-
lengths bewteen 470 and 710 nm, over 30% efficiency for doubling signal radiation
from 418 to 470 nm, and over 10% efficiency for doubling idler input in the 710 to 900
nm range. The relatively low efficiency for idler doubling was improved to over 30%
with a zero order waveplate (see below), and the highest efficiency obtained was 48%.
These doubling efficiencies are among the highest ever reported for an OPO. The
highest doubling efficiency previously obtained in BBO crystals was 20% [2], while
values near 30% have been reported in KDP crystals and for tunable dye lasers as
well. The doubling efficiency we obtained is especially high in the deep UV range be-
tween 208 and 225 nm. This technology should ultimately provide a compact, efficient
and tunable deep UV source, which is finding increasing applications in many areas
such as the subsequent generation of tunable vacuum UV radiation, environmental

characterization, and material processing.
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Figure 2.

Signal (a.u.)
3000 +
2500 +
2000 +
1500 +
1000 +

500 +

0 —r—r—t——r—r—
6500 6520 6540 6560 6580 6600 6620 6640
Wavenumber (cm-1)

Signal (a.u.)

2500

2000 A P A

1500 Aaaib Aa pANY

TSR I RIS A VAN £ VAA .

AWt 17V e \n

1000 foAJW LT w i
IRVIR o {

500 + -V ey

o o S B

6500 6520 6540 6560 6580 6600 6620 6640

Wavenumber (cm-1)

Figure 3.4: Comparison of the OPO linewidths when pump the laser operates under
SLM conditions. (a) Photoacoustic absorption spectrum of CoH, taken with a type II
BBO OPO pumped by the third harmonic (pulse width ~10 ns of a seeded Nd:YAG
laser (whose linewidth is about 100 MHz), showing clearly resolved rotational struc-
ture. The measured linewidth of the OPO signal is about 1 cm™. (b) The same
photo acoustic absorption spectrum of CoHs, now taken with a type II BBO OPO
pumped by an unseeded Nd:YAG laser (of linewidth ~ 1 ecm™~!). Here the rotational
structure of CoHy is only barely discernible and the signal-to-noise ratio drops as the

linewidth goes up. The measured linewidth is about 2 cm~! for the OPO signal beam
near 460 nm.
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In order to generate such high doubling efficiencies, both the linewidth and diver-
gence of the OPO output must be smaller than the spectral and angular acceptance
of the doubling crystal. The type II BBO OPO linewidth is consistently narrower

!, while the linewidth acceptance of a type I BBO doubling crystals varies

than 2 cm™
from less than one wavenumber at 420 nm to a few wavenumbers at 710 nm. Ta-
ble 3.1 compares the linewidth acceptance of type I BBO doubling crystals with the
linewidth of the type II OPO at various wavelengths throughout the tuning range.
As can be seen, the OPO linewidth is always smaller than the linewidth acceptance
(FWHM) of the doubling crystal. Thus, no energy is lost in the doubling process.

As noted above, the divergence of the OPO must also be smaller than the angular
acceptance (FWHM) of the doubling crystal for efficient doubling to be achieved. It
is well known that in a plano-plano cavity the beam divergence of the non-resonated
photon, be it idler or signal, will be substantially reduced. For example, Orr et al.
[15] observed the divergence for the idler from a plano-plano signal resonant type I
BBO cavity to be so small as to be indistingushable from the pump — or even smaller.
Similar cavities resonated on the idler also possess very small signal wave divergences.
We have, for example, achieved less than 0.5 mrad divergence for the signal from a
type I idler resonant BBO OPO system, with a doubling efficiency (>18%) that is
limited primarily by the fact that the linewidth of type I BBO OPO is larger than
the linewidth acceptance of the doubling crystal.

In the present work on an idler resonated type II BBO OPO, less than 400 urad
signal beam divergence has been observed in the sensitive plane of the doubling crys-
tal. This divergence is smaller than the angular acceptance of BBO type I doubling
crystals throughout the OPO tuning range. The divergence of the signal in the in-
sensitive plane of the doubling crystal is about 600 urad when the signal is less than
600 nm, but increases to >2 mrad at degeneracy. This relatively large divergence in
the insensitive plane of the doubling crystal does not affect the doubling efficiency
because the acceptance angle in the insensitive plane is very large, as was discussed in
Chapter 2. At the blue end of the tuning range, the doubling efficiency drops below
40% because the dess of the BBO doubling crystals decreases rapidly below 460 nm,
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as is summarized in Table 3.1. Also, the absorption by the BBO crystal rises quickly
in this wavelength region, which places limits on the average power that a single BBO
crystal alone can produce. New theories and technologies are proposed to solve this
problem below.

The doubling efficiency of the idler (710 - 840 nm) is only 10% because the diver-
gence is >2 mrad in the sensitive plane of the BBO doubling crystal, which is larger
than its angular acceptance. Because the divergence of the idler in the other direction
is as small as that of the signal, the idler doubling effciency can be improved by using
a zeroth order half-wave plate to rotate the polarization of the idler by 90 degrees,
thereby greatly reducing the idler divergence in the sensitive plane of the doubling
BBO crystal. Indeed, doubling efficiencies of >30% were obtained after inserting a
zeroth order waveplate optimized for A = 780 nm. The introduction of a zeroth order
waveplate has two advantages, one is the improvement of the doubling efficiency as
demonstrated, and the other is the simplification of the doubling setup after the type
IT OPO. The idler output of the OPO is polarized perpendicularly to that of the
signal. To double the idler using the same type I BBO crystal, the axis of rotation
must be changed. The zeroth order waveplate has an effective wavelength range of
over 150 nm (or £75 nm), centered at 780 nm, and can therefore be inserted in the
beam path as needed to change the idler’s polarization and thus use the same BBO
crystal to double both the signal and idler.

Next, we attempt to explain why the divergence of the non-resonated wave in a
singly resonant plano-plano OPO cavity is so small. To our knowledge, this phenom-
ena has not been well explained despite having been observed many times. Since the
non-resonant wave obtains all its energy in a single pass, its beam quality will be
dictated by the beam quality of both the pump and the resonated wave. Following
Brosnan and Byer [13], the steady state equation for obtaining the beam diameter of
the resonated wave inside a singly resonant plano-plano oscillator (SRO) is given by

10
(m)zﬁf +w —wh/2=0 , (3.20)
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where Wy, = w, are the beam waists under steady state conditions, L. is the cavity
length, and the subscripts i, s and p denote the idler, signal and pump fields, re-
spectively. Note that here, idler refers to the wave that is not resonated while signal
refers to the resonated wave. From the above equation, we note that the smaller the
resonating wave’s wavelength ()\,) gets, the smaller the steady state w, becomes. For
a Gaussian beam (in the far field, all three waves will have Gaussian profiles), the
beam’s divergence will become correspondingly larger. Thus, if the longer wavelength
part of the OPO output is chosen as the resonated wave, a smaller output divergence
is obtained. At the same time, the acceptance angle of the OPO crystal also starts
to limit the divergence of both the resonated and the non-resonated waves.

Furthermore, because of phase-matching restrictions, if the longer wavelength side
of the degeneracy point is resonated, a smaller divergence for the non-resonated wave
is produced. Phase matching restrictions also explain the fact that the divergence
of the signal in the insensitive plane increases as it approaches degeneracy. The
divergence of the signal in the sensitive plane stays the same because it is always
limited by the acceptance angle of the type II BBO crystal. Numerical simulations
are currently being developed to quantitatively examine these phenomena.

The divergence of the type I OPO output is quite large in the insensitive direction,
and becomes worse when the pump laser pulsewidth is short. For example, the
Coherent Infinity laser has a pulse width of ~2 ns at 355 nm. The divergence of an
Inifinity-pumped type II OPO in the insensitive plane is extremely large at the red
limit (e.g., >2 mrad full angle at 670 nm), while the divergence in the insensitive
plane is less than 0.5 mrad. We attribute this to the difference of the sign of d.sf
in each of the two crystals used inside the OPO cavity. This is illustrated in Figure
3.5, where it can be seen that the sign of the two type II BBO crystals cut with the
same crystal angle (both 6 & ¢) must be opposite if they are arranged in a counter
rotating fashion. The opposed signs of dess favor the amplification of the (slightly
mismatched) sideband of the angularly diverging signal of the OPO, which is also
within the crystal’s acceptance angle in the insensitive plane (¢).

On the other hand, counter rotation is also necessary in order to cancel optical
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Crystal Orientation and sign of dett, ype

Xil 2 Xtl 1

Figure 3.5: The sign of d.s¢ changes under different crystal orientations for a type
IT BBO crystal with ¢ = 30°. None of the orientations above combine the proper
counter-rotation sense with the same sign of d.ss. The two short arrows stand for the
two lower energy photons, i.e., signal and idler; while the long arrow stands for the
higher energy photon, i.e., pump.
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displacements and the walk-off effect. From equation (3.19), it is clear that the the
sign of desr will be opposite if the angles ¢ are set 7/3 away from each other for
the two crystals. This theory has not yet been tested for the type II cavity, but a
comparable effect was seen in the type I BBO OPG/OPA setup described in Chapter
4.

A great deal of effort was also expended to investigate further reductions of the
bandwidth of such a simple type II BBO OPO cavity. One test that was carried
out involved inserting an etalon inbetween the filter and the rear mirror. Depending
on the thickness (or free spectral range) and reflectivity of the etalon, a spectral
resolution between 0.1 em™' and 0.01 ecm™! could be achieved. In order to ensure
that the cavity with the etalon runs only on a single resonant frequency of the etalon,
the relationship between etalon thickness (lo in cm) and the bandwidth (6w in

cm™!) of the simple free running type II BBO OPO shuold be related as follows,

1

@ ey 3.21
2nsuble ( )

dv free

where ngy is the refractive index of the substrate of the etalon. The resulting OPO

bandwidth (6vesaron) With the etalon inserted is then

1

- 22
ol F (22}

5Vetal on —

« is an empirical parameter less than 1 that represents the further reduction of band-
width as a result of multipassing inside the OPO caivty, and F is the finesse of the

etalon, or

F=1/V1-R . (3.23)

To achieve this bandwidth, the center frequency of the NLO material must be the
same as the center frequency of the etalon. The center frequency of the etalon can be
continuously angle tuned, and therefore the crystal angle tuning must be synchronized
with the etalon angle tuning, adding complexity to the OPO operation.

When the is less than the cavity’s free spectral range (1/(2l,.), where

1
2ngyplel”
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l,.c. is the optical path length of the cavity), and the center frequency of the etalon is
matched to the center frequency of the OPO cavity, single longitudinal mode operation
can be obtained. To match these two frequencies, a piezo is used to servo control
the length of the OPO cavity, adding further to the complexity of the design. The
narrowband operation of such an OPO cavity has been deomonstrated with an etalon
coated at 1.6 um, as may be seen with the NIR photoacoustic spectra of water’s O-H
stretch overtone vibration presented in Figure 3.6.

Operation with an etalon is quite complicated compared to that of the simple
free running OPQO, and the insertion loss of the etalon can be large. There are two
sources of loss, one is the Fresnel loss on the surfaces of the etalon, and depends
on the reflectivity of the etalon and the tuning angle — the loss increases quickly
with higher etalon reflectivity and larger tuning angles. It is therefore difficult to
achieve a wide tuning range with a high finesse etalon, but for nearly fixed frequency
(or “step tunable”) operation high efficiency can be maintained. The second source
of loss depends on the pump laser pulse width, because the multi-passing of the
resonant wave inside the etalon drops the number of round trips inside the cavi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>