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Production of High Average Power UV 
by Second-Harmonic and Sum-Frequency 

Generation from Copper-Vapor Lasers 
David W. Coutts Member, IEEE, and Daniel J. W. Brown 

Abstract-Progress in high average power W generation by 
nonlinear frequency conversion of the output of copper-vapor 
lasers (CVL’s) is reviewed. The specific parameters controlling 
the efficiency of nonlinear frequency conversion using CVL’s are 
highlighted, with CVL beam quality and matching the optical 
beam delivery system to the characteristics of the nonlinear 
crystal being identified as the most significant issues. Recent 
experimental studies of second harmonic generation (SHG) with 
single-CVL oscillators and CVL oscillator-amplifier systems show 
that by careful optimization of the CVL pump laser and beam 
delivery systems, it is now possible to generate multiwatt average 
powers in the W with high optical conversion efficiency (up to 
35%) and overall electrical efficiency (approaching 0.1%). 

I. IN’RODUCTION 
OPPER-VAPOR LASER (CVL) technology [ 11 has ma- C tured over recent years, to the point where commercial 

devices giving powers of up to 100 W in the green and yellow 
(510.6 nm and 578 nm, with typical power ratio 2 :  1) are 
readily available and used in industrial and medical applica- 
tions ranging from micromachining to flow visualization. It 
has long been recognized that if CVL’ s could be frequency- 
doubled with high efficiency to generate W (at 255 nm second 
harmonic generation (SHG) green, 289 nm SHG yellow, and 
271 nm sum-frequency generation (SFG); see Table I), the 
combination of high average power and high pulse repetition 
rate would make them very attractive UV laser sources. 
Applications for such UV output include UV micromachining, 
fluorescence mapping, and direct-write photolithography. 

Second harmonic generation is normally a “textbook” tech- 
nique for generation of new wavelengths from existing laser 
sources [2]. High conversion efficiencies for this process 
require high peak power densities in the nonlinear medium. 
This is most commonly attained using high peak power 
pulsed laser sources, or by using cavity resonant enhancement 
techniques with cw laser sources. CVL’s have low peak power 
(on the order of tens of kilowatts) with large beam diameters 
(typically 2 5 4 5  mm) and therefore must be focused into the 
nonlinear medium in order to achieve sufficient power density 
for efficient frequency doubling. Furthermore, the large gain 
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volume and short inversion time in CVL’s means that they 
do not naturally produce the high beam quality necessary for 
efficient frequency doubling when using focused pump beams. 

Progress in the development of high beam quality CVL 
sources, including understanding of the temporal evolution of 
CVL beam quality during the laser pulse has continued since 
the first frequency doubling experiments conducted by Isaev 
et al. in 1980 [3]. The enhanced understanding of CVL beam 
quality issues acquired through these studies has led to better 
matching of the CVL beam delivery system to the nonlinear 
material, improving conversion efficiencies from a few percent 
up to average efficiencies of 34%, with a corresponding 
increase in UV average powers from tens of mW to over one 
watt based on single-CVL devices [4], [5], and over 5 W from 
multi-CVL systems [6]. Frequency-doubled CVL’s are now 
beginning to emerge from the laboratory to find applications 
in industry, particularly in the micromachining area [7]. 

This paper reviews the current status of W generation 
based on a variety of CVL configurations. In the following 
section the specific issues in frequency doubling of CVL’s 
relating to nonlinear material properties and CVL beam quality 
are discussed. In Section 111-A frequency doubling of single 
oscillators is reviewed, with special emphasis on CVL beam 
quality limitations of single-CVL devices. For small-scale 
CVL’ s, diffraction-limited beam quality may be obtained 
throughout the laser pulse by use of a self-filtered unstable 
resonator (SFUR). Frequency doubling and size limitations 
of these devices are discussed in Section 111-B. The current 
status of UV power scaling by use of multi-CVL systems is 
described in Section 111-C. 

11. ISSUES IN FREQUENCY DOU~LING CVL’s 

A. Initial Frequency Doubling Studies 

In 1980 Isaev et al. [3] first reported experiments on 
frequency doubling of a copper-vapor laser using ADP as 
the nonlinear material. Thermal effects in this material limited 
UV powers (at 255 nm) to 5.5 mW. The first significant UV 
generation by nonlinear frequency conversion of CVL’s was 
reported by Polunin and Troitskii 1987 [SI, who generated 
600 mW average power at the sum-frequency wavelength 
(271 nm) and 120 mW SHG of the yellow using critically 
phase-matched KDP as the nonlinear medium from two CVL’s 
in an oscillator-amplifier arrangement. KDP cannot be phase- 
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TABLE I 

AND SUM FREQUENCY MIXING OF CVL OUTPUT 
uv WAVELENGTHS GENERATED BY SECOND HARMONIC 

UV Wavelength Interaction Phase match angle 

255.3nm SHG green Type I = 50.6" 
271.2nm SFG (green+yellow) Type I = 46.3" 
289.lnm SHG yellow Type I = 42.5" 

-el 289.lnm yellow Type I = 42.5" 

880 

matched for SHG of the green; however, in 1988 the new 
crystal BBO [9] became widely available and could be phase- 
matched for SHG of both the green and yellow and for 
SFG (see Table I), and had a higher damage threshold than 
KDP [lo]. Nonlinear frequency conversion of CVL output 
using BBO was subsequently vigorously pursued in three 
laboratories during the next year or two; Kuroda et al. from 
the University of Tokyo reported an initial 35 mW SHG green 
from a small-scale CVL in 1988 [ l l ] ,  which had improved 
to 230 mW by January of 1989 [12], 1131. Kuroda et al. also 
proposed a model for CVL SHG based on the interaction of 
noncollinear propagating components at the spot focus of a 
focused partially coherent beam [12], 1141. In 1987 [15] we 
reported SHG of the CVL yellow output after green-pumped 
dye amplification [16], and in 1989 SHG of both the green and 
yellow, and SFG 1171 with an initial comparison of BBO and 
KTP [18], and UV powers of up to 460 mW from a single 
medium-scale CVL [ 191. Researchers at Oxford University 
(Freegarde) and Oxford Lasers, Ltd. (Naylor et al.), obtained 
an initial 630 mW SHG green from a 100-W multi-CVL 
system in 1989 [20], which had been scaled to 2 W by May of 
1990 [21]. It was later realized that Zhang et al. [22] had been 
the first to use BBO for CVL SHG shortly after its discovery 
in 1984 by Chen et al. [9]; however, they only achieved UV 
powers (at 255 nm) of 3.5 mW at a conversion efficiency of 
0.7%, as reported in a Chinese-language journal. 

These initial investigations demonstrated that SHG of CVL 
output in BBO possessed great potential for efficient UV 
generation [19]. However, it was apparent from these empir- 
ical studies that efficient frequency doubling of copper-vapor 
lasers using BBO presented a number of complex and subtle 
challenges, as conversion efficiencies were quite low (typically 
< 10%) and the onset of crystal damage proved a severe limita- 
tion in power scaling experiments. It was quickly realized that 
improving conversion efficiency required better matching of 
the pump source to the optical characteristics of the nonlinear 
medium (BBO). The relevant optical characteristics of BBO 
are reviewed in the next section, with particular emphasis 
on indicating the impact of these characteristics on CVL 
frequency conversion. 

B. Nonlinear Materials Characteristics and 
Pump Beam Delivery 

BBO is a highly birefringent material, and the phase- 
matching angles for CVL SFG and SHG are close to 45" 
(see Table I), which results in very narrow acceptance angles 
(0.2 mradkm) [23], and large walk-off angles (4.8") for 
CVL SHG. The temperature bandwidth for phase-matched 
SHG of the green in BBO is -4 "C/cm [23], which is 

about half that for SFG in KDP. The temperature bandwidth 
creates problems due to UV absorption in BBO, which is 
an important issue when frequency doubling high average 
power CVL's. BBO has sufficient UV absorption (several 
percent per centimeter) to cause thermal detuning at high 
fundamental powers, which is particularly significant if the 
focused pump beam does not have a uniform intensity profile. 
This problem is now being alleviated somewhat through 
better crystal fabrication technology, which has led to recent 
improvements in UV/visible transmission. Crystal damage 
was also a significant factor that had limited the conversion 
efficiencies achieved for CVL SHG in BBO. Although the bulk 
damage threshold for BBO is very high (-30 GW/cmP2, twice 
that of KDP [lo]), the surface damage threshold is an order 
of magnitude lower than that for the bulk material. Crystal 
damage is therefore an important factor in determining the 
best CVL beam delivery system for SHG in BBO. 

To obtain sufficient peak power density (>20 MW/cm2) 
for efficient nonlinear frequency conversion, the CVL must 
be focused within the nonlinear medium. However BBO's 
narrow acceptance angle places severe restrictions on both 
the focusing geometry and the CVL beam quality. Initial 
experiments using spherical focusing showed that very high 
f-number focusing (i.e., long focal-length lens) is required to 
deliver the maximum fundamental power within the narrow 
acceptance angle of BBO. However, frequency conversion 
with long narrow beam waists suffers severely from UV walk- 
off effects, which reduce the interaction length and degrade the 
UV beam profiles [24]. Such weak focusing into the crystal 
also produces low power densities which are also critically 
dependent on CVL beam quality. CVL beam quality therefore 
represents a very important factor to be controlled in order to 
achieve efficient nonlinear frequency conversion. 

C. Beam Quality in CVL's 
At the time that real interest in the prospects for nonlinear 

frequency conversion of CVL's was surfacing, it was under- 
stood that the short gain duration (typically 2-5 resonator 
round-trips) and large gain volume of CVL's necessitated 
the use of high-magnification (Ad = 20-100) unstable res- 
onators in order to obtain high beam quality output [25]-[271. 
However, many aspects of how the beam quality developed 
during the output pulse, and how the resonator design (e.g., 
magnification, off-axidon-axis alignment) affected the detailed 
beam quality characteristics were not clearly understood at 
this stage. This prompted several studies of the beam quality 
for CVL's operated with unstable resonators. In 1990, Coutts 
et al. [28] and Omatsu et al. [29] reported time resolved 
measurements of the transverse coherence of CVL output 
performed using reversal shear interferometers. At this stage it 
was apparent that the transverse coherence (and hence output 
beam quality) improved in stepwise jumps throughout the laser 
pulse, rather than continuously improving, with the inter-step 
time corresponding to the cavity round-trip time. In 1992 
we reported measurements of the divergence of CVL output, 
which showed that (as expected from the transverse coherence 
measurements) the divergence typically falls stepwise from 
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initially highly divergent ASE (>lo0 x DL) toward the 
diffraction-limit during the laser pulse [30]-[32]. We also were 
able to clearly resolve the temporal components within the 
CVL pulse shape by virtue of their differing far-field intensity 
characteristics. 

Based on these studies, combined with measurements of 
spatiotemporal evolution of gain in CVL’s, the formation of 
CVL output when using unstable resonators was clarified. The 
CVL output pulse can be described as a series of discrete 
temporal components corresponding to the propagation of an 
initial burst of spontaneous emission (or seed) on repeated 
round-trips within the unstable resonator generating one of 
the temporal components in the output each time the circulat- 
ing pulse encounters the output coupler [33]. The transverse 
coherence/divergence of each temporal component can be 
accurately modeled based on the propagation of the initial 
burst of incoherent spontaneous emission on the appropriate 
number of round-trips within the unstable resonator [21], [28], 
[29], [32], [34]. For realistic unstable resonators the CVL 
output pulse therefore consists of three components having 
different beam quality (i.e., divergence) characteristics as 
depicted in Fig. 1. The first component, often termed amplified 
spontaneous emission (ASE), is that output having made less 
than two passes through the gain medium (i.e., less than 
one round trip). This component is of no practical use for 
nonlinear conversion as it has extremely poor beam quality; it 
is usually removed from the output beam by simple spatial 
filtering. All subsequent output components are generally 
referred to as high beam quality or non-ASE components. 
The second output component originates from radiation having 
undergone four passes through the gain medium, and we term 
this component the “four-pass output.” This component has 
divergence from 5-50 times the diffraction-limit, depending on 
the unstable resonator magnification and laser tube diameter, 
and generally contains a significant proportion of the non-ASE 
pulse energy of the CVL (20-100% depending on CVL oper- 
ating conditions). The subsequent output components, which 
correspond to radiation making six or more passes through 
the gain medium (i.e., “six-pass,” “eight-pass,’’ etc. output), 
have essentially diffraction-limited divergence (for sufficiently 
high resonator magnification M). The fraction of the output 
pulse energy available in these diffraction-limited components 
depends on the CVL operating conditions, but it may range 
from -50% under ideal operating conditions (low repetition 
rate, slightly below-optimal input power) to essentially nothing 
at elevated repetition rate (due to shortening of the gain 
duration). 

Maximizing the pulse-average beam quality from a single 
CVL oscillator (i.e., obtaining the lowest pulse-average beam 
divergence) can be achieved using several practical techniques. 
The first approach is to operate with the highest practicable 
resonator magnification, as this minimizes the divergence of 
the first non-ASE output component (i.e., the 4-pass compo- 
nent). However, the CVL output power falls as the resonator 
magnification increases, due to the reduction in the effective 
reflectivity of the output coupling mirror (R K M - 2 ) .  As 
a result, there is a trade-off between average output power 
and beam quality when using conventional unstable resonators 

10 20 30 40 50 
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Fig. 1. A schematic representation of the evolution of beam quality from a 
typical medium-scale CVL fitted with an unstable resonator. The lower part of 
the diagram indicates how the CVL output is made up of different round-trip 
components. The upper part of the diagram shows how the divergence of these 
round-trip components falls in a stepwise fashion down to the diffraction limit. 

with CVL’s. In some situations it is possible to improve high 
beam quality extraction from CVL’s using unstable resonators 
by improving the matching of the CVL gain characteristics 
(using H2 additives to the buffer gas [35]) to the resonator 
configuration (e.g., magnification, odoff-axis alignment [32], 
[36], [37]). Another approach to improving pulse-average 
beam quality that is specific to small-aperture CVL devices 
(< 12-mm beam diameter) is to utilize a self-filtering unstable 
resonator (SFUR) [38]. This class of resonator uses intracavity 
diffraction filtering to ensure that the flour-pass component 
has diffraction-limited divergence. While such devices possess 
excellent beam quality, there are severe practical restrictions 
on the CVL tube aperture and Fresnel number for effective use 
of such resonators [39] making them inherently low-power 
devices. 

The dramatic temporal evolution of the CVL beam quality 
from typical CVL’s equipped with unstable resonators (exclud- 
ing low-power SFUR devices) presents significant challenges 
for efficient nonlinear frequency conversion. In particular, 
it is difficult to effectively compromise between the vastly 
different spot sizes and hence peak focal power densities 
obtained when focusing the different divergence components 
using spherical focusing systems. For example, if the focal 
system for nonlinear conversion is optimized for the best con- 
version efficiency of the non-ASE component, it is likely that 
the significantly higher spatial brightness of the diffraction- 
limited component would lead to focal intensities exceeding 
the damage threshold of the nonlinear material. On the other 
hand, a focal system optimized for the diffraction-limited 
components would exhibit poor conversion efficiency for the 
non-ASE component (and hence reduced overall conversion 
efficiency) due to its markedly lower peak focal power density. 
The evolution of CVL beam quality therefore makes it difficult 
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TABLE I1 
CLASSES OF CVL-UV SYSTEMS 

Small-scale CVL Medium-scale CVL Multi-CVL 
Twical CVL < 15mm tube diameter 10-30mm tube diameter small oscillator. ,. 
device size ( 4 W  green+yellow) (&OW green+yellow) any size power amplifier(s) 

CVL Self-filtered unstable High magnification Injection locked oscillator or 
configuration resonator (SFUR) unstable resonator power amplifier(s) with 

(M-100) small-medium master 
oscillator. 

Typical uv power -2oOmW [49] -1.5W [5] 3-5W [61, I211, [Sol 
at 255nm 

Maximum likely < 1 w  -3 w 
uv power for 
practical system 

>I5 W 

System Peak power of CVL + Temporally evolving Thermal effects in nonlinear 
Limitations max allowed CVL beam quality limits CVL medium + Wavefront control 

tube size for SFUR size and conversion in power amplifiers. 
operation effiaency 

to effectively utilize all the high beam quality power (both 
non-ASE and diffraction-limited) available from the CVL 
oscillator. 

When considering CVL systems for nonlinear frequency 
conversion, it is most appropriate to segregate them into three 
classes based on their beam quality and output power charac- 
teristics, as shown in Table 11. The efficiency of nonlinear 
frequency conversion of each of these classes of CVL is 
limited by different issues, as indicated in Table 11. In the 
case of small-scale CVL oscillators, which have the capacity 
to produce diffraction-limited output through the use of self- 
filtering unstable resonators [38], [40], [41], the peak output 
power presents the most significant limitation. Single medium- 
scale CVL oscillators are more constrained by the beam quality 
evolution problem than peak power issues. Multi-CVL systems 
such as MOPA’s and injection-coupled oscillators (ICO’ s) 
[42]-[48] that have very good intrinsic beam quality as only 
the high beam quality output at the tail end of a master 
oscillator is amplified, need to contend with thermal issues 
in the nonlinear medium. 

The current status of frequency doubling each of these three 
classes of CVL systems will be discussed in the following 
section. We consider the frequency doubling of single medium 
scale CVL oscillators first, as most of the recent conceptual 
advances in CVL doubling arose out of studies using lasers 
of this class. 

HI. EXPERIMENTAL RESULTS OF CVL SHG 

A. Frequency Doubling of Single 
Medium-Scale CVL Oscillators 

In developing moderate-power UV sources based on 
frequency-doubled CVL’s, the simplest approach is to utilize 
a single CVL oscillator as the source. However, as noted 
in Section 11, the temporally evolving beam quality from 
medium-scale CVL oscillators presents significant problems 
in frequency conversion that had previously limited conversion 
efficiencies and crystal lifetime. In order to develop efficient 
SHG schemes for medium scale CVL’s (operated with 
standard unstable resonators), it is necessary to design 
an optical delivery system that ensures that all the non- 

ASE output of the CVL (both the diffraction-limited and 
nondiffraction-limited components) can contribute effectively 
to the frequency conversion process. 

In 1992 we reported use of a line focus in BBO to generate 
UV powers in excess of 1 W at all three UV wavelengths 
from a single medium-scale CVL for the first time [4]. The 
line focus (i.e., pump beam collimated in the angle tuning 
plane but focused in the orthogonal noncritical plane) has 
a number of significant advantages over spherical focusing 
systems previously used for nonlinear frequency conversion of 
CVL output in BBO. In particular, as the CVL fundamental is 
collimated in the angle tuning plane, all CVL fundamental 
power propagates within the crystal acceptance angle. As 
the line focus can be as wide as the full crystal aperture 
(typically 4-8 mm), the deleterious effects of beam walk-off 
[5 11 and thermal detuning are minimized, while the transverse 
coherence of the pump is maximized in the direction of 
walk-off. For the line focus, the peak power density in the 
nonlinear medium is determined by the first power of the 
divergence, rather than the divergence squared as is the case 
for spherical focusing. These advantages enable the line focus 
geometry to be optimized for efficient frequency conversion 
of both the diffraction-limited components and nondiffraction- 
limited (i.e., partial transverse coherence) components, while 
maintaining peak power densities well below crystal damage 
thresholds. Recent measurements [5] have shown that the 
conversion efficiency is relatively insensitive to the width of 
the line focus (from 1-6 mm) at the peak intensities available 
from this pump source; however, greater widths reduce the 
thermal instabilities that had plagued earlier spherical focusing 
experiments, even at high UV powers (several W). There is, 
however, an optimum f-number (- 16) for the focusing plane, 
corresponding to delivering the maximum power density into 
the nonlinear medium within the noncritical acceptance angle 

An optimized line-focus doubling arrangement for a single 
CVL oscillator of active volume 25 mm id by 1.0 m long 
fitted with A4 = 100 resonator is shown in Fig. 2. In this 
arrangement, the CVL output was compressed to -3.8 mm 
diameter with a spherical compression telescope and focused 
into an 8-mm-long BBO crystal with an f = 60 mm cylindrical 
lens, yielding a 3.8-mm-wide line-focus with Fl16 focusing in 

[51. 
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green versus 5 W), the average conversion efficiency (based 
on measured powers) was higher (25% versus 19%) with 
correspondingly higher UV output when using that resonator 

Using even higher magnification unstable resonators (i.e., 
M > 100) would improve the conversion efficiency of the 
four-pass component of the CVL output, but at the expense of 
reduced average CVL output power, and increased sensitivity 
of the CVL system to formation of parasitic resonators with 
external optical elements. Operation with very high magnifi- 
cation unstable resonators is therefore unlikely to yield higher 
UV output powers. However, as the beam quality of the UV 
accurately reflects that of the pump, as is shown in the far- 
field UV beam profile for a CVL with M = 100 unstable 
resonator as given in Fig. 4, higher resonator magnifications 
would improve the pulse-average UV beam quality. 

The highest average UV output powers from single CVL 

persing prism on the CVL. 

M=100 Unstable Resonator 

Fig. 2.  Experimental arrangement for SHG from single CVL using a line 
focus. Pump power depletion is monitored by recording the pulse shape 
of the green fundamental reflected from the dispersing prism. Instantaneous 
conversion efficiencies are obtained by ratioing the depleted and undepleted 
fundamental pulse shapes. 

the noncritical plane. From this system we have obtained UV 
powers up to 1.75 W at 255 nm, 1.5 W at 271 nm, and 1.2 W at 
289 nm, using a green/yellow dye amplifier converter E161 to 
enhance the yellow power prior to SHG [5]. Peak conversion 
efficiencies (based on instantaneous pump depletion) were 
up to 48% for the diffraction-limited component, and 40% 
for components having approximately 5 x diffraction-limited 
divergence from the CVL operating with an on-axis M = 
100 unstable resonator. Average optical conversion efficiencies 
based on measured UV and fundamental powers were up to 
34%, corresponding to a wall-plug efficiency of 0.06%. These 
results demonstrate that frequency doubling is now established 
as a practical and efficient technique for wavelength extension 
of single CVL devices. 

The importance of CVL beam quality is illustrated in 
Fig. 3, which shows the instantaneous conversion efficiency 
for SHG of the green mapped as a function of instantaneous 
pump power throughout the pulse. Two different resonator 
magnifications (M = 50 and M = 100) were used for 
these measurements, both sufficient to produce essentially 
diffraction-limited (full transverse coherence) output at the 
end of the CVL pulse. The first (non-ASE) component of 
the CVL output pulse (labeled in Fig. 3) had a divergence 
of either -10 times the diffraction-limit (for M = 50) or 
-5 times the diffraction-limit (for M = 100). The conversion 
efficiency (as a function of pump power) was the same for the 
diffraction-limited components from both resonators, reaching 
a peak value in this case of -45%. However, the conversion 
efficiency of the four-pass component from the M = 100 
resonator ( divergence 5 x diffraction-limit) was -2/3 that 
for the diffraction-limited component, while for the four-pass 
component from the M = 50 resonator ( lox diffraction-limit) 
the conversion efficiency was only 1/3 that of the diffraction- 
limited component. While the higher-magnification unstable 
resonator gave less fundamental power (4.6 W non-ASE 

oscillators are usually obtained at low PRF (e.g., 4 kHz), 
where the CVL gain duration is maximum (maximizing the 
yield of high beam quality output) and the peak power is also 
relatively high. Operating the CVL at elevated PRF’s generally 
results in a significant reduction in the UV power generated 
by SHG, due to decreases in both the pulse-average beam 
quality and peak power of the fundamental. The diminished 
pulse-average CVL beam quality at elevated PRF is a result 
of shortening of the gain duration, thereby minimizing or 
eliminating any 6-or-greater pass components in the output. 
In addition, the initial gain profile in the CVL (at elevated 
PRF) is annular, which often necessitates the use of off-axis 
unstable resonators that introduce asymmetries to the far-field 
beam profile, which is undesirable for nonlinear conversion. 
Recent results have shown that it is possible to improve UV 
generation at high CVL PRF’s by adding small percentages 
of hydrogen (typically -2%) to the neon buffer gas of the 
CVL. The hydrogen add-gas leads to improved spatiotemporal 
gain characteristics in CVL’s at elevated PRF, resulting in 
dramatically improved high beam quality extraction and hence 
UV power generation [52]. For example, the CVL used for the 
experiments described in this section only produced 10 mW 
SHG green at the elevated PRF of 20 kHz in pure Ne buffer gas 
with an M = 100 on-axis unstable resonator, which improved 
to 50 mW of SHG green when the same resonator was used in 
an off-axis configuration (cf. 1.75 W at 4 kHz). By adding 2% 
H2 to the buffer gas, the UV output by SHG was improved to 
-600 mW with both the on-axis and off-axis resonator. 

There are of course practical limits to the UV power that can 
be generated using the single CVL oscillator approach. In order 
to scale the UV power using a single CVL oscillator would 
require greater quantities of high beam quality fundamental 
power to be generated. Even though using a larger active 
volume/plasma tube would provide more raw power (as CVL’s 
are volume-scaleable), the dynamics of beam quality evolution 
mitigate against improved high beam quality extraction. In 
particular, the longer cavity length would increase the cavity 
round-trip time and hence reduce the number of cavity round- 
trips possible during the gain duration, while the larger tube 
aperture would mean that more round-trips were required to 
reach the diffraction-limit. It is therefore unlikely that volume 
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Fig. 3. (a) Instantaneous SHG conversion efficiency (based on pump power 
depletion) for a CVL operating with unstable resonators of = 50 and 
i2.r = 100. Pulse shapes of the green, depleted green, UV are shown together 
with the instantaneous conversion efficiency for the two resonators in (b) and 
(c). The numerals ( 3 4 )  indicate the number of gain-transits (passes) of the 
different temporal components of the pump pulse. 

scaling of CVL’s would provide significant improvements in 
the total yield of high-beam-quality power when these devices 

Fig. 4. Far-field intensity profile for the SHG output of a medium-scale 
CVL operating with an unstable resonator .U = 100. The central peak has 
essentially diffraction-limited beam divergence; however, detector saturation 
has reduced its peak intensity relative to the higher-divergence UV originating 
from the four-pass output. 

are operated with high magnification unstable resonators. A 
more viable approach would be to improve the CVL’s specific 
output power without adversely affecting high beam quality 
extraction. Simply increasing the input power loading to a 
CVL (by thermal re-design for instance) does not generally 
improve the yield of high beam quality output since the 
gain duration shortens at higher volumetric input powers, 
thereby reducing the low divergence/diffraction-limited output 
even though the total (low divergence + ASE) output may 
increase. The UV power therefore tends to saturate as the 
input power to a CVL is increased [53].  However, improving 
the speed of the excitation pulse using a driving circuit with 
magnetic pulse compression (MPC) can improve the specific 
output power capability of a CVL without compromising the 
gain duration. For example, in trials using a standard plane- 
plane resonator, the output power of the CVL discussed in 
Section I11 was improved from 29 W maximum to 43 W 
using a faster excitation pulse (100 ns half-sinusoid) gener- 
ated from an MPC-based excitation circuit. Furthermore, the 
optical output at this higher power level was of sufficient 
pulse duration to operate effectively with a high-magnification 
unstable resonator. Yet another approach would be to use a 
new class of copper laser known as a copper HyBrID laser, 
initially demonstrated by Livingstone and Maitland [54] and 
further developed by Jones, Little, and Maitland at St. Andrews 
University [55] .  Cu HyBrID lasers have significantly higher 
output power than similarly sized elemental CVL devices; 
however, the power scaling is largely though pulse repetition 
rate scaling (these lasers optimize at -18 kHz PRF) [55] .  It 
is expected that such lasers could operate very effectively as 
single CVL oscillator devices producing high average power 
UV, however many issues in their frequency doubling, includ- 
ing high beam quality extraction with unstable resonators (they 
have significantly different spatio-temporal gain characteristics 
to elemental CVL’s), are yet to be addressed. 
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The best approach to the scaling of UV power beyond the 
2-3 W level is undoubtedly to use multi-CVL pump laser 
systems. However, before examining multi-CVL systems and 
their frequency conversion, we will examine recent results in 
the frequency doubling of small-scale CVL devices. Provided 
sufficient power can be obtained from the small active volume, 
such devices may be efficiently frequency doubled to produce 
UV output in useful quantities. 

B. SHG of Small-Scale Difiaction-Limited CVL Oscillators 

As discussed in Section 11-C, small-scale CVL’s have the 
ability to provide better pulse-average beam quality than larger 
CVL devices. This is due to the favorable combination of 
shorter resonators, smaller tube apertures, and the ability to 
use SFUR cavities, which ensures that the output beam qual- 
ity rapidly evolves to diffraction-limited divergence. Several 
small-scale CVL devices producing high beam quality output 
with good efficiency have been reported in the literature. Pini 
et al. reported a small-scale CVL using a SFUR that produces 
2.5 W of diffraction-limited output (1.5 W green) at 5 kHz [49] 
with a peak power in the green of 25 kW, and Nikonchuk 
et al. [40] described a CVL with SFUR cavity based on a 
10-mm-diameter CVL plasma tube that produced up to 2 W 
of diffraction-limited output. We have recently developed a 
miniature CVL device (only 5 cm3 active volume) utilizing 
a SFUR cavity that was carefully matched to the CVL gain 
volume, which produces 2.1 W of diffraction-limited output 
(1.35 W green) at a pulse repetition frequency of 24 kHz with 
peak output power of 6 kW in the green [41]. 

The excellent beam quality and compactness of these small- 
scale CVL’s make them attractive as sources for the genera- 
tion of new wavelengths by nonlinear frequency conversion 
techniques. In particular, the temporally-invariant diffraction- 
limited beam quality means that the optical delivery (focusing) 
system does not need to tolerate multiple divergence com- 
ponents (as is the case for medium-scale CVL doubling), 
as well as ensuring that UV generated via SHG possesses 
excellent beam quality. However, as these CVL devices are 
intrinsically limited in their the peak output power capability 
(only 6 kW for our miniature CVL), the priorities in focusing 
system design are different from the medium-scale CVL 
case. In particular, as efficient nonlinear frequency conversion 
requires high peak intensities, the optical delivery system must 
provide tight focusing of the low peak power (but high beam 
quality) input beam. However, the geometry of the focus (i.e., 
spherical, elliptical, or line focus) and focal system f-number 
must be chosen considering the UV walk-off and acceptance 
angle limitations, which, as we have previously noted, are 
particularly significant in BBO. 

Initial studies of CVL frequency doubling using low power 
CVL sources were reported by Omatsu et al. [ 1 11-[ 131. Using 
a CVL producing 2.55 W of high quality green, they produced 
230 mW of SH green at 9% optical conversion efficiency 
with 12% peak conversion at the 17 kW peak power of the 
diffraction-limited pump beam component. In a subsequent 
study, Pini [49] reported 230 mW at SH green from 1.5 W of 
diffraction-limited green (15% energy conversion), with 32% 

peak conversion of the 25 kW peak power pump beam. Both 
these investigations utilized spherical focusing into the BBO. 
In a later report, Omatsu [56] reported a slight improvement 
in efficiency (to 12% optical conversion) by utilizing a 2.2:l 
elliptical focus in an attempt to better match the pump beam 
to BBO’s materials properties. It is difficult to assess whether 
aberrations induced by using crossed cylindrical lenses with 
a large (20-mm-diameter) CVL beam may have limited the 
conversion efficiency in this case. 

In order to further examine the peak power issues con- 
fronting SHG using small-scale sources, we recently inves- 
tigated frequency doubling our miniature CVL source. Our 
previous experimental simulation of a low peak power source 
[5] using a line-focus beam delivery system showed that, for 
low peak powers, reasonable conversion efficiencies could 
be attained with a line focus if the width of the line was 
reasonably short (i.e., 1-2 mm). This result shows that, in a 
peak power limited situation, the best trade-off is to increase 
focal power density at the expense of the width of the line 
focus. Further, the simulation indicated that a peak conversion 
efficiency up to 23% should be attainable with the 6-kW peak 
power available from the miniature CVL, which is higher than 
reported by Pini et al. [49] using spherical focusing at the 
same power level (cf. 15%). 

UV generation by SHG from the miniature CVL was 
investigated using the optical layout shown in Fig. 5, which 
produced a line focus within the BBO. The output of the 
miniature CVL (4.5 mm FWHM) was focused using a long- 
radius (R = 3 m) spherical curved mirror, and recollimated 
in the horizontal (angle-tuning) plane using a cylindrical lens. 
The beam was allowed to continue to expand in the vertical 
plane, when it was focused to line within the BBO crystal (6 x 
6 x  8 mm) using a short-focal-length cylindrical lens. This 
arrangement was used in preference to the line-focus layout 
used for the medium-scale CVL, as the small beam diameter 
would require extremely short-focal-length cylindrical lenses 
(f = 16 mm or shorter) to produce a line focus with optimum 
f-number in the vertical plane (-16-20). 

With the optimum optical arrangement (f = 300 mm 
cylindrical recollimating lens, f = 38 mm cylindrical focusing 
lens), which produced a - 1-mm-wide line focus within 
the BBO crystal, 212 mW of SHG green was obtained 
from 1.35 W of diffraction-limited green (energy conversion 
15.5%), with a peak conversion efficiency of 20% at the 6 kW 
peak output power of the miniature CVL. The measured 
peak depletion is consistent with that suggested by our 
experimental simulation of low-peak-power doubling [5]. The 
output power performance of the frequency-doubled miniature 
CVL compares very favorably with previous reports of small- 
scale CVL doubling, although it was obtained at much higher 
repetition rate and lower peak fundamental power. 

Frequency-doubled small-scale SFUR CVL’s are attractive 
for applications requiring only moderate ( < O S  W) W powers, 
given the excellent UV beam quality and compactness of the 
overall system (since small-scale sealed-off CVL’s could be 
utilized). Further power scaling by this approach is limited 
by the sensitivity of CVL beam quality to the resonator 
length and plasma tube aperture [39]. It is possible that some 
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Fig. 5. Experimental layout for frequency doubling the “miniature” CVL 
using a line focus. 

improvement in conversion efficiency of our device could be 
achieved by using a longer BBO crystal, and potentially by re- 
engineering CVL plasma tubes to maximize their gain length 
within set resonator configurations. It is also not yet clear 
whether some slight focusing in the angle-tuning plane (i.e., 
a high-ellipticity focus) may also further improve conversion 
efficiency. However, such approaches would probably only 
allow relatively minor gains to be made before using a 
medium-scale CVL becomes a more practical option. 

C. Scaling of UV Power by OA Doubling 
Scaling of UV power requires scaling of high-beam-quality 

fundamental power, which is best achieved using multi-CVL 
systems. In multi-CVL systems, the beam quality requirement 
is separated from the power requirement (as they are provided 
by separate CVL elements), and hence it is possible to sepa- 
rately optimize the oscillator and amplifier to produce much 
higher levels of high-beam-quality fundamental power than 
can be achieved from single CVL oscillators. CVL’s make 
very efficient power amplifiers [27], [47] needing only small 
injection signals (-200 W/cm2 peak [57]); thus small-scale, 
well-controlled oscillator outputs can readily be amplified with 
either simple master oscillator power amplifier (MOPA) sys- 
tems [40], [46], or injection-seededkoupled oscillator (ICO) 
arrangements [42]-[45]. 

For high average power (multi-watt) UV generation by SHG 
and SFG in BBO, localized crystal heating due to the residual 
UV absorption with subsequent thermal detuning becomes 
important. For UV powers of ~1 W, thermal detuning due 
to crystal heating can be compensated for by reorientation 
of the crystal during crystal warm-up until a steady thermal 
profile is achieved. At higher power levels, efficient thermal 
management through the use of a line focus and slab crystal 
geometry with active cooling is recommended [58]. However, 
maintaining a uniform temperature profile across the line focus 
can be a challenge at high average powers due to difficulties 

in maintaining steady intensity and phase profiles (i.e., steady 
wavefront) across the line focus. 

While MOPA’s can be scaled to produce CVL chains 
yielding average powers over 1 kW [59], maintaining the 
CVL wavefront integrity through CVL amplifiers can be 
difficult. The large beam diameter (2.5-8 cm) required for 
power extraction in amplifiers means that the wavefront is 
particularly sensitive to aberrations in optics (such as nonflat 
mirrors) and Schlieren effects due to hot laser end windows 
(CVL end-windows absorb blackbody radiation emanating 
from the CVL active volume). At best, such aberrations result 
in nonuniform beam intensities at the line focus, resulting 
in irregular thermal profiles within the nonlinear crystal that 
prevent simultaneous phase-matching across the line focus. 
Such effects manifest themselves as “shimmer” in the UV 
beam profile, and reduced average conversion efficiencies. 
For larger aberrations, more severe wavefront distortions can 
result in the CVL beam coming to momentary point foci 
within the crystal resulting in catastrophic crystal failure. 
These problems are one of the principal obstacles to efficient 
frequency conversion of high-power CVL’s; however, they 
can be eliminated by measures such as use of IR-transmitting 
CVL end-windows, enclosinglgaitering all optical beam paths, 
and utilizing optical elements with minimal aberrations. 

Early attempts at frequency-doubling high-power CVL 
MOPA/ICO systems were disappointing due to crystal damage 
problems that stemmed from the use of spherical lens focusing. 
For example, Freegarde er al. achieved 2.0 W from a three- 
CVL ICO-MOPA configuration employing a 10-W/40-W CVL 
IC0 and 40-W power amplifier; however, these results were 
limited by crystal damage [21]. Molander [24] generated 
3.2 W from two 40-W CVL’s in IC0 arrangement, again with 
crystal damage limitations. The performance of both these sys- 
tems has subsequently been exceeded using two much smaller 
CVL‘s in a simple MOPA configuration and using a line focus 
geometry for optical delivery into the BBO crystal [50]. 

Since the introduction of line focusing geometries for CVL’s 
in 1991 [4], the UV power available by frequency doubling of 
multi-CVL systems has steadily increased. In 1993 we reported 
generation of 3.6 W at 255 nm (20% average conversion 
efficiency), 2.0 W at 289 nm (22% average efficiency) and 
3.8 W at 271 nm (14% average) from two nominally 20 W 
CVL’s operating in O/A configuration [50]. The master oscil- 
lator was operated with an M = 100 unstable resonator and the 
oscillator-amplifier timing was set to preferentially amplify the 
diffraction-limited components of the oscillator output. While 
this arrangement did produce an output beam with full trans- 
verse coherence, there was some corruption of the wavefront 
due to window heating effects. These fluctuations produced 
some shimmer in the UV beam profile and reduced the average 
conversion efficiency from the peak values obtained on short 
(< 1 s) time scales. Crystal temperatures were estimated based 
on the degree of thermal detuning produced by UV absorption 
(measured as a change in tuning angle for increased pump/W 
average power, where d B / d T  = 33 p r a m )  and indicate that 
peak internal temperatures were as high as 100 OC. Recent 
experiments using cooled-slab crystal geometries and a crystal 
with improved UV transmission produced stable UV output 
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powers; however, the system was poorly optimized, yielding 
only 2.4 W average power at 255 nm. 

Recently, Molander [6] has reported UV powers of up to 
9 W (at 255 nm) from 113 W of green from a very large- 
scale CVL MOPA system using two 5-mm-long BBO crystals 
in alternating-2 configuration and a line focus with F/29 
focusing in the noncritical plane. Unfortunately, Fresnel losses 
at the four uncoated crystal faces, together with overfilling of 
the crystals with the CVL pump beam, reduced the average 
conversion efficiency to just 8%. 

Both MOPA systems described above utilized medium-scale 
CVL’s as their master oscillators. We have used the miniature 
CVL discussed in Section IIIB as a master oscillator with 
a -20 W power amplifier to produce 11 W of nominally 
diffraction-limited green at a PRF of 4 kHz. In preliminary 
experiments this output was frequency doubled to yield 1.7 W 
at 255 nm, however the conversion efficiency (16% average) 
was low due to wavefront degradation from aberrations in the 
beam expansion optics and in the amplifier. With improved 
optical design and quality control, this approach can provide 
compact high power W output with beam quality that is 
diffraction-limited throughout the pulse. The small-scale mas- 
ter oscillator, which may use a sealed off tube with excitation 
provided from the main power amplifier switching supply, 
represents only a small addition to the cost and complexity of 
a medium-scale CVL, yet can dramatically improve its yield 
of diffraction-limited UV power. 

IV. CONCLUSION AND F u m  DIRECTIONS 
Second-harmonic and sum-frequency generation are now 

accepted techniques for production of significant UV powers 
from CVL’s. UV powers of -1 W are now readily available 
from single medium-scale CVL’s (such as are commercially 
available), while higher UV powers have been generated 
using high beam quality multi-CVL systems. These UV-CVL 
systems now represent practical UV sources for applications 
such as UV micromachining. 

There are still further prospects for scaling of UV power 
generated by nonlinear conversion of CVL output. Conversion 
efficiencies into the UV from single CVL devices are now 
very high (approaching 50% internal), so it is most likely that 
improved UV output powers will come through increases in 
specific output powers from the CVL’s themselves. Techniques 
such as magnetic pulse compression techniques are capable 
of increasing CVL specific power, and CVL HyBrID lasers 
show particular promise due to their high specific powers 
and extended gain duration, which should enhance high beam 
quality extraction. For the small-scale CVL, more efficient 
filling of the available SFUR mode volume with the active 
medium will yield greater diffraction-limited fundamental and 
hence W output powers. Further optimization of the focusing 
geometry for these low peak-power sources is expected to 
pay dividends in greater UV conversion efficiencies. However, 
such systems are unlikely to generate more that 0.5 W average 
UV power. Significant further advances are expected for 
frequency doubling of high-power multi-CVL systems. Im- 
provements in the beam quality from such systems, driven also 

by their increasing use in visible micromachining applications, 
will assist in overcoming the thermal inhomogeneities in 
the nonlinear medium that have so far limited conversion 
efficiencies at high (>3 W) average UV powers. Additionally, 
recent advances in the production of low-absorption BBO 
(including new faster advances in the production of low- 
absorption BBO) will further alleviate thermal problems at 
high powers. Other nonlinear optical Borate crystals such 
as Sr2BezB207 (SBBO) and CsLiB6010 (CLBO) are also 
under development. These crystals are expected to have higher 
nonlinear coefficients and acceptance angles, and lower walk- 
off, temperature sensitivity and absorption 

Frequency doubling of the CVL green output has received 
the most attention to date, as it yields the shortest UV wave- 
length, and makes use of the more powerful CVL fundamental 
wavelength. Sum-frequency mixing of the two CVL outputs, 
however, remains attractive because it can potentially use all 
the available (green and yellow) CVL output power. SFG 
therefore offers the possibility for higher UV powers than SHG 
of the green or yellow (from a fixed CVL pump system). This 
process has received little attention because of the need to 
construct an achromatic delivery system for optimized SFG. 
However, the potential of SFG has always been evident, as 
we have routinely observed comparable or slightly higher 
UV powers with sum-frequency generation than for SHG of 
the green output, even though the delivery system with a 
single-element cylindrical focusing lens has high chromatic 
aberration. There clearly remains some scope for further 
development of practical UV sources based on SFG of the 

Finally, with the significant powers that are now available 
from SHG/SFG of CVL output, there are also prospects for 
further nonlinear frequency conversion of this uv to generate 
deep-uv wavelengths. For instance, sum-frequency mixing 
of 255 nd271  nm with the red or near-infrared output 
of a pumped dyemi:Sapphire lasers could produce tunable 
output near 200 nm. Such output is of interest for precision 
micromachining of high band-gap materials. 

two CVL outputs. 
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