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One Watt Average Power by Second Harmonic and Sum Frequency 
Generation from a Single Medium Scale Copper Vapor Laser 

D. W .  Coutts and J .  A. Piper 

Abstract-Ultraviolet (UV) powers of over 1 W have been ob- 
tained by second harmonic and sum frequency generation from 
a single medium scale (20 W) copper vapor laser (CVL) using 
a new focal geometry in which the CVL beam is focused in only 
one direction to produce a line focus within a BBO crystal. High 
optical conversion efficiencies, 20 and 30%, are observed for 
the low divergence ( -  10 times the diffraction limit) and dif- 
fraction-limited components of the CVL output, respectively. 
Wall-plug efficiencies for UV generation are up to 0.04%. Ef- 
ficient frequency conversion has also been demonstrated for 
CVL operating conditions unsuited to the generation of diffrac- 
tion limited output. 

IGH average power pulsed ultraviolet (UV) laser H sources based on frequency doubling of the copper 
vapor laser (CVL) are of interest for a variety of appli- 
cations such as photolithography, micromachining of 
polymeric materials, and fluorescence mapping. To date, 
increases in available UV power have been achieved pri- 
marily through increasing CVL power available in a dif- 
fraction limited beam. One such approach is to use two 
(or more) CVL’s in a master-oscillator power-amplifier or 
an injection-coupled oscillator configuration [ 13, [2]. This 
approach is best suited to very high power applications 
but requires a high level of complication which is not jus- 
tified where only moderate UV power is required. For a 
single CVL device, self-filtered and very high magnifi- 
cation unstable resonators can be used to increase the 
amount of diffraction limited output [3]. However, these 
resonators sacrifice some of the potential useful power of 
low divergence in order to produce the greatest output with 
diffraction-limited beam divergence. Additionally, both 
these resonators are very sensitive to optical feedback 
from external components. 

The focusing geometry usually employed for frequency 
doubling of the CVL consists of spherical optical ele- 
ments producing a circular focus within the nonlinear me- 
dium (BBO). As BBO has a narrow acceptance angle in 
one plane, long focal length lens systems must be used. 
Thus in order to achieve high focal power densities within 
the crystal for efficient doubling, a CVL with very high 
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beam quality is required. This in tum leads to high focal 
power densities at the crystal faces, which results in sur- 
face damage if the focal power density within the crystal 
is to be well above threshold for nonlinear frequency con- 
version (10-100 MW cmP2). (Note the surface damage 
threshold - 1 GW cm-2, is approximately an order of 
magnitude lower than the bulk damage threshold.) A cir- 
cular focal geometry for frequency doubling also suffers 
from disadvantages associated with beam walkoff, and 
problems of high average power causing nonuniform ther- 
mal detuning and, in extreme cases, catastrophic bulk 
crystal failure. 

We now report recent experiments where UV powers 
of over 1 W have been generated from a nominally 20 W 
CVL using a new focal geometry, where there is compar- 
atively high conversion efficiency for both the low diver- 
gence ( -  10 times the diffraction limit) and the diffraction 
limited components of the CVL output. With this new ge- 
ometry the CVL beam is brought to a line focus within 
the BBO crystal (Fig. 1). In the crystal angle tuning plane 
the CVL forms a collimated beam approximately 2 mm 
wide as it passes through the crystal. In the other plane 
the CVL beam is brought to a tight focus within the crys- 
tal. This focal geometry is obtained by first compressing 
the beam in one plane and then focusing the beam with a 
standard aberration-corrected spherical lens. The one di- 
mensional beam compression produces a slightly diverg- 
ing’beam which is recollimated in the plane of compres- 
sion by the spherical lens. Note this geometry produces a 
beam that approximates the anisotropy of the far-field UV 
intensity distribution where a spherical focal geometry is 
used [4]. 

There are a number of advantages of this focal geom- 
etry. All the CVL output power (excluding the highly di- 
vergent amplified spontaneous emission) is delivered 
within the BBO acceptance angle (which is only 0.5 mrad- 
cm at the CVL wavelengths [ 5 ] )  and hence can contribute 
to the UV output. The line focus produced reduces the 
optical power density both at the crystal faces and within 
the crystal to well below the damage threshold. In addi- 
tion the thermal gradients within the crystal are dimin- 
ished, reducing the thermal detuning and preventing high 
average power damage [6]. Beam walkoff problems are 
also greatly reduced as the propagation of the UV power 
away from the pump power only results in a narrow zone 
of reduced interaction on the edges of the beam. Due to 
the one dimensional nature of the focusing, the peak 
power densities at the focus are now directly proportional 
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Fig. 1 .  Focal geometry for frequency doubling of a copper vapor laser. 

to the beam divergence rather than the square of the beam 
divergence. This enables high focal power densities to be 
maintained for both the diffraction limited and - 10 times 
diffraction limited beam divergence components of the 
CVL. 

As a result of these advantages, we are now able to 
optimise the CVL beam characteristics for frequency dou- 
bling rather than for the production of high powers in the 
diffraction limited component only. We have recently re- 
ported studies of CVL’s with conventional (positive 
branch) unstable resonators in which a time resolved in- 
terferometric technique was used to analyse development 
of spatial coherence and optimise laser beam character- 
istics for nonlinear UV generation [7]. These techniques 
have now been used with the new line-focus optical de- 
livery system to produce UV output powers greater by a 
factor of three than those that we previously reported for 
the same laser [8]. 

The copper vapor laser used in the experiments was a 
discharge-heated CVL with active volume 25 mm i.d. by 
1 m long. The laser was initially operated at a pulse rep- 
etition frequency (PRF) of 4 kHz drawing 3.2 kW from 
the high voltage supply. Under these excitation conditions 
with a plane-plane resonator the CVL gave 18 W at 
- 0.6% efficiency. With an on-axis unstable resonator 
(magnification 51) the CVL gave 8.6 W of non-ASE 
power of which 63% was in the green. The output pulse 
consisted of three temporally resolved components; the 
first component was highly divergent ASE which was re- 
moved by spatial filtering. The remainder of the pulse (the 
“useful power,” shown in Fig. 2), consisted of a com- 
ponent with a divergence of ten times the diffraction limit 
( - 250 prad FWHM) followed by a component with near 
diffraction-limited beam divergence ( - 50 prad FWHM) 
with approximately 50% of the non-ASE pulse energy in 
each of these two temporally distinct components. 

For frequency conversion, the horizontally compressed 
CVL pump beam was focused with a 400 mm focal length 
achromatic spherical lens to give a 2 mm long line focus 
within the 8 mm long BBO crystal. The UV output was 
separated from the fundamental with a quartz harmonic 
separator and the power measured with a thermal power 
meter (Scientech 360201). 

Second harmonic and sum frequency output powers and 
conversion efficiencies are shown in Table I. Powers of 
the order of 1 W were obtained at all three UV wave- 
lengths available from the CVL with wall-plug efficien- 
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Fig. 2. Fundamental, depleted fundamental, and second harmonic pulse 
shapes for SHG of the green output. Alignment is for maximum total gen- 
erated UV power. 

TABLE I 
UV POWERS A N D  EFFICIENCIES FOR CVL OPERATING AT 4 kHz 

Efficiencies 

Output UV Power (W) Optical Wall-Plug 

SHG green (= 255 nm) 1.3 24 % 0.04% 
SHG yellow (= 289 nm) 0.89 28 % 0.03% 
SFG (= 271 nm) 0.99 12% 0.03% 
SHG amplified yellow 1.16 19% 0.04% 

cies of 0.03-0.04 % . Direct second harmonic generation 
of the green (at 255 nm) and yellow (at 289 nm) and sum 
frequency generation (at 27 1 nm) yielded powers of 1.30, 
0.89, and 0.99 W, respectively. By using a green pumped 
dye amplifier to enhance the yellow power available from 
the CVL [9], 1.16 W of doubled amplified yellow was 
produced. The spatially filtered green and depleted green 
pulse shapes together with the frequency doubled green 
pulse, are shown in Fig. 2. 

The practical advantages of the focal geometry were 
evident in the stability of the UV output power. However, 
thermal detuning effects were still apparent as a reduction 
in the UV power over a period of tens of seconds. These 
effects could be compensated by further angle tuning until 
a steady-state thermal profile was established and the 
original UV output power restored. Crystal damage was 
also avoided, even though greater UV output powers were 
obtained than in previous experiments [8], where for the 
same CVL operating conditions but using spherical fo- 
cusing, the BBO had suffered surface damage. 

Optical conversion efficiencies of up to 28% were ob- 
served based on the non-ASE power available from the 
CVL at the relevant wavelengths. The conversion effi- 
ciencies can be resolved into two components correspond- 
ing to the two low divergence components of the CVL 
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output beam. For example, the conversion efficiency of 
24% measured for generation at 255 nm, resulted from a 
30% conversion of the diffraction limited output and 20% 
conversion of the output which had a divergence of ap- 
proximately ten times the diffraction limit. The corre- 
sponding conversion efficiencies for these two compo- 
nents, for a conventional spherical focusing geometry and 
similar laser beam properties, are typically - 16 and 
- 7 % , respectively, demonstrating the greater utilization 
of the component of CVL output with only moderate beam 
quality. Note that alignment of the focusing geometry for 
optimum conversion of just the near diffraction-limited 
component yielded peak conversion efficiencies of up to 
40% for second harmonic generation from the green as 
shown in the pulse shapes of Fig. 3. Sum-frequency con- 
version efficiencies were reduced by chromatic aberra- 
tions in the compression telescope which reduced the 
green and yellow beam overlap within the crystal. 

Having established that efficient ( - 20%) frequency 
conversion is possible for the CVL output with only mod- 
erate beam quality, we can attempt frequency conversion 
of the CVL for operating conditions where it is difficult 
to achieve high output powers with diffraction-limited 
beam divergence. For example, operating the laser at high 
PRF reduces the laser gain duration and leads to insuffi- 
cient time for the buildup of diffraction-limited output to 
occur during the pulse. However, an understanding of the 
factors influencing the beam quality enables the resonator 
configuration that best matches the evolution of the CVL, 
gain characteristics to be determined. At elevated PRF 
operation, the optimum resonator for UV production was 
found to be an off-axis unstable resonator with moderate 
magnification (M - 25-50) [7]. 

In order to investigate frequency doubling at higher 
PRF the CVL was operated at elevated pulse repetition 
frequencies of 7 and 14 kHz with an off-axis unstable res- 
onator (magnification 26.5). Under these conditions there 
was a reduction in the non-ASE green pulse length from 
20 ns FWHM at 4 kHz to between 12 and 16 ns FWHM 
at the elevated PRF. The shortened pulse reduces the 
amount of diffraction limited output power; this reduction 
is partially offset by an improvement in the beam diver- 
gence for the bulk of the non-ASE output to typically four 
times the diffraction limit. 

The fundamental and UV output powers for high PRF 
operation are summarized in Table 11. Doubled green and 
yellow powers of 558 and 324 mW, respectively, were 
generated for the CVL operating at a pulse repetition fre- 
quency of 7 kHz. By comparison, using spherical focus- 
ing, frequency doubled green and yellow powers at a PRF 
of 7 kHz were 460 and 230 mW, respectively, and were 
generated under conditions that were unacceptably close 
to the crystal damage threshold. The UV powers at ele- 
vated pulse repetition rates are substantially less than those 
obtained at a PRF of 4 kHz as the CVL peak powers are 
lower, and there is a large reduction in the fraction of 
diffraction limited output power at the higher PRF’s. 
However reduction in UV power from 7 to 14 kHz is not 

Depleted 
een 

L 
Time (20 ns/division) 

Fig. 3. Fundamental, depleted fundamental, and second harmonic pulse 
shapes for SHG of the green output. Alignment is for maximum conversion 
efficiency for the near diffraction-limited component. 

TABLE I1 
uv POWERS FOR CVL OPERATING AT HrGHER PRF 

PRF 7 kHz 14 kHz 

CVL non-ASE (green) 4 .8  W 3 .7  W 
(yellow) 3.8 W 3.1 W 

SHG green 558 mW 423 mW 
SHG yellow 324 mW 338 mW 

high (power at 255 nm was reduced to 423 mW and at 
289 nm, in fact increased slightly to 338 mW). Note the 
off-axis CVL output coupler was a meniscus lens (R = 
151 mm) which introduced significant aberration due to 
the thickness of the lens (10 mm). The higher magnifi- 
cation unstable resonator was not used off-axis as the ab- 
errations due to the output coupler resulted in even greater 
degradation of beam quality. 

In summary, we have demonstrated UV powers of over 
1 W from second harmonic and sum-frequency genera- 
tion from a single nominally 20 W CVL with wall-plug 
efficiencies of 0.04%. These powers and efficiencies are 
the highest reported to date for a single CVL device. Ef- 
ficient frequency conversion of the CVL output with only 
moderate beam quality permits optimization of the CVL 
for low divergence rather than pure diffraction-limited 
output, or operation of the CVL under conditions where 
generation of diffraction-limited output is difficult. Higher 
conversion efficiencies are anticipated by replacing the 
meniscus lens output coupler with a postmounted spot re- 
flector and minimizing the chromatic aberrations in the 
compression telescope. 
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