
c. ~ iwii iui iuudi OjriII|)UMUni 

on 
Advanced Nuclear Energy Research 

-INNOVATIVE LASER TECHNOLOGIES IN NUCLEAR ENERGY-

MULTI-WAVELENGTH COPPER VAPOUR LASERS FOR NOVEL MATERIALS 
PROCESSING APPLICATION 

Martyn KNOWLES, Jason EVANS*, Richard FOSTER-TURNER 
and Andrew KEARSLEY 

Oxford Lasers Ltd, Abingdon Science Park, Abingdon, 0X14 3YR, 
United Kingdom. 

'Department of Physics, Clarendon Laboratory, University of Oxford, 
Oxford, 0X1 3PU, United Kingdom. 

The copper vapour laser (CVL) is a high average power, short pulse laser with a 
multi-kilohertz pulse repetition rate. The CVL laser lines (511 nm & 578 nm) 
combined with the good beam quality and high peak power available from these 
lasers allow it to operate in a unique parameter space. Consequently, it has 
demonstrated many unique and advantageous machining characteristics. We 
have also demonstrated efficient conversion of CVL radiation to other 
wavelengths using non-linear frequency conversion, dye lasers and Ti:AL203. 
Output powers of up to 4 W at 255 nm have been achieved by frequency doubling. 
The frequency doubled CVL is inherently narrow linewidth and frequency locked 
making it a suitable source for UV photolithography. Slope efficiencies in excess 
of 25 % have been achieved with CVL pumped Ti:Al203 and dye lasers. These 
laser extend the wavelengths options into the red and infrared regions of the 
spectrum. The near diffraction limited beams from these tunable lasers can be 
efficiently frequency doubled into the blue and near UV. The wide range of 
wavelength options from the CVL enable a wide variety of materials processing 
and material interactions to be explored. A European consortium for Copper 
Laser Applications in Manufacture and Production (CLAMP) has been set up 
under the EUREKA scheme to coordinate the commercial and technical expertise 
currently available in Europe. 

Keywords: Copper Vapour Laser, Materials Processing, Dye Lasers, 
Titanium Sapphire, Frequency Doubling. 

1. INTRODUCTION 

The copper vapour laser (CVL) is a pulsed visible laser (511 nm & 578 nm 
laser lines) which emits intense (50 - 500 kW), short (20 - 60 ns) pulses at high 
pulse repetition frequencies (2 - 32 kHz). Average powers from commercial units 
range from 10 - 120 W whilst laboratory devices have reached 750 W. Novel 
unstable resonator designs and amplifier configurations have yielded near 
diffraction limited beams which may be efficiently amplified to powers in excess of 
2 kW [1] with typical wall-plug efficiencies of 1%. 

The requirement for multi-kilowatt dye laser systems for Atomic Vapour 
Laser Isotope Separation (AVLIS) of the fissionable isotope 2 3 5 U in natural 
uranium necessitated multi-kilowatt visible pump lasers. The CVL was identified 
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as the only laser source that could be scaled to the required power levels in the 
timescale set to assess the feasibility of AVLIS. This research and development 
programme has led to the multi-hundred watt modules that are now available. 
These modules can be stacked in series to form very high power Master Oscillator 
Power Amplifier (MOPA) chains. At Lawrence Livermore National Laboratories, 
single MOPA systems routinely deliver 1.5 kW of near diffraction limited CVL 
radiation and the total facility is capable of over 10 kW. Oxford Lasers has 
installed a number of systems of over 250 W.. 

The unique set of laser parameters that characterize the CVL have enabled 
new and interesting results in materials processing. The extension of the 
wavelength range by frequency doubling and tunable lasers offers exciting 
possibilities in the study of materials interaction. 

2. CHARACTERISTICS OF THE CVL RELEVANT TO MATERIALS 
PROCESSING 

As outlined above, the CVL has a set of characteristics which make it 
unique. The relevance of these features to materials processing will now be 
discussed. 

2.1 Wavelength 

In radiation/material interaction the wavelength of the radiation determines 
the type and degree of interaction. The reflectivity of many metals at infra-red 
wavelengths is typically greater than 90% and for some metals such as copper it 
can be greater than 98%. However at the CVL wavelengths the reflectivity is 
much lower, typically 50 - 60%. A long pulse infra-red wavelength laser relies on 
a thermal interaction to melt the metal. Once the surface of the material is molten 
the fraction of the laser power coupled into the material increases to about 70%. 
The molten metal is then removed either by gas-assisted oxidation or melt 
shearing. Although this results in efficient cutting and drilling, the precision of the 
process is limited and the area around the initial irradiation point often suffers 
severe thermal damage owing to the low absorption of the solid. The thermal 
reaction makes it difficult to achieve very small drill holes or narrow kerf widths 
without creating a substantial heat affected zone (HAZ). The HAZ can produce 
weakening and distortion of the sample, sometimes rendering it useless. 

The absorption of UV radiation in most metals is very strong. The short high 
peak power pulse can under optimum conditions of high fluence, extended pulse 
length and helium atmospheres, ablate up to a few microns per pulse. However 
the low pulse repetition frequency limits the processing speed in applications such 
as single hole drilling. The high fluence and efficient coupling in most metals 
enables a single CVL laser pulse to remove material to a depth of the order 10 
u.m. This combined with the high pulse repetition frequency results in a high 
material removal rate compared to an excimer in many applications. However the 
visible wavelength, aided by the short, high peak power, pulse, results in a "cold 
cut" or ablative process and a precision that cannot be matched by the IR lasers. 

-237-



Certain non-metallic materials also interact more favourably with visible 
rather than infrared radiation. The shorter wavelength and high peak power of the 
CVL can be used to induce photochemical reactions resulting in a colour change 
in some polyester type materials used to package electronic components. Thus 
the CVL can be used for high speed, high definition alpha-numeric marking of 
components. Other non-metals respond better to IR radiation or UV radiation. For 
example many polymers are very effectively etched by UV radiation and an 
important application for CO2 lasers is cutting perspex. Extension of the CVL 
wavelengths using frequency doubling and tunable lasers would enable those 
applications which required UV wavelengths at high pulse repetition rates to be 
addressed. It has been found that 50 urn holes in thin polyester sheets can be 
drilled at a rate 2 orders of magnitude faster than the competing excimer based 
system [2]. 

2.2 Pulsewidth 

The short pulsewidth of the CVL is advantageous in reducing HAZ. If the 
material is to be removed via evaporation then it is necessary to create extremely 
high temperature gradients in order to keep the total heat absorption of the 
component very low and at the same time to transform a large portion of the 
irradiated surface into the vapour phase. This requires an intensity 108 to 109 

W/cm2 and therefore a pulsed laser is necessary to achieve these powers [3]. The 
short pulse serves to heat the irradiated volume to the vapourization temperature 
in a timescale shorter than that for the heat to diffuse into the surrounding region. 
The CVL shows a HAZ layer of less than 500 nm thickness in many metals [4]. 

2.3 Repetition Rate 

The repetition rate and average power of the laser determines the rate of 
material removal and therefore the process speed. When a low pulse energy is 
required to avoid HAZ then it is clear that a high repetition rate laser is necessary 
to achieve a good process speed. The CVL has the highest average power . 
pulse repetition frequency product for any visible laser. 

2.4 Beam Quality 

The minimum size that a laser beam may be focused to is determined by its 
wavelength and the beam quality. The minimum beam size for a given focal 
length lens and beam diameter is proportional to the wavelength. Therefore the 
CVL has significant advantages over CO2, and Nd:YAG lasers in terms of the 
minimum spot size to which it may be focused. Although close to diffraction limited 
beam quality may be obtained at very high power from a CO2 laser, its 
wavelength is 20 times greater than that of the CVL. At high powers thermal 
distortion of the laser crystal degrades the beam quality of the Nd:YAG laser to 
several times the diffraction limit. CVLs are commercially available [5] in modules 
with powers exceeding 100W and can be configured to deliver a large proportion 
of the power within the diffraction limit. Recent laboratory developments on CVL 
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resonators have increased the power within the diffraction limit to almost 100%. 
These resonators should be available commercially within the next few years. 

3. WAVELENGTH EXTENSION OF THE CVL 

Although the 511 nm and 578 nm lines of the CVL have been demonstrated to be 
well suited for many applications the ability to extend the wavelength range offers 
some interesting options in materials interaction. The CVL is an excellent pump 
source for many tunable lasers and it can also be efficiently converted to UV 
wavelengths using non-linear frequency conversion. 

3.1 CVL Pumped Dye Lasers 

The CVL is the pump laser of choice for dye lasers and has found applications in 
AVLIS, Resonance Ionization Mass Spectroscopy (RIMS), OH Radical Detection, 
Short Pulse Amplification and Photodynamic Therapy. The pulse width from the 
dye laser is approximately the same length as the CVL pulse and the beam quality 
near to the diffraction limit. The best efficiency is obtained from dyes lasing in the 
550 - 700 nm range. The conversion efficiency for a low power (5 W), narrow 
bandwidth (<5 GHz) dye laser suitable for RIMS, OH radical detection and other 
spectroscopic applications is typically 25% [6]. Broad bandwidth dye lasers 
developed for medical applications but also suitable for materials processing and 
display applications typically show conversion efficiencies of 35%. 

3.2 CVL Pumped Ti:Al203 Lasers 

The Laser Research Group at the Clarendon Laboratory Oxford have a world-lead 
in CVL pumped Ti:Al203 lasers. Output powers of greater than 5 W [7] at slope 
efficiencies of greater than 30% have been achieved and with injection seeding 
near transform limited bandwidths (<100 MHz) are possible with no reduction in 
output power. The laser was tunable from 690 to 950 nm. With different mirror 
sets it should be possible to extend this range as low as 660 nm and as high as 
1050 nm. The low timing jitter of the Ti:Al203 laser pulse (+ 1ns) enables non
linear frequency mixing of the CVL and Ti:Al203 laser radiation to generate 
tunable UV at shorter wavelengths than would be possible by frequency doubled 
Ti:Al203. Figure 1 shows the tuning range of the fundamental Ti:Al203 laser, the 
frequency doubled range and the sum-mixing range. 

3.3 Non-linear Frequency Conversion of CVL Radiation 

Non-linear frequency conversion of CVL radiation generates narrow 
bandwidth, frequency locked UV pulses at multi-kilohertz repetition rates. 
Frequency doubling the 511 and 578 nm lines produces 255 and 289 nm 
whereas sum frequency mixing generates 271 nm radiation. Efficiencies of up to 
25 % have been reported and output powers of up to 4 W have been generated 
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[2]. The narrow linewidth of 0.002 nm and intrinsically stable wavelength makes 
the UV CVL ideally suited to high resolution photolithography. 

4. MATERIALS PROCESSING WITH THE CVL 

A model developed by Lawrence Livermore National Laboratory [1] which 
compares the cutting speed and minimum kerf width in 6 mm stainless steel for 
different laser types has shown the highest productivity is obtained wiih CVL 
lasers and CVL pumped dye lasers. The model compares excimer lasers, 
Nd:YAG lasers, CO2 lasers and the projected values for Nd:YAG slab lasers. 

Experimental studies at Oxford Lasers with laser powers of up to 50 W 
average power, 200 kW peak power, has produced promising results. A wide 
range of metals including aluminium, brass, copper, chrome, gold, mild steel, 
stainless steel, nickel, stainless steel and titanium have been processed. Non-
metals which have been successfully processed include carbon fibre, cement, 
ceramic, diamond, glass, polyimide, quartz and silicon. Figure 2 shows the drill 
time as a function thickness in copper using the 200 kW peak power system at a 
pulse repetition frequency of 7 kHz. The drill times are typical for hole drilling in 
metals although titanium, mild steel and stainless steel have slightly shorter drill 
times. Holes of 1 - 100 u.m diameter are usually drilled directly whereas larger 
holes are trepanned. The holes are characterized by a small heat affected zone 
(< 300 nm in copper and < 10 |im in titanium). Figure 3 shows a section of an 
array of 400, 000 holes of 10 urn diameter in 125 u,m thick aluminium. 

The drilling nature of the CVL is an ablative one. Material is either directly 
vapourized or explosively ejected as small molten globules. Assist gases are not 
necessary for melt shearing or oxidization as is the case for infrared lasers. The 
ablative nature of the CVL process allows blind holes with high aspect ratios to be 
drilled. The ablative nature also means that the cutting and drilling mechanism 
are very similar; cutting is essentially achieved by overlapping holes. 
Consequently the kerf widths and heat affected zones are very similar to those 
obtained with drilling. In addition to this it is possible to fabricate high aspect ratio 
blind slots which may be used for crack simulation in metal components. An 
example of a blind slot in stainless steel with a 65 u.m entrance diameter and 
depth of nearly 3 mm is shown in figure 4. 

Although ceramics are cut with speed and precision by CO2 and Nd:YAG 
lasers, the melt process tends to leave a glassified laser around the edge of the 
processed area. These substrates are often used in electronic circuit fabrication 
and the glassified layer can lead to adhesion problems for the conducting film. 
The ablative processing of the CVL results in a complete absence of glassification 
and with processing speeds comparable with similar power Nd:YAG lasers. 
Further developments of this process could lead to a major advantage to circuit 
fabricators. Other materials of interest to the electronics industry include silicon. 
Figure 5 shows the cutting speed of 300 urn thick polycrystalline silicon as a 
function of laser power. The highest speed achieved was 22 mm/s at a power of 
50 W. Recent improvements to the beam quality of the laser may well improve 
upon this value. Figures 6 and 7 show a 350 urn side square and 200 urn 
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diameter hole in 1 mm thick transparent natural diamond. The precision 
achievable with the CVL could be used in the fabrication of diamond heat sinks 
and dies for drawing wires. 

Initial trials with a frequency doubled CVL at 255 nm have shown excellent 
drilling properties in quartz, glass and polymers. As yet no materials processing 
applications studies have been undertaken in Oxford with the CVL pumped dye 
and Ti:Al203 lasers. However the wide wavelength range accessible would 
enable a thorough investigation of the processing of a given material as a function 
of wavelength with all other laser parameters, e.g. pulse width, repetition rate and 
power held nominally the same. This system could prove to be a potent tool for 
testing the processing capabilities of laser systems of the future. For example, the 
CVL pumped Ti:Al203 laser could be used to simulate a diffraction limited, high 
peak power, high pulse repetition rate laser diode array. 

5. CONCLUSIONS 

The CVL is the new laser in materials processing. It has shown great 
potential as a tool for high precision manufacturing and is able to address 
applications that are not feasible with any other technique. Commercial Copper 
Laser Machining Systems are now commercially available. The ability to extend 
the wavelength range of the Copper Laser from 255 nm to beyond 1000 nm to be 
carried across a wide wavelength range at power levels not possible with existing 
laser sources. The output powers of Copper Lasers are more than 20 times 
higher than commercial frequency doubled Nd:YAG lasers. Recent breakthroughs 
and on-going research in Copper Lasers will continue to scale the efficiency, 
output power and beam quality of these lasers. 
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Figure 1. Fundamental and Second Harmonic (SH) of the CVL and CVL 
pumped dye laser. Also tuning range of the CVL pumped Ti:Al203 
laser, its' second harmonic and sum-mixing range. 

60 -• 

50 

to 

g 40 -
o> 
| 30 • 

1 20 -

1 0 •-

0 -U 
0 0.2 0.4 0.6 0.8 1 

Thickness (mm 

Figure 2. Drill time as a function of thickness in copper with the 200 kW peak 
power. 
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Figure3. Matrix of 10 urn holes on a 40 urn pitch. 400, 000 holes were 
required in each unit with no blocked or oversized holes. All 
specifications were met with no holes greater than 12.5 urn (suction 
tested). (Courtesy of Creare Inc., Hanover, New Hampshire, U.S.A.) 

Figure 4. Blind slot in stainless steel. The slot entrance is 65 yum and the depth 
is 3100 |im. Note that there is no heat affected zone. 
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Figure 5. Cut speed of 300 urn thick polycrystalline silicon as a function of 
average laser power. 

Figure 6. Square hole of 350 urn cut in 1 mm thick diamond. 
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Figure 7. Circular hole of 200 \xm diameter cut in 1 mm diamond. 
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