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Double-Pass Copper Vapor Laser Master-Oscillator
Power-Amplifier Systems: Generation of

Flat-Top Focused Beams for Fiber Coupling
and Percussion Drilling

David W. Coutts

Abstract—In this paper, a compact master-oscillator power-am-
plifier laser system incorporating telescopic beam expansion in a
high-gain double-pass amplifier is presented. A miniature (0.5 W)
master-oscillator copper vapor laser is used to efficiently extract
over 37 W of high-beam-quality (full transverse coherence) output
power from a kinetically enhanced nominally 35-W copper vapor
laser at 12-kHz pulse repetition frequency. By configuring the os-
cillator for low coherence output and using a multimode optical
fiber between the oscillator and the double-pass amplifier, a high-
power (34 W) low-divergence output beam having a well-defined
flat-top far-field beam profile was also produced. The flat-top far-
field beam profile arises from control of the spatial coherence of a
flat-top near-field beam, rather than the usual techniques for pro-
ducing flattened Gaussian beams from coherent Gaussian beams.
Use of the flat-top focused beam for high-speed percussion drilling
of high quality 100- m diameter holes in metals was demonstrated,
as well as high-power (34-W average power, 80-kW peak power)
damage-free power transmission through 100-m core diameter
step-index optical fibers.

Index Terms—Gas lasers, laser amplifiers, laser beams, laser ma-
terials-processing applications, micromachining, optical fiber cou-
pling, optical pulse amplifiers.

I. INTRODUCTION

I T IS COMMON practice to use master oscillator power am-
plifier (MOPA) configurations for power scaling of laser sys-

tems. Such schemes circumvent the problem of simultaneously
obtaining high power and good beam quality from a single laser
gain region by using a low-power master oscillator to control
the beam quality and an amplifier to provide high powers. For
example, copper vapor lasers (CVLs) make excellent high-gain
amplifiers [1] which can be linked in series to produce average
output powers of several kilowatts [2].

Conventional CVL MOPA systems use a single-pass ampli-
fier scheme which has several drawbacks for high-beam-quality
generation. Firstly, CVL amplifiers have very little storage (sev-
eral nanoseconds), so the pulse duration of the oscillator must
be matched to the duration of gain in the amplifier. However, a
CVL oscillator typically only produces good beam quality at the

Manuscript received March 29, 2002; revised May 31, 2002. This work was
supported by a U.K. EPSRC Advanced Research Fellowship and by the ARC
IREX scheme through the Centre for Lasers and Applications (CLA), Mac-
quarie University, Sydney, Australia.

The author is with the Department of Atomic and Laser Physics, Clarendon
Laboratory, Oxford OX1 3PU, U.K.

Publisher Item Identifier 10.1109/JQE.2002.802447.

end of the pulse even when using a high-magnification unstable
resonator [1], [3]. Thus, there is often a large mismatch between
the duration of the high-beam-quality component of the oscil-
lator pulse and the duration of gain in the amplifier [4], [5]. Sec-
ondly, to fully extract the available power from a CVL amplifier,
the oscillator power injected into the amplifier must typically be
of the order of 5% of the power delivered by the amplifier [5],
[6]. This power requirement from the oscillator necessitates the
use of efficient coupling optics between oscillator and ampli-
fier; for example, tight spatial filtering of the oscillator output
to improve beam quality may lead to too great a reduction in
seed power for efficient extraction of power from the amplifier.

The usual solution to these problems is to use either an
injection-coupled oscillator [7] or injection-seeded oscillator
[8]–[10] scheme where two CVLs are used in place of a single
CVL as the master oscillator in a MOPA system. However, this
adds greatly to the overall system cost and complexity.

In this paper, a double-pass amplifier configuration is re-
ported, where a single low-power CVL oscillator is used to seed
a double-pass CVL amplifier with high amplifier extraction
efficiency [11]. This scheme allows low-power oscillators to
control high-power amplifiers. By use of a step-index optical
fiber between the oscillator and amplifier, high power output
with flat-top far-field intensity profile can also be obtained.
Use of the flat-top far-field beam for percussion drilling and
high-power fiber coupling are also demonstrated.

II. EXPERIMENT

The oscillator used in the experiments was a miniature CVL
described in [12]. The active region was just 6 mm in diameter
by 360 mm in length. A high magnification unstable resonator

was used on the oscillator with the output derived
from a 50% transmitting mirror to provide a smooth near-field
beam profile without the usual central shadow obtained with a
conventional hard-edge unstable resonator configuration. For an
electrical input power of 980 W, the miniature CVL oscillator
produced up to 0.5 W of high-beam-quality output at a pulse
repetition rate of 12 kHz.

The amplifier CVL had an active region of 25-mm diameter
by 1.0-m length, and is described in [13]. When the amplifier
CVL was operated as an oscillator with a fully stable resonator
(4 m radius of curvature high reflector and plane 8% reflecting
output coupler), an average output power of 20 W was obtained
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Fig. 1. Double -pass CVL MOPA experimental arrangement.

at 12-kHz PRF. This figure increased to 37 W at 12-kHz PRF
with kinetic enhancement by the addition of hydrogen and HCl
additives to the buffer gas [13], [14]. The typical warm-up time
for the amplifier to achieve full power was on the order 60 min.

The double-pass amplifier MOPA configuration used in the
experiments is shown in Fig. 1. Double-pass amplification is
achieved using a geometric approach to separate the input and
output beams. The output from the oscillator is focused into the
amplifier through a 1-mm diameter hole drilled in a 45high-re-
flecting coupling mirror located at one end of the amplifier. The
transmitted beam is recollimated by a spherical mirror at the
other end of the amplifier for the return pass through the ampli-
fier, and is separated from the input beam by reflection off the
coupling mirror. (Note that for a 25-mm diameter return beam,
the power loss due to the hole in the coupling mirror is less than
0.2%.) An mm lens and 5-mm diameter aperture were
used to define the injected beam numerical aperture such that
the beam injected into the amplifier would expand to 25-mm
diameter after the first transit through the amplifier.

For measurements of amplifier gain characteristics, neutral
density filters were used to attenuate the oscillator and the MOPA
output was spatially filtered to remove amplified spontaneous
emission (ASE) so that just the amplified signal power could be
measured. Single-pass gain measurements were also performed
for comparison with double-pass amplification. In this case,
a telescope was used to expand the oscillator beam to 25-mm
diameter and the expanded beam propagated on a single pass
through the amplifier and the output power at the rear of the
amplifier was measured after spatial filtering to remove ASE.

A fiber-coupled MOPA configuration having geometrically
defined beam quality was also investigated as shown in Fig. 2.
For these experiments, the oscillator was operated with a fully
stable resonator to give poor spatial coherence yet sufficient
beam quality ( 7 mrad) to couple efficiently into a 200-m
core-diameter step-index optical fiber using a 25-mm focal
length lens. A pair of achromatic lenses was used to produce
a 2-mm diameter image of the fiber tip on the back of the
coupling mirror. After transmission through the 1-mm diameter
hole in the coupling mirror, the imaged fiber output defined a
sharp 1-mm diameter top-hat intensity distribution which sub-
sequently propagated on two transits through the amplifier as
in the direct coupling case. When the output of this system was
focused by a lens, an image of the beam transmitted through the
1-mm diameter hole in the coupling mirror was produced; thus,
the fiber-coupled MOPA produced a top-hat far-field intensity
distribution. For a 1-mm diameter hole in the coupling mirror

Fig. 2. Fiber-coupled double-pass CVL MOPA experimental arrangement.

Fig. 3. Single-pass and double-pass amplifier input–output power
characteristics.

and a 4-m radius of curvature rear reflector on the amplifier, the
calculated MOPA beam divergence is 500-rad full angle, or
approximately 25 times the diffraction limit. Lower divergence
beams were obtained by placing an appropriately sized mask in
front of the hole in the coupling mirror.

III. RESULTS

MOPA output powers as a function of oscillator power in-
jected into the amplifier are plotted in Fig. 3. Powers obtained
from the amplifier when acting as an oscillator are indicated by
the dotted horizontal lines on Fig. 3.

The single-pass amplifier configuration produced 16.7 W of
high-beam-quality output from 180-mW injected seed power,
corresponding to 84% of the power obtained from the amplifier
when operating as an oscillator. For seed powers from 30 to 180
mW, the single-pass amplifier high-beam-quality output power
increased linearly with seed power at a rate of 0.025 W/mW, or
equivalently 0.26%/mW at 100-mW seed power. By extrapola-
tion, to obtain greater than 18 W (90% of the available amplifier
power) in a single-pass configuration, seed powers in excess of
1 W would be required. Such powers were beyond the capability
of the small oscillator as used in the experiments. These results
are similar to those previously obtained by Brown and Coutts
[15] at 14 kHz using earlier versions of the same two lasers in
a single-pass configuration, where 18 W of high-beam-quality
output was produced from 1.2-W seed power.



COUTTS: DOUBLE-PASS CVL MOPA SYSTEMS 1219

Fig. 4. Frantz–Nodvik plot for the single- and double-pass CVL amplifiers.

For the double-pass amplifier configuration, 21.8-W high-
beam-quality output was obtained from 132-mW seed. This is
9% more power than the amplifier produced as an oscillator.
For seed powers from 20 to 130 mW, the double-pass MOPA
high-beam-quality output increased linearly with seed power
at a rate of 0.01 W/mW or, equivalently, just 0.05%/mW at
100-mW seed. The output power for double-pass configuration
is thus less sensitive to seed power by a factor of five, as well as
producing much more power for the same seed power.

Up to 37-W high-beam-quality output power was obtained
from the double-pass MOPA with kinetic enhancement of the
amplifier and 230-mW seed power. This corresponds to the
same power obtained from the amplifier when operated as an
oscillator. For seed powers over 20 mW, the output power of
the double-pass kinetically enhanced amplifier is above 90% of
the maximum power obtained and at 100-mW seed power the
increase in output power with seed power is just 0.032%/mW.

Fig. 4 shows a Frantz–Nodvik [16] type plot of gain versus
power added by the amplifier. The greatest measured power
gain was for the kinetically enhanced double-pass MOPA
with 2.3 W of average seed power. The intercepts (zero
added power) of Fig. 4 correspond to small-signal gains,
giving values of , and for the
single-pass MOPA and double-pass elemental and kinetically
enhanced MOPAs, respectively. There is a clear difference
between the single- and double-pass amplifier gain behavior,
with the single-pass gain always substantially lower than
the double-pass gain as expected. However, the small-signal
gain for the double-pass MOPA is just 50 times greater than
the single-pass value, whereas it may be expected that the
small-signal gain for the double-pass configuration should
be 20 000 times greater (or ) corresponding to the
square of the single-pass value. This difference is probably
due to enhanced gain saturation by ASE in the double-pass
configuration arising from the high reflector at one end of the
amplifier.

The values of amplifier added power for which the power
gain is unity ( -intercept in Fig. 4) correspond to the max-
imum powers which can be extracted from the amplifier. For

Fig. 5. ASE and high-beam-quality content for the double-pass KE–CVL
amplifier.

the single-pass amplifier, the data are a good fit to a simple
Frantz–Nodvik analysis (dashed line in Fig. 4) [16], [1], giving
a maximum extractable power of 22 W for the amplifier without
kinetic enhancement, as compared to 20 W obtained when
operated as an oscillator. The double-pass results could not be
fitted to a simple Frantz–Nodvik analysis, possibly because
the full gain volume is not accessed by the injected beam on
the first pass through the amplifier, and also because of the
saturation effects of the double-pass ASE. By extrapolation
of the double-pass gain curves in Fig. 4 (dotted lines), it is
likely that the 22-W extractable power found in the single-pass
amplifier will be the extractable power for the double-pass
amplifier (without kinetic enhancement) as expected, and that
with kinetic enhancement, the extractable power is 38–40 W,
compared to the 37 W obtained with the amplifier operated as
an oscillator. Clearly, with the available seed powers, nearly full
extraction is achieved only in the double-pass configurations.

The ASE content for the kinetically enhanced double-pass
MOPA is plotted in Fig. 5. For seed powers of order 200 mW,
typically 10% of the total MOPA output was ASE. Amplified
spontaneous emission constituted less than half the total output
power for seed powers in excess of 1 mW; however, even with
no seed present, 27-W ASE was produced by the double-pass
amplifier, corresponding to over 70% of the maximum power
obtained.

Optical pulse shapes for the master oscillator, single-pass
MOPA, and double-pass MOPA (without kinetic enhancement)
are shown in Fig. 6. For both single- and double-pass MOPA
configurations, the seed pulse had sufficient duration (40 ns
at the base) to extract power for the full gain duration of the
amplifier ( 40 ns). The amplifier pulse shape was determined
by the power characteristics of the amplifier more than the
pulse shape of the seed pulse, as the structure present on
the oscillator pulse was not reproduced by the amplifier; in
particular, the single-pass MOPA output pulse was relatively
smooth. Fast ( 10 ns) gain saturation and recovery effects in
the double-pass amplifier lead to modulation features in the
output pulse [17], reminiscent of the round-trip features present
when the amplifier was operated as an oscillator.
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Fig. 6. Pulse shapes for oscillator and amplifier outputs.

For maximum beam quality from the MOPA, a thin sheet
of copper foil was placed at the focus of the oscillator beam
on the back of the coupling mirror and the limiting aperture
opened briefly to let the full diameter (6 mm) oscillator beam
drill a small pinhole in the foil. After a suitable pinhole had been
drilled, the aperture was closed down to3 mm such that the
power transmitted by the aperture was insufficient to further drill
the pinhole and yet provide 50 mW transmitted through the
pinhole for efficient power extraction from the amplifier. This
arrangement provides a robust spatial filter immune to small
drifts in alignment because by closing down the aperture size,
the focal spot size on the pinhole is enlarged, ensuring that the
pinhole remains illuminated for small pointing errors in the os-
cillator beam. Typically, the pinhole size was chosen such that
diffraction from the pinhole would produce a beam at least 50
mm in diameter at a distance of 2 m from the pinhole, thus en-
suring that the amplifier is seeded with a beam of maximum
possible beam quality. This system ensures that the MOPA beam
quality is limited only by any degradation effects of the ampli-
fier and not the oscillator.

For the fiber-coupled double-pass MOPA configuration,
over 700 mW of oscillator power was delivered by the 200-m
fiber. After transmission through the field-limiting aperture
and the 1-mm diameter hole in the amplifier coupling mirror,
the power injected into the double-pass amplifier was reduced
to just 40 mW. However, even just 40 mW of seed power
was sufficient to extract 33.8-W non-ASE output from the
kinetically enhanced double-pass amplifier.

Beam profiles for the fiber-coupled double-pass MOPA con-
figuration were recorded at 5-mm intervals in the neighborhood
of a 1-m focal length lens. From these profiles, a contour plot of
intensity versus position through the focus was derived as shown
in Fig. 7. In the figure, each contour interval corresponds to 5%
of the maximum intensity. In the focal plane , the beam
diameter is 500 m (FWHM), corresponding to 500-rad beam
divergence as expected from the geometry of the fiber-coupled
double-pass MOPA configuration. The intensity (irradiance) at
focus is uniform to within 10% over 75% of the beam diam-
eter, corresponding to a flat-top beam profile. On either side
of the focus, the peak beam intensity falls smoothly, becoming
Gaussian like, and with no hot-spots such as would be produced

Fig. 7. Fiber-coupled double-pass MOPA output beam profile through focus
of a 1-m lens.

by focusing a plane-wave beam having the same near field-pro-
file. The beam profile at focus is shown in Fig. 8(b) which shows
that the beam is a well-defined circle and has little intensity
in the wings of the flat-top profile. It should be noted that this
MOPA configuration produces a circular far-field, despite a very
noncircular near-field beam profile, as shown in Fig. 8(a) (where
a large shadow of the molten copper in the amplifier can be seen,
and the maximum beam width is 25 mm).

The flat-top beam produced from the fiber-coupled
double-pass MOPA is ideal for coupling into step-index optical
fibers for flexible high-power delivery. Using an -mm
lens, an 80-m diameter flat-top focus was produced, which
matched well into a 100-m step-index pure silica core fiber
(Ceram Optec UV100/110P). With such an arrangement,
33.5 W of average power was delivered from the20–m-long
optical fiber. This output corresponds to a delivered pulse
energy of 2.8 mJ with a peak power density of 1 GW/cm
and energy density of 35 J/cmin the fiber. The high powers
delivered by the fiber were robustly obtained without damage
or need of realignment for many hours, both in continuous use
and when used with a jump-shutter technique [18] to deliver
255 shot 12-kHz pulse trains from the MOPA at a 20-Hz burst
rate, a configuration which involves repeated thermal cycling
of the fiber.

A second advantage of the flat-top beam profiles obtained
from the fiber-coupled double-pass MOPA system is in direct
percussion drilling of small (100- m diameter) holes. Percus-
sion drilling of 100- m diameter holes in various metal foils
was investigated. For these investigations, 3-mJ output pulses
from the fiber-coupled kinetically enhanced CVL MOPA was
focused to a 100-m spot diameter using a 200-mm achromatic
lens to produce a fluence on target of 38 J/cm. Jump-shut-
tering [18] was used to deliver up to 255 consecutive pulses
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(a)

(b)

Fig. 8. (a) Near-field and (b) far-field beam profiles for the fiber-coupled
double-pass KE-CVL MOPA. The near-field beam diameter is 25 mm, and the
far-field beam divergence is 500�rad FWHM.

on target at 12-kHz PRF. Fig. 9 shows 100-m diameter holes
as drilled in 125- m thick brass shim using just 255 pulses
( 0.05 s drill time). The entrance side typically contained a
recast crown of brittle redeposited material which was up to
100- m high [Fig. 9(a)], but only weakly attached to the sub-
strate by a 2–5-m-thick base and could thus be easily removed
mechanically (Fig. 10). A key advantage of machining with the
flat-top focused beam is that there is very low intensity in the
wings of the beam at focus; thus, the holes are sharply defined
with low wall taper and are circular with eccentricity
better than 0.93. Furthermore, machining rates are maximized
as the holes exhibit a relatively flat bottom reflecting the focal
beam profile as indicated in a blind hole machined with just 128
pulses [Fig. 10(a)]. Thus, it is not necessary to continue ma-
chining for many pulses after the initial break through. For ex-
ample, between 208 and 224 pulses (18 ms at 12 kHz) were
required to break through a 125-m-thick brass sample; yet, by
doubling the number of incident pulses from 255 [Fig. 10(b)] to
510, the hole diameter increased by just 1n.

IV. DISCUSSION

The double-pass CVL MOPA configuration has many
demonstrated advantages over the usual single-pass amplifier
configuration. The master oscillator power requirements are
low (tens of milliwatts), hence the oscillator can be designed for

Fig. 9. Scanning electron micrograph of (a) the entrance and (b) exit sides of
100-�m holes percussion drilled in 125-�m-thick brass shim using 255 pulses
from the fiber-coupled double-pass KE-CVL MOPA. The holes are in their
as-drilled condition.

reliability, maximum copper fill lifetime, and short warm-up
time. The output power can be sacrificed to maximize output
pulse duration. Also, the overall design can favor robustness
over performance. For amplifiers whose gain duration is
substantially ( two times) longer than the oscillator pulse
duration, (potentially) inefficient pulse stretching techniques
can be applied to the oscillator pulse without sacrificing overall
system performance [19]. The MOPA output power is relatively
insensitive to oscillator power over a wide range (e.g., 8%
output power variation for seed power ranging from 30 to
240 mW), hence it is easier to provide long-term stabilization
of the MOPA output power by controlling just the amplifier (for
example, by increasing the amplifier input power slightly as the
copper fill is depleted over periods of order 1000 h). A ‘”hard”
spatial filter can be incorporated between the oscillator and
amplifier, in which case the system beam quality is limited only
by the amplifier optics and gain medium, and is completely
independent of oscillator beam quality even when the latter
exhibits temporally evolving beam quality as is usual for CVLs
[1], [3]. The spatial filter and, hence, MOPA output beam
pointing can be made insensitive to small beam pointing drift
in the oscillator by overfilling the spatial filter. In this case,
the extra losses can be tolerated due to the high gain of the
double-pass configuration. In practise it is also much easier
to align the double-pass MOPA than a single-pass MOPA, as
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Fig. 10. Scanning electron micrograph of the entrance side of (a) a blind hole
(128 pulses) and (b) a 100-�m diameter through hole (255 pulses) percussion
drilled in 125-�m-thick brass. In both cases, the recast crowns have been
mechanically detached.

it is not necessary to arrange a large diameter input beam to
be concentric with and parallel to a long laser tube. Rather,
optimum alignment consists of ensuring that the hole in the
coupling mirror is on axis, and that the rear mirror is oriented
for maximum output power. Given that the double-pass config-
uration places the long arm of the beam expansion telescope
within the amplifier, and that optical access is required at only
one end of the amplifier, double-pass configurations can be
made much more compact than single-pass amplifier systems.
The double-pass MOPA scheme is also fully compatible with
jump-shuttering [18] for output pulse control, a key advantage
of MOPA architectures over injection coupled/seeded oscil-
lators [7]–[10] which produce some output with high beam
quality, even when the seed is not present. Finally, the low
power requirements for the oscillator mean that very low power
solid-state lasers may be used master oscillators for high power
CVL’s provided they can be engineered to produce output at
the correct wavelength [20], [21].

The double-pass MOPA system is not without its disadvan-
tages. In particular, the double-pass MOPA system produced 27
W of ASE without any seeding. This means that, when using
jump-shuttering to turn off the MOPA output, the MOPA can
still produce many watts of highly divergent ASE. However, in
some cases this ASE is very useful in providing target illumina-
tion (where the ASE fluence at focus is some times lower

than that produced by the diffraction-limited beam) when using
projection microscopy to observe laser micromachining in real
time. Potentially the greatest disadvantage of the double-pass
MOPA configuration is that it is very sensitive to feedback from
optical elements down stream from the laser, or from the work-
piece when laser machining. Such back reflections can lead to
the formation of a parasitic resonator which may produce in-
tense hotspots within optical elements leading to damage, or
may produce damage to the workpiece when machining. This
problem can be circumvented by ensuring there is sufficient dis-
tance (2–3 m) between the MOPA and the first lens of an optical
system placed in the output of the amplifier.

Flat-top beams can be produced from Gaussian beams [22],
and as such may be described as a coherent sum of LP modes
[23]. However, the fiber-coupled double-pass MOPA scheme
produces a flat-top far-field corresponding to a spatially
incoherent 1-mm diameter source classically imaged using

optics (as defined by the aperture and focal length
of the amplifier rear mirror). Thus, the beam profile is not
produced by diffractive effects and, therefore, has different
propagation characteristics when compared to a coherent
flattened Gaussian beam. Zubovet al.[24] reported a noncavity
CVL oscillator–amplifier scheme which also produces a beam
with controlled divergence/coherence; however, the far-field
beam profile in their case reflects the gain evolution in the
noncavity oscillator, and as such can be annular [24], [17].
Using the fiber-coulped MOPA scheme, the far-field output
beam profile is determined by the geometry of the coupling
fiber and injection optics and, hence, is independent of the
oscillator beam quality.

The flat-top beam produced by the fiber-coupled MOPA thus
has many advantages. In particular, the far-field beam profile is
largely independent of the near-field profile; hence, shadows in
the near-field of the output beam arising from any copper blobs
or from septa [25] in the tube do not degrade the far-field. The
beam divergence may be many (25) times the diffraction limit;
therefore, when working in the far-field, beam-pointing stability
requirements are correspondingly relaxed compared to a CVL
with diffraction-limited beam quality. For example, the beam
pointing stability of a CVL is usually of the order of 5rad (lim-
ited by mirror stability), which corresponds to approximately
1/10 of the beam divergence for a high-beam-quality CVL, but
just 1% of the 500-rad beam divergence for the CVL MOPA
having a flat-top far-field beam.

Adjustments to the beam divergence can be made by choice
of the hole diameter in a mask placed before the input coupling
mirror. Indeed, beams having square or multiple peaked far-field
profiles can be obtained by using appropriately shaped masks.

A further advantage of the fiber-coupled MOPA scheme is
that it is easy to incorporate pulse stretching of the oscillator
output, either in fibers or free space [19], without disturbing the
system beam quality. This can allow a short pulse oscillator to
efficiently extract power from an amplifier having much longer
gain duration.

Several important applications exist for systems which pro-
duce flat-top far-field beams. In particular, the fiber-coupled
MOPA configuration enabled robust, damage-free high power
fiber delivery, where the 33.5-W average power delivered by
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a 100- m fiber was limited only by the power available from
the CVL system. Schmidt–Uhliget al. [26] used a beam ho-
mogenising optical system to produce a flat-top beam for cou-
pling into optical fibers. They coupled 20-MW peak power,
5 ns, Nd:YAG pulses into a 150-m fiber (1.1 GW/cm) without
damage at 10 Hz; however, their homogenizer produced a square
beam on focus and had a spiky focal intensity profile due to
multiple beam interference effects arising from homogeniza-
tion of a spatially coherent source. One key advantage of the
fiber-coupled CVL MOPA system is that the focused beam has
near-uniform intensity profile; thus, it does not produce hot-
spots on the fiber tip. Additionally, the very low intensity in the
wings of the focused beam do not cause damage in the fluo-
rine doped cladding (which has a lower damage threshold than
the core), further enhancing the robustness of this fiber coupling
scheme. Finally, due to the poor spatial coherence of the flat-top
beam coupled into the fiber, there are no refocussing effects [27]
within the fiber, which may otherwise cause damage and se-
verely limit the power which can be delivered using a conven-
tional high-beam-quality laser.

The flat-top far-field beam is ideal for percussion drilling of
holes in applications where an improvement in drilling speed is
more important than achieving maximum (state-of-the-art) hole
quality. For example, while the quality of holes in Figs. 9 and 10
is not as good as can be achieved using trepanning techniques
[28], the drilling speed was up to two orders of magnitude faster.
A key advantage of the flat-top focus for percussion drilling is
that the hole diameter is defined by the beam diameter (which
is itself well defined) and is relatively insensitive to drill time.
There is little or no collateral damage due to the wings of the
beam as evidenced by the recast crown which is not remelted
by the incident beam and is easily removed, as it is only weakly
attached to the substrate. Additionally, by placing appropriately
shaped masks in front of the 1-mm hole in the amplifier coupling
mirror, various focal profiles were obtained, including multiple
spots and shapes such as squares. Such profiles may be useful
for single-shot marking applications.

V. CONCLUSION

A double-pass amplifier configuration has been demonstrated
using copper vapor lasers as the oscillator and amplifier. This
scheme greatly reduces the oscillator power requirements for
full extraction of available power from the amplifier. For ex-
ample, whereas in single-pass configuration,200-mW oscil-
lator power was able to extract 16.7 W of high beam quality
from a 20-W copper vapor laser amplifier, this figure increased
to 21.8 W in the double-pass configuration. By kinetic enhance-
ment of the 20-W amplifier, over 37 W of high-beam-quality
output was obtained using the double-pass MOPA configura-
tion. What is potentially the most significant advantage of the
double-pass configuration is that a seed power of just 2 mW was
sufficient to extract 90% of the amplifier power in double-pass
configuration. These very low seed powers enable very ineffi-
cient spatial processing of the seed beam to provide high power
amplified outputs having tailored spatial characteristics. For ex-
ample, the use of a diffracting pinhole to produce output having
full spatial coherence was demonstrated, as well as a fiber-cou-

pled MOPA scheme which produced a flat-top far-field beam
profile with 500- rad divergence. Other forms of patterning the
far field include generation line and square foci and also mul-
tispot foci, all from direct spherical focusing of the laser output.

Use of the flat-top focused beam for high speed percussion
drilling of 100- m diameter holes with minimal heat affected
zone was demonstrated. Holes drilled in this way were of a
quality approaching that of state-of-the-art trepanned holes, but
were produced drilling speeds up to two orders of magnitude or
more faster.

The flat-top focused beam also enabled high power (30 W)
coupling of a copper vapor laser into 100-m core diameter op-
tical fibers for the first time. The ability to reliably deliver such
powers from relatively small core optical fibers is a key enabling
technology for applications requiring high brightness fiber-de-
livered sources such as pumping remote lasers and flexible mi-
cromachining systems incorporating fiber delivery.

Other important applications of the flat-top far-field beam
produced by the fiber-coupled MOPA system include pumping
solid-state lasers such as Ti:sapphire where we have recently
demonstrated high-power (7 W) damage-free operation of
a Ti:sapphire laser using a fiber-coupled double-pass CVL
MOPA [29] as the pump. The partial spatial coherence of
the fiber-coupled MOPA system may also have advantages
for speckle reduction in illumination for high-speed imaging
applications.

The double-pass MOPA systems described in this paper
make use of a miniature CVL as the master oscillator; however,
at present, such miniature CVLs are not in common use nor
are they commercially available. Compact CVLs suitable for
use as master oscillators are, however, commercially available.
The double-pass technology and in particular, the flat-top
far-field configuration is also applicable to other high gain laser
systems, most notably excimer lasers. This scheme provides a
useful technique for precisely defining the spatial coherence
of high-gain laser systems in the regime where the coherence
is intermediate between that obtained without mode-selective
resonators and that obtained with high-magnification unstable
resonators.
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