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We report on severalfold increases in the output power of kinetically enhanced copper-vapor lasers operating in
a regime of high specific input power and reduced tube insulation. Three laser tubes, of length 1 m and bore
diameters 17.5, 25, and 32 mm, were investigated at constant input power. Output power of 104 W at 1.4%
wall-plug efficiency was obtained for the largest tube. When the bore diameter was decreased to 17.5 mm,
the output power and efficiency remained high (90 W at 1.0% efficiency), whereas the specific output power
increased threefold. The output powers were as much as fivefold higher than those of previous small-scale
(i.e., ,25-mm-diameter) copper lasers of any type. © 2003 Optical Society of America

OCIS codes: 140.0140, 140.1340, 140.3460.
Since they were first produced in 1966, copper-vapor
lasers (CVLs) have undergone several improvements in
performance through the use of self-heated systems,1

advanced excitation circuitry,2 and buffer-gas addi-
tives.3,4 The additives have been highly successful
in elevating the output power of CVLs to values that
previously had been obtained only from much larger
devices. For example, the use of kinetic enhancement
(i.e., hydrogen and halogen buffer-gas additives) in
CVLs has seen the size of 100-W-class lasers decrease
from 60-mm bore diameter and 2-m long (active
volume, 5.7 L; Ref. 5) to 38-mm bore diameter and
1.55 m in length (active volume, 1.8 L).4 Similar
performance [121 W from an active volume of 2.4 L
(Ref. 3)] has been obtained from the low-temperature
variant of the CVL called the copper HyBrID laser,
which also employs gas mixtures containing hydrogen
and halogen (bromine). Further increases in output
power are necessary from compact devices, however,
to ensure the on-going feasibility of using CVLs in
high-average-power materials processing applications.

Recent experiments have revealed a promising
avenue for increasing the output power of kinetically
enhanced CVLs (KE-CVLs). Initial predictions of
increased output followed experiments in which the
input power was temporarily increased above the
steady-state optimal value as the wall temperature
approached the overheating limit. We obtained
transient increases of 35–50% in output power by
keeping a fixed charging voltage and increasing the
pulse rate4 or by increasing the input power above the
steady-state limit by raising the excitation voltage for
a fixed pulse rate.6 Since CVL efficiency is strongly
dependent on tube temperature, the elevated powers
were obtained only for periods (tens of seconds to min-
utes) during which the temperature increased above
optimum. Such increases were recently achieved in
steady state in a 32 mm 3 1 m KE-CVL; the output
increased from 85 to 104 W when the tube input power
was increased and the tube insulation was decreased
to levels substantially lower than are normally used
in CVLs.7 Moreover, measurements of the radial
Cu density profile in the plasma indicated that the
plasma was no further from equilibrium (i.e., uniform
radial density profiles) than for lower specif ic input
0146-9592/03/201936-03$15.00/0
power and indeed than that observed in conventional
CVLs (see, e.g., Ref. 8) in which the specific input
power is much lower. Consequently, significant
power increases were predicted for laser tubes cooled
even more aggressively.

In this Letter we report large increases in the out-
put power of KE-CVLs of small active volume �,1 L�
operating with low thermal insulation. Output char-
acteristics were measured for three discharge tube
diameters, 17.5, 25, and 32 mm, with a constant input
power. This approach enabled the specif ic input
power to be increased fourfold without significantly
altering excitation circuit parameters. The interpre-
tation of results is thus free from any assumptions
about the effect of altered excitation waveforms or
pulse rate that would occur if the tube dimensions
were f ixed and the input power to the tube increased.

The discharge tubes were fitted into a laser system
described previously.7 Each tube was 1 m long and
made from alumina ceramic (Alsint, Haldenwanger).
The 32-mm tube (32-mm I.D. 3 40-mm O.D. 3 1-m)
was insulated with 5 mm of fibrous alumina (AL30
AAH, Zircar) and one layer of zirconia felt placed
between the alumina tube and the quartz vacuum
envelope as described in Ref. 7. A layer of silica mat-
ting was placed around the quartz envelope to provide
a small amount of additional insulation. The 25- and
17.5-mm tubes both employed a segmented alumina
tube placed inside a close-fitting alumina tube. The
Cu fill lay below the line of sight of the laser beam
between successive segments, thus eliminating the Cu
shadow that is usually present at the base of the laser
beam. Although the elimination of the shadow may
lead to slightly increased output power, the primary
advantages of using a segmented tube are that it in-
creases the Cu fill’s lifetime, improves the symmetry of
the output beam, and helps to eliminate parasitic reso-
nators when the laser is operated with unstable reso-
nators. The 25-mm tube consisted of 13 segments of
25-mm I.D. 3 31-mm O.D. 3 5 6-cm length placed in-
side a 32-mm I.D. 3 40-mm O.D. 3 1-m alumina tube,
spaced apart by approximately 15 mm. The tube was
insulated with four or five layers of 1-mm ceramic
paper (1600 grade, Rath) between the 32-mm alumina
tube and the quartz envelope. It was also necessary
© 2003 Optical Society of America
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to place a 9-mm-thick layer of alumina wool insulation
(Kaowool, Morgan Ceramics) on the outer surface of
the quartz vacuum envelope to achieve operating tem-
perature. The 17.5-mm tube (17.5-mm I.D. 3 24-mm
O.D.) consisted of 14 segments 5–6 cm long sepa-
rated by �1.2 cm and placed inside a 25-mm
I.D. 3 31-mm O.D. 3 1-m alumina tube. The tube
was insulated with five or six layers of ceramic paper
between the alumina and quartz tubes.

We produced the KE-CVL buffer-gas mixture con-
sisting of hydrogen, hydrogen chloride, and neon by
passing 2% H2:98% Ne through an in-line oven contain-
ing ZrCl4.4 The total gas pressure was 25 Torr. Ex-
citation was provided by a thyratron switched charge
transfer circuit with two stages of pulse compression as
described in Ref. 7. The storage and peaking capac-
itances were 0.4 and 0.2 nF, respectively. The peak
tube voltage was typically 25 kV, and the tube cur-
rent was �500 A. The optical resonator consisted of
a 5-m radius-of-curvature high ref lector and a f lat
output coupler made from uncoated silica �R � 9.4%�.
The laser output power was measured with a calori-
metric powermeter (Ophir FL250A). We recorded the
near-field laser beam profiles by imaging the beam
at the output coupler via two successive ref lections
from antiref lection-coated f lats, using a 160-mm focal-
length achromat.

To obtain optimum wall temperature for each tube
we adjusted the input power through small changes in
pulse repetition frequency (in the range 22–30 kHz)
and tube voltage (22.5–25 kV). The maximum out-
put powers of the two smaller tubes were obtained at
higher pulse frequencies and input power because of
slightly lower overall tube insulation of the small tubes
than of the 32-mm tube.

The operating characteristics for the three tubes
operating under steady-state conditions are summa-
rized in Table 1. The output power decreases from
104 to 90 W when the bore diameter is decreased from
32 to 17.5 mm at a rate of �1 W�mm, as shown, in
Fig. 1. For comparison, the results are plotted with
a representative survey of output power for all main
Cu laser types (output power values are presented
per unit length of discharge tube to highlight the
dependence of scaling behavior on bore diameter).
The 32-mm tube generated 104 W of power at 1.4%
efficiency at a 22-kHz pulse rate and is, as far as the
authors are aware, the f irst device of #1-m active
length to generate more than 100 W.7 The 25-mm
tube exceeds the previously highest reported output
Table 1. Performance Characteristics of Three Laser Tubes under Operating Conditions of Maximum
Output Power

Output Power Pulse Rate Input Power Eff iciency Tube
Tube I.D. (mm) (W)a (kHz) (kW)a (%) Temperature (±C)b

32 104 (129 W�L) 23 7.35 (9.1 kW�L) 1.4 1580
25 98 (198 W�L) 25 8.90 (18 kW�L) 1.1 1550
17.5 90 (374 W�L) 30 8.85 (37 kW�L) 1.0 1580

aSpecific input–output powers are shown in parentheses. Input powers correspond to the power delivered from the high-voltage dc
supply.

bDetermined from hook measurements of the Cu density7 and published vapor pressure data.9
power, that of a 60-W KE-CVL of identical active di-
mensions, by 63%.11 Note that slightly higher output
and eff iciency for the 25-mm tube might have been
achieved because the tube was operated slightly below
the optimum tube temperature (1550 ±C, compared to
1580 ±C for the 17.5- and 32-mm tubes) as a result
of low internal insulation. The output power of the
17.5-mm tube exceeds the previous record output of a
19 mm 3 720 mm long Cu HyBrID device12 by a factor
of 4.5, a 15 mm 3 700 mm long CVL13 by factor of 5.5
(16 W), and a 18 mm 3 750 mm long CVL14 with H2
by a factor of 10.

In terms of specific output power, we observed an
increase from 129 to 374 W�L when the bore diame-
ter was decreased from 32 to 17.5 mm. Previously,
the largest device to achieve similar specific output
power was the much smaller 13-W Cu HyBrID laser
that measured 12.5 mm 3 300 mm long,14 which gen-
erated 348 W�L.

Though the specif ic input power increases almost
fourfold, the laser’s efficiency and the laser beam’s
near-field profile are relatively unchanged. The
laser’s efficiency is .1% for each tube (Table 1). The
near-field profiles for the 32- and 17.5-mm laser tubes
operating with the f lat–f lat optical resonators shown
in Fig. 2 reveal that both yellow and green laser
output are most intense in the tube on axis. The
axial concentration of gain indicates that the plasma
conditions in the central region of the tube, where the
gas temperature and the ion density peak, remains
well suited to generating a population inversion.

The high-eff iciency and axially peaked output beam
obtained at a high specific input power is a likely result
of the combined effects of the smaller discharge tube
used and of the benef its obtained from kinetic enhance-
ment. Because of the increased surface-to-volume ra-
tio of the smaller tubes, the gas temperature on axis
is approximately constant for each tube, despite the in-
creased specific input power. If a conductive heat loss
model is assumed, the radial gas temperature gradient
at the tube wall satisfies

dT
dr0

Ç
r0�1

� 2
P

2plK
, (1)

where r0 is the normalized radius �r0 � r�R�, K is the
thermal conductivity of the buffer gas, and P is the
input power deposited in a tube of radius R and tube
length l. Therefore, for a given temperature profile
shape T �r0�, the temperature rise on axis is indepen-
dent of the tube’s diameter.
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Fig. 1. Output power �3� plotted as a function of the tube’s
bore diameter. Results are compared with a survey6,10 – 14

of previously reported output power per meter of active
length for KE-CVLs, Cu HyBrID lasers, CVLs, and CuBr
lasers with H2 additives. Dashed lines, maximum output
power obtained previously by halogen-enhanced Cu lasers
in present and previous studies.

Fig. 2. Green (G) and yellow (Y) near-f ield beam profiles
for 17.5-mm (dashed curves) and 32-mm (solid curves) laser
tubes operating with f lat– f lat resonators.

By a similar rationale, excited and ionized species on
axis are also aided for small tube diameters because of
wall-assisted recombination and metastable deactiva-
tion. However, the relaxation rates of excited and ion-
ized species in KE-CVLs are determined primarily by
charge recombination and lower laser-level deactiva-
tion, which occur through volume reactions.16 Indeed,
we noted that the plasma impedance is similar for
each tube, as deduced by measurements of the tube
current and voltage waveforms. Kinetic enhancement
thus enables the prepulse charge density to remain
low even when the input power density is increased
fourfold.

As far as the authors are aware, this is the f irst
report of an investigation into Cu laser performance
as a function of bore diameter with constant input elec-
trical parameters. It is expected that increasing the
specific input power in this way for conventional (i.e.,
unenhanced CVLs will lead to output characteristics
that will include one or more of the following: reduced
efficiency, annular near-field laser profile, delayed
and reduced gain on axis, and less-eff icient extraction
of high-beam-quality output. Such characteristics
ref lect the departure of the plasma from equilib-
rium, viz., the depletion of Cu vapor from the tube
axis (by means of gas heating and ion pumping), an
increase in plasma ionization and conductivity (and
thus impedance mismatching and the electrical skin
effect), and large prepulse densities in the lower laser
level. These studies have demonstrated, however,
that eff icient laser operation with good spatial charac-
teristics is obtained from KE-CVLs at simultaneously
high specific input–output powers and average output
powers. Because of their similar plasma composition
and performance characteristics,17 Cu HyBrID lasers
and CuBr lasers with H2 additive are also likely
to generate similar performance, provided that the
optimum plasma mixture can be maintained at the
requisite input power levels.

In summary, we have achieved large increases in
the output power of small-to-medium-scale KE-CVLs
by increasing the input power and reducing the ther-
mal insulation. The axial gain remains concentrated
on axis, which is important for eff iciently extracting
high-beam-quality output from these systems as am-
plifiers or stand-alone oscillators.

The authors thank Michael Withford, David Coutts,
and Robert Carman for valuable comments. R. P. Mil-
dren’s e-mail address is rmildren@ics.mq.edu.au.

References

1. A. A. Isaev, M. A. Kazaryan, and G. G. Petrash, JETP
Lett. 16, 27 (1972).

2. S. Gabay, P. Blau, M. Lando, I. Druckman, Z. Horvitz,
Y. Yfrah, I. Hen, E. Miron, and I. Smilanski, Opt.
Quantum Electron. 23, S485 (1991).

3. D. R. Jones, A. Maitland, and C. E. Little, Opt. Quan-
tum Electron. 25, 261 (1993).

4. M. J. Withford, D. J. W. Brown, and J. A. Piper, Opt.
Lett. 23, 1538 (1998).

5. R. R. Lewis, G. Maldonado, and C. E. Webb, Proc. SPIE
1041, 54 (1989).

6. G. D. Marshall and D. W. Coutts, IEEE J. Sel. Top.
Quantum Electron. 6, 623 (1998).

7. R. P. Mildren, G. D. Marshall, M. J. Withford, D. W.
Coutts, and J. A. Piper, IEEE J. Quantum Electron.
39, to be published.

8. G. P. Hogan and C. E. Webb, Meas. Sci. Technol. 4, 263
(1993).

9. S. Dushman, Scientific Foundations of Vacuum Tech-
nique (Wiley, New York, 1962).

10. C. E. Little, Metal Vapour Lasers (Wiley, New York,
1999).

11. M. Knowles, R. Benfield, A. Andrews, and A. Kearsely,
Proc SPIE 3889, 511 (2000).

12. R. P. Mildren, K. E. Osgood, and J. A. Piper, Opt. Quan-
tum Electron. 29, 991 (1997).

13. A. A. Isaev and M. A. Kazaryan, Sov. J. Quantum Elec-
tron. 7, 253 (1977).

14. M. J. Withford, D. J. W. Brown, and J. A. Piper, Opt.
Quantum Electron. 26, 1089 (1994).

15. Ref. 10, p. 162.
16. R. J. Carman, R. P. Mildren, J. A. Piper, G. D. Mar-

shall, and D. W. Coutts, Proc. SPIE 4184, 215 (2001).
17. R. P. Mildren, IEEE J. Quantum Electron. 39, 592

(2003).


	Pubversioncover sheet
	2003018138.pdf

