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Repetition Rate Scaling up to 100 kHz of a
Small-Scale (50 W) Kinetically Enhanced Copper
Vapor Laser

Graham D. Marshall and David W. Coutts

Abstract—We report on the pulse repetition frequency (PRF) Pulse repetition rate scaling of the two other members of the
isca”n(gc(ijss\r/nvﬁ”-scale (2t5éﬂm bOfeland O.t6:IL(an\/|Entgh) C?Pperhvzpor CVL family (CuBrand Cu HyBrID lasers) has also been demon-
aser . When operated as an elemental ,the laser had a
stable output power of 15 W at 15 kHz PRF (0.6% efficiency). After strated, butonly for low power(12 .W) systems. In these !asers,.
the addition of small quantities of hydrogen and hydrogen chloride the pr_esence of the hydrogen halide mod|.f|es the kinetics by in-
to the neon buffer gas, the maximum recorded stable output power Creasing the rates of plasma recombination and metastable re-
increased to 41 W at 25 kHz PRF (1.4% efficiency). This represents laxation. This has been shown to be responsible for the relatively
a record stable specific output power of 0.14 Werm®. Pulse repe-  high specific output powers and efficiency of CuBr and Cu Hy-
tition frequency scaling of the laser was demonstrated up to 100 BriD lasers (for example, Guyade al. have reported a Cu

kHz where the output power was 9.0 W. By operating the laser at . .
elevated input powers, transient output powers of over 50 W were HyBrID laser that produced 216 W at 18 kHz with 2.7% effi-

achieved between PRFs of 25-40 kHz. These results are the highes€iency [5]). However, the rapid volumetric recombination also
recorded specific output powers (0.17 Wem?) for a CVL with this ~ suggests that PRF scaling should also be possible for medium

tube diameter. to large bore CuBr and Cu HyBrID lasers. Recently, Little has
Index Terms—Gas lasers, halogens, hydrogen, hydrogen com- reported the results of PRF scaling of a small scale (12.5-mm ID
pounds, lasers, plasma properties, pulse power systems, thyratrons. by 300-mm-long active volume) Cu HyBrID laser to 50 kHz [6],
and Evtushenket al. have reported a small CuBr laser (14-mm
ID by 250-mm-long active volume) that operated up to 300 kHz
[7]. However, both these lasers produced less than 12 W output
OPPER vapor lasers (CVLs) are established sourcespgiwer, and the maximum reported PRF for high-power Cu Hy-
high average power (tens to hundreds of watts) visibBriD and CuBr lasers to date has only been 25 kHz [5].
light, their temporal nature being characterized by multi- Recently, Withforcet al.recognized that the addition of small
kilohertz pulse repetition frequency (PRF) nanosecond-scagjg@antities of hydrogen halide to the buffer gas of an elemental
pulses. The pulsed nature of CVLs makes them ideally suited/L would provide similar benefits; thus they developed a new
to many industrial applications including micromachining [1]class of CVL: the kinetically enhanced CVL (KE-CVL). They
high-speed imaging (HSI) [2], and particle imaging velocimetriyave now reported substantial benefits of adding small quan-
(P1V) [3]. Previously, the pulse repetition frequency (PRHjties of hydrogen and hydrogen chloride to the buffer gas of
of practical high-power elemental CVLs has been limitedn elemental CVL [8]. The gas additives increase the plasma
to a few tens of kilohertz due to the slow relaxation rate @&laxation rates during the afterglow period, giving lower pre-
the laser plasma in between pulses. Operation at higher thanse electron densities and higher prepulse copper ground state
optimum PRF causes the output power of the laser to fall ddensities. The changes in the kinetics of the laser increase the
to the reduced time for recombination of the plasma during th@itput power and efficiency of the laser and also improve the
interpulse or afterglow period. Previously, the only method dfeam quality. For example, Withfoet al.[9] reported a factor
PRF scaling elemental CVLs into the 100-kHz region has beefitwo increase in output power by kinetically enhancing a 25-W
to use small diameter discharge volumes where the process®s. with active volume 25 mm ID by 1.0 m long. Another con-
of plasma recombination and metastable relaxation oca#quence of the kinetic enhancement is an increase of the op-
principally at the laser tube walls. For example, Soldatov anighum repetition frequency (e.g., from 12 to 30 kHz). Previous
Fedorov have reported an elemental CVL that produced @drk on KE-CVLs has only extended to repetition frequencies
mW of output power at 235 kHz from an active volume with &f 27 kHz [9]. In this paper, we report the studies of a small
mm inside diameter (ID) by 360 mm long [4]. scale &40 W) kinetically enhanced CVL, which was operated
at frequencies of up to 100 kHz and produced the highest output
powers for any CVL device in the 40-100 kHz range.

I. INTRODUCTION
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Q S, S;  Coax P C. Gas Handling

To deliver the gas mixes to the laser during experiments,
a mixing manifold capable of metering flow rates down to
C.L 1 cc/min was used. To introduce hydrogen and hydrogen
P *~H . . . .
Laser chloride into the laser, a 10% hydrogen in neon mixture was
Tube diluted into high purity (99.99%) neon. This gas was then
o passed through an oven (attached to the anode end of the laser
head) containing zirconium chloride powder, which is reduced
to form zirconium metal and hydrogen chloride [8]. The
Fig.1. Magnetic pulse compression circuit used to drive the laser in this stu§@ncentration of hydrogen chloride was controlled by changing
Diagnosis points: 1) thyratron anode voltage; 2) midplate voltage; 3) top-plaige temperature of the oven (up to 10). The optimum gas
1 voltage; 4) top-plate 2 voltage; 5) laser head voltage; 6) tube current. pressure for kinetically enhanced operation was found to be
35-40 mbar for all pulse repetition frequencies and resonator
volume of 300 cr. The plasma tube was made from high-puritgonfigurations.
alumina ceramic and was surrounded by a fibrous alumina insuBecause of the reactive nature of HCI, it was necessary to
lator (Rath-type KVS1800/400). This assembly was then jackutially passivate the inside of the laser tube; otherwise, HCI
eted by a 70-mm ID silica vacuum envelope and O-ring sealedagded during normal operation would be quickly absorbed by
water-cooled brass end pieces. The end pieces also carriedfigeporous alumina surfaces and removed from the discharge
cold slotted copper electrodes and window flanges. Tilted IMolume. To passivate the laser tube, it was filled with 50 mbar
frasil single-sided antireflection coated windows were used @h pure HCl when warm~:600°C) and left for 50 h. During
the laser. Surrounding the silica and attached to the anode biassivation, the pressure of the HCI dropped indicating that
end piece was a water-cooled copper tube that served as a ht§zt was being continually absorbed. During warmup, neon
shield and as a low inductance current return. The laser was t@pd hydrogen mix buffer gas was flowed at a typical rate of
ically loaded with 12 1-g pieces of high-purity copper place@-40 cc/min. Once the laser was up to temperature and a gas
at regular intervals inside the ceramic plasma tube. The lageix giving maximum recorded output power was obtained, the
could be operated for periods of 100-200 h before the coppaser was sealed off. Several hours of operation were routinely
load needed replenishing. achieved with a static gas fill. After this period, the output
power would drop slowly and the gas mix had to be renewed.

B. The Excitation Circuit

To generate the high-PRF high-voltage excitation pulses for
the laser head, the thyratron (EEV CX1835) switched LC in- Two different resonator configurations were used with the

version circuit incorporating two stages of magnetic pulse comser. The majority of the work was carried out using a plane—
pression (MPC) shown in Fig. 1 was used. To diagnose circgiane resonator. A broad-band multilayer dielectric mirror was
performance, voltage and current traces were taken from k@ded as the high reflector, and an uncoated flat was used as
points. The voltage points were monitored through high-voltagige output coupler giving approximately 8% reflectance. For
probes (Tektronix model P6014), and the current points Wetigyh-beam-quality work, a confocal negative branch on-axis un-
monitored using fast current transformers (Pearson model 41&}ple resonator with magnificatidd = 43 was used (the radii

All waveforms were stored on a 500-MHz digital storage oscibf curvature of the mirrors was 3.2 and 0.075 m). The laser was
loscope (Tektronix model 2440). The saturable inductors wesgranged so that both resonator configurations could be quickly
wound on solid ring ferrite cores and the ratio of turns betwegfterchanged without turning the laser off. This allowed com-
5> andS3 was 1:2.5. To operate the laser across the rangegrison of the raw power (plane—plane resonator) and high beam

pulse repetition frequencies from 10 to 100 kHz, two differerjuality (unstable resonator) capabilities of the laser.
capacitor sets were used in the excitation circuit. For lower op-

erating frequencies (10—40 kHz), the “slow circuit” configura-
tion was used. This operated with 1.0-nF storage capacitors.
For high-PRF operation (above 40 kHz), the “fast circuit” using During experiments, the laser beam was directed onto a
0.56-nF storage capacitors was used. The full charging time thermal power meter, and the diffuse scattered light from
the slow and fast circuits was 30 and 26, respectively. The the power meter was viewed by a fast photodiode (Thorlabs
peaking capacitor attached to the laser head was a quarteD&T200) to record laser pulse shapes. When using an unstable
the storage capacitor value for both circuits. Current and voltagesonator, the output beam was spatially filtered to remove the
traces for the fast circuit operating at 50 kHz are shown in Fig. @ivergent amplified spontaneous emission component of the
After the thyratron switches, the charge ©p; is inverted in a beam, thus enabling the pulse shape of just the high-beam-
time of 180 ns giving a peak thyratron current9f00 A and a quality component to be recorded. A comparison between the
first-stage peak voltage of 17 kV. This voltage pulse is then colaser pulse shapes at different PRFs for fixed input electrical
pressed by the two MPC stages to produce a laser head voltpgkse energy and wall temperature was also made. Using the
of 13 kV with 40-ns full-width half-maximum (FWHM) dura- slow excitation circuit and a fixed supply voltage (selected for
tion and a peak tube current of 150 A. steady-state operation at either 20 or 40 kHz), pulse shapes

Resonators

Pulse Shapes
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Fig. 2. \oltage and current traces taken from points around the circuit shown in Fig. 1 for the KE-CVL operating at 50 kHz with 0.56-nF capacitor set.
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Fig. 3. \Variation of output powers with pulse repetition frequency for different power-supply and resonator configurations.

were recorded while momentarily varying the pulse repetiticdhe silica envelope was removed to allow higher input powers.

frequency from the steady-state value. With the removal of this insulation, the elemental CVL output
power was reduced slightly to 12 W at 15 kHz PRF and the input
lll. RESULTS power increased to 3.0 kW.

Average output powers at different operating frequenciesW'th kinetic enhancement, a maximum stable_ output power
under different resonator and power-supply configurations #?&41.3 W was recorded at a PRF of 25 kHz. The input power of
shown in Fig. 3. Unless otherwise indicated, all the valudge laser under these conditions was 3.0 kW, giving the device a
plotted in Fig. 3 represent stable operation of the laser whe¥all plug efficiency of 1.4% and a stable specific output power
the input power at each PRF was 3.0 kW, and sustained outpfif-14 Went?. Transient output powers of over 50 W were
without overheating the laser was achieved. achieved at pulse repetition frequencies of 20-45 kHz by oper-

As a conventional CVL (before the addition of any HCI an@ting the laser at elevated input powers (up to 6 kW) for short
with trace quantities of hydrogen present), the laser typicalpgriods. These results correspond to specific output powers of
gave 15 W of stable output power at an optimum PRF of 15 kHz17 Went 2 and are 1.7 times higher than results previously re-
from 2.4 kW of input power (using a plane—plane resonatomorted for a KE-CVL of the same tube diameter and over three
The nonkinetically enhanced output power was reduced to jtishes higher than the specific output power of the laser when
5 W at 40 kHz. For KE operation, an insulation layer outside @iperated as an elemental CVL.



626 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 6, NO. 4, JULY/AUGUST 2000

40
- 20 ¢
X gls 3
T
o @@
30 } £ 10
A -«—20kHz £ F
-~ 2 s5F
2 i g
= I o C
8 [ 30kHz .5 0 5 10 15 20 25 30 35 40 45 50
% 20 F Ti
me (ns)
-9 L
&
&
10
O e 2 ¢ 0 2 3 2 2 4 2 2 3 4 0 & 0 ¢4 2 & & 4 ¢ 2 0 0 0 2 4 1 3 2 4 2 | 3
-5 0 5 10 15 20 25 30 35 40 45 50
Time (ns)

Fig. 4. Plane—plane resonator optical pulse shapes at different pulse repetition frequencies using 0.56-nF capacitor set (inset: unstalupticsqnase
shapes at different pulse repetition frequencies using 0.56-nF capacitor set).
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Fig. 5. Plane—plane resonator pulse shapes at fixed input pulse energy (0.075 J, optimized for 40-kHz PRF), tube wall temperatures, and usipoite8-nF
set (inset: variation in laser output power with pulse repetition frequency for fixed input electrical pulse energies of 0.075 and 0.15 J u§ingpasfior set).

High-power operation up to very high repetition frequencies The optical pulses at a range of repetition rates using the
was achieved. At pulse repetition frequencies up to 80 kHz, thiane—plane and unstable resonator configurations are shown
KE-CVL gave output powers in excess of the 15 W (at 15 kHn Fig. 4. Using the plane—plane resonator, the output pulse du-
PRF) maximum ever obtained when operated as a conventioralons were typically 20-25 ns at base and up to 17 ns FWHM.
CVL. Even at 100 kHz, 9.0 W of output power was obtained ifthese pulse durations are much shorter than those previously
a beam that remained centrally peaked and showed no signsagiorted for KE-CVLs; however, this may be due to the rel-
becoming annular. Limitations with the excitation circuit unforatively short excitation pulse<40 ns FWHM) of the present
tunately prevented scaling to higher PRFs. excitation circuit. Using the unstable resonator, up to four round

With an unstable resonator, more than 25 W of high-beanmips of high-beam-quality output were obtained at all pulse rep-
quality light was available from the laser over the pulse repestition frequencies studied. The optical pulse shapes for PRFs
tion frequency range of 30—40 kHz. This spatially filtered confrom 5 to 40 kHz at constant switched pulse energy (0.06 J) and
ponent even up to 60 kHz was in excess of the total plane—plasmnstant tube wall temperature are plotted in Fig. 5. The peak
resonator output power obtained without kinetic enhancemempiower contained in the first round-trip output from the laser
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was relatively constant for pulse repetition frequencies fromgeriod, giving insufficient time for the metastables to decay. Pre-
to 40 kHz. Subsequent round-trip output intensities were rigminary radially and temporally resolved investigations of the
duced at pulse repetition frequencies above 10 kHz. The outpifterglow metastable population have been made. By operating
power of the laser at fixed electrical pulse energy is shown the KE-CVL at 50 kHz and probing with a second CVL (syn-
the inset of Fig. 5. The output powers were calculated froohronized at 10 kHz), we have observed strong absorption of the
pulse shapes obtained by momentarily changing the PRF of irebe light during the first 10s of the afterglow, indicating that
laser from a steady-state value at either 20 kHz (33 W obtaindakge proportion of the copper atoms are in the metastable level.
0.15 J switched pulse energy) or 40 kHz (30 W obtained, 0.0Y% expect that the growing remnant metastable copper atom
J switched pulse energy). The output power showed a linear @ensity is the likely mechanism for limiting the maximum PRF
crease with PRF from 0 to 20 kHz and continued to increase apa KE-CVL. It may be possible to enhance the output power
to 40 kHz, where 50 W was obtained at 0.15 J switched energiyhigh (-50 kHz) PRFs with the introduction of a metastable
(6 kW average input power). clearing additive such as Cs [13].

IV DISCUSSION C. The Excitation Circuit

o ) Operation of a thyratron-based exciter circuit at 100 kHz re-

A. Pulse Repetition Frequency Scaling quired careful design with respect to both the circuit and its ge-

By kinetically enhancing the laser used in this study, iremetry. While the circuitin Fig. 1 represents the circuit initially
creased output power and extended PRF limits of the lastsed for repetition rates of up to 50 kHz, it was found that for
were obtained. The output power of the laser increased witheration above this rate, the thyratron reverse voltage protec-
PRF in an approximately linear fashion up to 20 kHz, wittion diode and inductafL ) had to be removed. This subjected
the optimum PRF being between 25-30 kHz. Withfetdal. the thyratron to a greater duration negative voltage when the re-
have reported similar results [8] for a larger (38 mm bore Wiected electrical pulse from the laser head returned to the thyra-
1.5 m long) CVL, which showed a linear increase in outputon. This extra negative bias helped reset the thyratron into its
power up to PRFs of 22 kHz where a maximum output powapnconducting state ready for the next pulse. Additionally, the
of 150 W was obtained. However, the output powers reportadmber of turns on the saturable as$ft) was reduced to in-
by Withford et al. were not steady-state values and represergase the magnitude of the reversal on the thyratres2&V.
operation of the laser in a transient regime where the laser isAt pulse repetition frequencies of order 100 kHz, the output
overheating [10]. Since the laser used by Withfetdal. has power of the laser was limited by the low excitation voltages
a larger bore diameter than the device used in this studyattainable. To provide the minimum head voltages required for
is likely that the optimum PRF for the 38-mm device will beefficient operation at such elevated PRFs, lower value capacitors
lower than the optimum for our 25-mm device of 25-30 kHz. must be used in the exciter circuit. However, any such reduction

We have demonstrated high transient output powers (overcapacitance would further shorten the excitation pulse and
50 W) at PRFs ranging from 20 to 45 kHz. These results mégnce the laser pulse. Alternatively, thermal redesign of the laser
suggest that the optimum PRF of the laser is greater than 45 kHead to accommodate higher input powers may enable more
However, at PRFs above 50 kHz, a clear rolloff in the maximuefficient operation of the laser at PRFs of order 100 kHz.
measured transient output power is seen. Thermal redesign of
the laser may permit steady-state operation at the 50-W power V. CONCLUSION
level. However, it is not clear whether this regime corresponds

to unstable thermal runaway conditions where the power cou-Repetition rate scaling of a kinetically enhanced CVL has
pling into the plasma tube increases with time [10]. been demonstrated up to 100 kHz. The maximum recorded

stable output power of 41 W was obtained at pulse repetition
frequencies between 25-30 kHz, and transient output powers
of over 50 W were achieved between 20-45 kHz. Using the fast
The performance benefits offered by kinetic enhancement ecitation circuit, the high-frequency rolloff in output power
sult from the increased rate of plasma recombination in the ghly began for PRFs above 50 kHz, and the output powers for
terglow [11]. The increased rate of recombination mops up elgeRFs up to 80 kHz were in excess of the maximum obtained at
trons in the afterglow and reduces the cumulative effects of rg§ kHz without kinetic enhancement. The maximum recorded
dial cataphoresis. Hence the beam profile of the laser remainrgfécific output power of 0.17 Wcnd is 70% higher than that
centrally peaked even at elevated PRFs. This is in contrastpi@viously reported for a 25-mm bore diameter CVL. Efficient
the annular profiles, which develop in elemental CVLs whegeneration of high-beam-quality output was demonstrated at
operated at higher than optimum PRFs. One consequence ofpisg=s up to 65 kHz. Preliminary experiments indicate that the
lower electron density in the afterglow is a decrease in the rater@fnnant metastable population limits the maximum repetition
metastable depopulation since superelastic collisions betwegfe at which the laser will operate.
copper atoms and electrons are responsible for the process. In
elemental CVLs, the metastable population proceeds with two
decay rates [12]. The first and quickest rate occurs for the first 10
1+S; then a slower rate of decay is observed. For PRFs of 100 kHzZI'he authors would like to thank C. E. Webb for his helpful
and above, the interpulse period is shorter than this initial decdigcussions.

B. Pulse Repetition Frequency Limits
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