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Abstract-The scaling characteristics and medium properties of an 
injection controlled XeF(C + A) laser pumped by a 10 ns high current 
density electron beam have been investigated. A five-component laser 
gas mixture consisting of F,, NF,, Xe, Kr, and Ar was optimized for 
the scaled laser conditions resulting in 0.8 J output pulses at 486.8 nm, 
corresponding to an energy density of 1.7 J / L  and an intrinsic effi- 
ciency of 1.3%. Detailed small-signal-gain measurements combined 
with kinetic modeling permitted the characterization of the depen- 
dence of net gain on the electron beam energy deposition and gas mix- 
ture composition, resulting in an improved understanding of XeF- 
(C + A) laser operation. 

I. INTRODUCTION 
HERE is increasing interest in the XeF(C -+ A )  ex- T cimer laser as an efficient, tunable source of radiation 

in the blue-green region of the spectrum. Using an elec- 
tron beam as an excitation source and a kinetically tai- 
lored five-component gas mixture [ l ] ,  efficient operation 
of this laser system has been demonstrated for short pulse 
10 ns, - 10 MW/cm3 121, intermediate pulse 250 ns, - 1 
MW/cm3 [ 3 ] ,  and long pulse 700 ns, - 250 kW/cm3 [4] 
electron beam pumping durations. When the short pulse, 
high current density electron beam excitation technique is 
employed, peak values of small-signal gain exceed 
3 % /cm permitting efficient injection-controlled opera- 
tion using a low-power injection beam. This results in 
narrow-band high beam quality operation and provides a 
very effective method for wavelength tuning. Continuous 
tuning between 450 and 530 nm has been demonstrated, 
and an output energy density of > 1 J / L  has been 
achieved for wavelengths between 470 and 5 10 nm 151. 

With its gaseous active medium, the XeF(C -+ A )  ex- 
cimer laser is readily scalable to the high energy and 
power required for applications in remote sensing, mate- 
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rials processing, optical communications, and the ampli- 
fication of ultrashort laser pulses. Experiments are de- 
scribed here that characterize the successful scaling of a 
high current density electron beam pumped XeF(C -+ A )  
laser from an active volume of - 0.02[6] to one of - 0.5 
L. The effect of the scaled volume on the optimum laser 
gas mixture composition is considered in detail. Through 
a careful mapping of the spatial distribution of electron 
beam energy deposition, the relationship between kinetic 
processes, small-signal gain, and laser performance has 
been determined in order to identify optimum pumping 
conditions. 

11. EXPERIMENTAL APPARATUS 

A .  Electron Beam Pumping 

The XeF(C -+ A )  excimer laser was transversely 
pumped by a pulsed (10 ns FWHM), high current density 
electron beam customized for this application 171. Elec- 
trons were emitted from a 50 cm 2 cm carbon felt cath- 
ode through a 25 pm titanium foil window into the laser 
gas mixture as illustrated in Fig. 1. Typical diode peak 
voltage and current were 650 kV and 80 kA, respectively. 
Using a Faraday probe, a peak current density of - 150 
A/cm2 was measured on the optical axis when the laser 
cell was filled with 6.5 bar of Ar (Fig. 2). The electron 
beam system is capable of repetitive operation at up to 1 
Hz. 

The spatial distribution of the electron beam energy 
deposition in the gas was measured using chlorostyrene 
film [8]. For a typical laser gas mixture, an average of 
150 J / L  was deposited on the optical axis of the laser cell 
with f 15% variations from this average along the 50 cm 
pumped length (Fig. 3 ) .  The slight roll-off in energy dep- 
osition away from the center of the cell was due in part 
to a - 1 O rotation of the electron beam caused by a 0 .2  T 
magnetic field used to guide the electron beam. The use 
of this guide field resulted in a threefold increase in the 
electron current delivered at the optical axis. 

As expected, the energy deposition varied significantly 
in the direction 01 the electron beam propagation due to 
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Fig. 1. Cross-sectional view of the electron beam pumped laser cell. Elec- 
trons are emitted from the 2 cm wide X 50 cm long carbon felt cathode 
across the 2.2 cm anode-cathode gap. The hibachi support ribs and the 
back of the titanium foil serve as the anode. For these experiments, the 
optical resonator diameters were 3.5 cm resulting in an active laser vol- 
ume of 0.48 L. 
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Fig. 2. Temporal current density profiles measured inside the laser cell 
using a Faraday probe with a diameter of 3.8 mm. The probe was posi- 
tioned 10, 20, and 30 mm from the foil. Attenuation was the result of 
scattering and energy deposition in the 6.5 bar gas mixture. Peak values 
of -150 A/cm2 were observed on the optical axis (20 mm) with a 
FWHM of 10 ns. 
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Fig. 3. Energy deposition profile along the optical axis (20 mm from the 
titanium foil) as measured by chlorostyrene film. Typically, f 15% vari- 
ations were observed from an average value (denoted by a dashed line) 
of - 150 J/L. The slight roll off in energy deposition from the center of 
the laser cell was due in part to a - 1 O rotation of the electron beam by 
the 0.2 T magnetic guide field. 

electron energy loss and scattering in the 6.5 bar laser gas 
mixture. The deposition ranged from over 200 J / L  near 
the foil to less than 100 J / L  at the back wall of the laser 

cell. A contour plot of the measured energy deposition 
through a cross section near the center of the cell, as ex- 
perimentally measured with chlorostyrene film, is shown 
in Fig. 4. For an active laser volume 3.5 cm in diameter 
and 50 cm long (0.48 L), the electron beam energy dep- 
osition was typically - 125 If: 10 J/L,  averaged over this 
volume. A pressure transducer installed in the laser cell 
was used to measure the transient pressure rise following 
an electron beam pumping pulse, resulting in energy dep- 
ositions consistent (& 10%) with the integrated chloro- 
styrene film measurements [9]. 

B. Laser Cell and Resonator 
The laser cell and gas handling system were constructed 

entirely of stainless steel using Viton and Teflon vacuum 
seals. The surface of the titanium foil in contact with the 
laser gas was coated with a 5 pm thick layer of aluminum 
using ion vapor deposition. This coating prevented inter- 
action between the titanium and the fluorine and was found 
to significantly increase the lifetime of the gas mixtures. 
The laser gas mixture components were introduced into 
the cell sequentially, and then mixed by circulating them 
through an external loop at 1 L/min using a small high- 
pressure bellows pump. The cell, electron beam foil, and 
gas handling systems were initially passivated by filling 
the system with 3 bar of a 10% F2 in Ar gas mixture for 
a period of 24 h. 

The optical cavity configuration used in these experi- 
ments was a positive branch confocal unstable resonator. 
The back reflector was a plano-concave lens with the con-. 
cave surface (radius of curvature = R,) coated to achieve 
maximum reflectivity from 465 to 505 nm. This coating 
was also designed to allow greater than 80 % transmission 
near the -350 nm wavelength of the competing XeF(B 
+ X) transition. A 1.5 mm injection aperture, centered 
on the back reflector, was formed either by drilling a hole 
through the optical substrate or by masking a 1.5 mm spot 
during the coating process. The latter method was found 
to provide the most well defined aperture and became the 
preferred technique. The output coupler was a double me- 
niscus lens (radii of curvature = R2, -R2) with a round 
maximum reflectivity spot centered on the convex sur- 
face. For each cavity magnification ( R1 /R2 ), the size of 
this spot was chosen such that the outer diameter of the 
laser beam, given by the product of the spot diameter and 
the magnification, was -35 mm. The distance between 
the mirrors was adjusted to the confocal spacing of ( R I  - 

Two resonator configurations were used in these exper- 
iments. In the first, the cavity mirrors were located inside 
the laser cell in contact with the gas mixture on externally 
adjustable mounts. The optical coatings were protected 
from the corrosive laser gases by an aluminum oxide 
overcoating. In the second configuration, the mirrors were 
located outsidedhe laser cell, which was sealed with an- 
tireflection-coated fused silica windows tilted by 3'. The 
internal resonator had a magnification of 1.7 (R, = 2.73 
m, R2 = 1.61 m), an output coupler spot diameter of 21 
mm, and a mirror spacing of 56 cm. This magnification 

R2)/2. 
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Fig. 4. Constant energy deposition contours through a cross section near 
the center of the laser cell measured using chlorostyrene film. An aver- 
age deposition of 142 J / L  was measured for this cross section of the 
optical resonator corresponding to an average of - 125 J / L  for the entire 
0.48 L resonator volume. This resulted in a total deposited energy of - 60 J in the active laser medium. 

was chosen to optimize the peak power and near-field out- 
put energy of the scaled XeF(C -+ A )  laser [ 101. Gas mix- 
ture optimization experiments were performed using a 75 
cm long external resonator with a magnification of 2.0 
( R ,  = 3.00 m, R, = 1.50 m)  and an output coupler spot 
diameter of 17.5 mm. 

C. Injection Source 

A dye laser pumped by a 60 ns FWHM XeCl excimer 
laser provided a 45 ns FWHM injection pulse with a line- 
width of - 0.005 nm as measured using a monitor etalon 
with a finesse of 30 and a free spectral range of 30 GHz 
[5]. The relatively long pulsewidth allowed the unstable 
resonator to be completely filled with injected photons be- 
fore the onset of gain resulting in quasi-CW injection. The 
beam diameter was adjusted with a telescope so that the 
1.5 mm injection hole was uniformly illuminated, trans- 
mitting approximately 60% of the injection pulse into the 
optical cavity. The injection intensity was varied using 
neutral density filters at the dye laser output. With no at- 
tenuation, it was possible to deliver -2  mJ through the 
unstable resonator injection hole corresponding to a peak 
intensity of - 3  MW/cm2, a value close to the -5-6 
MW/cm2 saturation intensity of the XeF(C -+ A )  transi- 
tion. 

For a well-aligned system, a portion of the injection 
beam was backreflected through the injection aperture 
along the same path as the incoming beam. The amplifi- 
cation of this backreflected pulse in the dye laser gain cell 
resulted in the truncation of the outgoing injection pulse 
as well as damage to optical components of the dye laser. 
To avoid this difficulty, an optical delay line was used to 
increase the round-trip transit time between the injection 
source and the electron beam pumped amplifier to 40 ns. 

D. System Diagnostics 

The diagnostics system was designed to extensively 
characterize the operation of both the XeF(C -+ A )  laser 
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Fig. 5. A schematic of the experimental layout showing energy, temporal, 
and spectral diagnostics. The laser cell in this case is shown with exter- 
nal resonator optics. OMA: optical multichannel analyzer. PD: vacuum 
photodiode. NDF: neutral density filter. BS: uncoated fused silica beam- 
splitter. 

and the electron beam generator on each laser shot. As 
depicted in Fig. 5 ,  the laser output temporal profile was 
measured by a vacuum biplanar photodiode, the spectral 
profile by an optical multichannel analyzer (OMA) spec- 
trometer, and the energy by a pyroelectric energy meter. 
A second photodiode was used to monitor the dye laser 
injection control pulse. Electron beam diagnostics con- 
sisted of voltage and current monitors in the diode and a 
Marx bank charging voltage monitor. The shot-to-shot 
energy deposition in the laser gas was monitored using 
the signal from the pressure transducer which was cali- 
brated against the chlorostyrene film measurements. The 
signal from the photodiode monitoring the XeF(C -+ A )  
output was recorded using a 500 MHz scan-converting 
transient digitizer and the remaining temporal signals were 
collected using a four-channel 400 Msample/s and a two- 
channel 10 Msample /s  digital oscilloscope. A single 
computer system configurated the instruments and col- 
lected each of the diagnostic signals for each laser shot. 

111. GAS MIXTURE OPTIMIZATION 
The first experiments with the scaled injection con- 

trolled XeF(C -+ A )  laser system were performed using a 
five-component gas mixture which had been previously 
optimized for a small-scale laser having a similar electron 
beam pumping rate but with a 10 cm active length and a 
volume of only 0.02 L [6]. That gas mixture was com- 
prised of 8 torr NF,, 1 torr F,, 8 torr Xe, 300 torr Kr, and 
Ar, with a total pressure of 6.5 bar. In our prior work, the 
dual halogen donor, dual rare gas buffer composition was 
found to result in a significant reduction in transient blue- 
green absorption and the suppression of the competing 
XeF(B -+ X )  transition [ l ] .  Detailed kinetic modeling 
successfully described this performance enhancement and 
accurately predicted small-signal-gain profiles for a vari- 
ety of laser gas mixtures and electron beam pumping con- 
ditions [l 11. However, the scaling of the active medium 
length from 10 m to 50 cm introduced an additional factor 
affecting the optimum XeF(C -+ A )  laser gas mixture. 
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A. KrF(B -+ X) Competition 
The presence of Kr as a buffer in the laser gas results 

in the formation of the KrF excimer. Indeed, modeling 
indicates a KrF(B -+ X) gain on the order of 10% /cm for 
mixture conditions otherwise optimum for XeF(C -+ A) 
laser operation. Nonetheless, for the short 10 cm single- 
pass gain length and resonator optics having low reflec- 
tivities at 248 nm, no KrF lasing was observed for con- 
ditions typical of the earlier small-scale experiments [6]. 
However, when the gain length was scaled by a factor of 
five to 50 cm, oscillation on the KrF(B -+ X) laser tran- 
sition occurred, using the mixture optimized for the small- 
scale experiment. This resulted in significant laser output 
at 248 nm and a reduction in the XeF(C -+ A) gain. The 
primary adverse effect of KrF oscillation. on XeF(C + A) 
laser output is the reduction in the population of Kr2F, a 
major XeF(C) precursor [ 13, [ 113. Since KrF is the pre- 
cursor of Kr2F, strong stimulated emission on the KrF(B 
-+ X) transition results in lower KrF, Kr2F, and XeF(C) 
populations, 

Using the gas mixture optimized for the small-scale ex- 
periments, along with the internally-mounted M = 1.7 
resonator and an injection intensity of - 2  MW/cm2 at 
486.8 nm, 0.6 J laser output pulses were measured in the 
first tests of the scaled laser system. Spectral analysis re- 
vealed that the laser output consisted of output at the am- 
plified injection wavelength as well as at the 248 nm 
wavelength of the KrF transition. Using a Corning 3-74 
filter to block the UV portion of the output (cutoff at 
-420 nm), it was determined that -0.45 J was emitted 
at 486.8 nm and - 0.15 J at 248 nm. An examination of 
the temporal profiles depicted in Fig. 6 shows that the KrF 
gain and laser output occurs much earlier than those of 
the XeF(C + A) transition. As might be expected from 
this fact, the energy of the UV pulse was independent of 
the performance of the XeF(C -+ A) laser. If the visible 
injection was omitted, the XeF(C + A) laser produced 
only - 0.03 J free-running output but the UV output was 
unaffected. For the conditions of Fig. 6, the 248 nm pulse 
and the free-running blue-green pulse were collected dur- 
ing the same shot and the injection controlled pulse was 
recorded on a subsequent laser shot. 

Fig. 7 shows the measured Kr pressure dependence of 
the output of the injection controlled XeF(C -+ A) ampli- 
fier at 486.8 nm, along with the XeF(B -+ X) and KrF(B 
-+ X) lasers at 35 1 and 248 nm, respectively. At the 300 
torr Kr pressure found to be optimum for XeF(C -+ A) 
laser operation in our earlier small scale experiments, the 
KrF laser output reaches its maximum value and the scaled 
XeF(C -+ A) output exhibits a pronounced dip. However, 
the data of Fig. 7 show that the laser output from the KrF 
transition is easily suppressed by increasing the partial 
pressure of Kr in the gas mixture above 300 torr, with a 
maximum in XeF(C -+ A) output occurring at a Kr pres- 
sure of 1200 torr. For Kr pressures greater than 1000 torr, 
the UV output is almost completely suppressed. Using a 
gas mixture comprised of 8 torr NF3, 1 torr F2, 8 torr Xe, 
and 1200 torr Kr, completed to 6.5 bar with Ar, injection 
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Fig. 6. (a) Output pulses observed from the XeF(C + A) laser using an M 
= 1.7 internal resonator and the gas mixture previously optimized for 
the small-scale laser [6]. The mixture was comprised of 8 torr NF3, 1 
torr F2, 8 torr Xe, 300 torr Kr, and completed to 6.5 bar using an Ar 
buffer. The pulses are displayed on an arbitrary vertical scale; their rel- 
ative sizes do not reflect actual relative intensities. An energy of -0.15 
J was measured for the KrF(B + X) pulse and - 0.45 J for the injection 
controlled XeF(C + A) pulse. For the purpose of comparison, the tem- 
poral evolution of the -0.03 J broad-band free-running XeF(C + A) 
laser is also shown. The KrF(B + X) and XeF(C + A) free-running 
laser temporal profiles were measured for the same electron beam shot. 
The injection-controlled output and the Faraday probe signal were mea- 
sured on separate shots. Temporal synchronization was ensured by trig- 
gering the transient digitizer with the signal from the diode voltage mon- 
itor of the electron beam generator. (b) Computed temporal evolution ef 
the KrF(B + X) and XeF(C + A) small-signal-gain profiles for typical 
experimental conditions. 
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Fig. 7. Laser output energies at the XeF(C + A), XeF(B + X), and KrF(B 
+ X) wavelengths for the injection controlled laser using an internal M 
= 1.7 resonator. The gas mixture, optimized for the small-scale exper- 
iments, consisted of 8 torr NF3, 1 torr F,, 8 torr Xe, and was completed 
to 6.5 bar using an Ar buffer. An obviouis decrease occurs in the XeF(C 
+ A) output at the Kr pressure for which peak in KrF(B + X) oscillation 
is observed. A Kr pressure of - 300 torr was found to be optimum in the 
small-scale apparatus in which KrF(B + X) competition was not signif- 
icant [6]. Modeling shows that for this mixture both the XeF(C + A) 
and KrF(B + X) gain reach their maximum value for this Kr pressure. 
The dashed line represents an estimated projection of XeF(C --t A) laser 
performance in the absence of the KrF(B -+ X) laser competition: 

--r- 

controlled pulses were obtained with energies of 0.7 J [2]. 
The injection laser was tuned to 486.8 nm, a wavelength 
near the peak of the spectral gain profile. For the 0.48 L 
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active laser volume and a measured spatially-averaged en- 
ergy deposition of 120 J /L ,  this corresponded to an en- 
ergy density of 1.5 J / L  and an intrinsic efficiency of 
1.2 % , respectively [2]. 

B. Scanning of Gas Mixture Components 

Although the competing KrF laser oscillation was sup- 
pressed by increasing the Kr pressure to 1200 torr, the 
NF,, FZ, and Xe partial pressures were not reoptimized. 
Thus a systematic optimization of the laser gas mixture 
was undertaken in order to maximize the XeF(C --f A )  
laser extraction efficiency. A second requirement, of 
course, was the continued suppression of the KrF(B + X )  
laser. Pyroelectric energy meters were chosen to monitor 
the laser output at the injected and UV wavelengths since 
quantitative measurements using the OMA spectrometer 
were complicated by the spectral response of the detector 
array and by differences in beam size and collimation be- 
tween the blue-green and UV laser output. A schematic 
of the measurement system using two pyroelectric energy 
meters, one of which was equipped with a filter to block 
248 nm is shown in Fig. 8. The signal from detector A 
was corrected for losses from the uncoated fused silica 
beamsplitter and the UV filter. By removing the UV filter 
the signal from detector B was then calibrated against that 
from A .  In this manner, the visible ( A )  and UV (B-A)  
were measured for each laser shot. Since the UV mea- 
surement was the difference of two larger measurements, 
small negative values sometimes resulted for UV output 
energies near zero. 

For the purpose of these measurements, the external 
unstable cavity was used in order to ensure long term sta- 
bility of the resonator coatings. However, the intracavity 
losses introduced by the laser cell windows and increased 
unpumped cavity length resulted in XeF(C + A )  laser 
energies somewhat smaller than those observed with the 
internal resonator, as predicted [lo]. An injection pulse 
at 486.8 nm with a peak intensity of -2  MW/cm2 was 
used in all cases. Although the laser output was much 
more sensitive to small changes in the net gain for the 
linear, unsaturated amplification regime resulting from 
smaller injection intensities, this intensity was chosen for 
these experiments to ensure that the laser system was op- 
timized under the conditions for which saturation of both 
gain and absorber species occurred. The partial pressure 
of each gas component was scanned, leaving the other 
component pressures fixed, to determine the value for 
which the XeF(C + A )  laser energy was optimized. The 
concentration of that constituent was then fixed at a value 
near the measured optimum before the next gas compo- 
nent was scanned. In this manner, two iterations were 
made through the NF,, F,, Xe, and Kr mixture compo- 
nents, always maintaining a total laser gas pressure of 6.5 
bar with the Ar buffer. Small variations were then made 
from the final gas mixture by simultaneously changing the 
concentration of two or more components to verify that a 
Derformance Deak had been achieved. 

Detector 13 

Detector A 

/ t  
Uncoated fused CS 3-74 

silica beamsplitter color glass filter 

Fig. 8. Schematic of the two pyroelectric energy meter setup for measur- 
ing the blue-green and UV output of the laser system. A Coming CS 3- 
74 color glass filter with a cutoff at 420 nm and 88% transmission at 
486.8 nm was used to filter out the UV from the light reaching detector 
A .  The signal from A was corrected for losses from the beamsplitter and 
UV filter. The signal from B was then cross calibrated against that from 
A with the UV filter removed. The sensitivity of the energy meters at 
248 nm differed by less than 10% from that in the blue-green. 
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Fig. 9. Laser output energies at 486.8 nm (open circles) and in the UV 
(filled circles) as a function of Xe partial pressure measured as described 
in Fig. 8. The gas mixture consisted of 8 torr NF,, 1 torr F2, 300 torr 
Kr, and was completed to 6.5 bar using an Ar buffer. The external M = 
2 resonator was used with a -2  MW/cm' injection pulse at 486.8 nm. 
The error bars denote the standard deviation of the measured scatter for 
a given set of experimental conditions and do not include the * I O %  
absolute uncertainty in the calibration of the energy meters. The arrow 
indicates the optimum Xe pressure for the small-scale laser. 
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Fig. 10. Laser output energies at 486.8 nm (open circles) and in the UV 
(filled circles) as a function of Kr partial pressure. The Xe partial pres- 
sure was set at 14 torr, the observed maximum from Fig. 9. The re- 
maining gas mixture consisted of 8 torr NF?, 1 torr F?, and was com- 
pleted to 6.5 bar using an Ar buffer. The increase in Xe pressure from 8 
to 14 torr reduced the Kr pressure required to completely suppress the 
KrF(B + X) output from 1200 torr 121 to - 500 torr. The arrow indicates 
the optimum K r  pressure for the small-scale laser. 

-. 
Figs. 9-12 show the measured XeF(C + A )  laser en- 

ergy at 486.8 nm and the total UV laser energy for vari- 
ations in Xe. Kr. NF,. and F,. rewectivelv. Five to six 
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Fig. 11, Laser output energies at 486.8 nm (open circles) and in the UV 
(filled circles) as a function of NF3 partial pressure. The gas mixture 
consisted of 1 torr F,, 14 torr Xe, 450 torr Kr, and was completed to 6.5 
bar using an Ar buffer. The arrow indicates the optimum NF, pressure 
for the small-scale laser. 
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Fig. 12. Laser output energies at 486.8 nm (open circles) and in the UV 
(filled circles) as a function of F2 partial pressure. The gas mixture con- 
sisted of 12 tort NF,, 14 torr Xe, 450 torr Kr, and was completed to 6.5 
bar using an Ar buffer. The increased optimum NF, pressute for the 
scaled XeF(C + A) laser system over that of R [6] reduced the sensitivity 
of laser performance to the F2 partial pressure but a measurable improve- 
ment was still observed at - 1 torr. The arrow indicates the optimum F, 
pressure for the small-kale laser. 

measurements using the same laser gas fill were averaged 
for each data point shown. The error bars represent the 
standard deviation of the scatter of the measured energies 
for a given set of conditions. This scatter was largely a 
result of small differences in injection laser synchroniza- 
tion, resonator alignment, and gas mixture lifetime. For 
this reason niore representative values probably lie nearer 
the top of each bar than the center. The absolute accuracy 
of the measurements was limited in most cases by the pyr- 
oelecttic energy meter calibration of & 10 % , an uncer- 
tainty not represented in the error bars. 

The KrF(B + X) laser output was easily quenched by 
increasing the partial pressure of Xe in the gas mixture as 
shown in Fig. 9. However, an increase in the Xe concen- 
tration beyond a level at which the UV output is almost 
completely suppressed results in reduced blue-green out- 
put from the XeF(C + A) laser due to the increased 
quenching of XeF by Xe and broad-band absorption from 
the photoionization of Xe(5d) and (6p) [l], [ll]. When 
the Xe partial pressure was fixed at the observed perfor- 
mance maximum of 14 torr, the optimum Kr pressure 

0 5 10 15 20 25 30 

Fluorine donor or Xe pressure (Torr) 

Fig. 13. Computed dependence of the peak XeF(C + A) gain at 490 nm 
with variation of either the fluorine donor or Xe partial pressure. The 
gas mixtures were comprised of (a) 12 torr Xe, 750 torr Kr, Ar to com- 
plete the mixture to a total pressure of 6.5 bar, with the total fluorine 
donor pressure vaned while maintaining an 8 : 1 NF3-F2 ratio; and (b) 9 
torr fluorine donor pressure with an 8 : 1 NF,-F2 ratio, 750 torr Kr, Ar 
to complete the mixture to 6.5 bar, with the Xe pressure varied. The 
electron beam pumping conditions were similar to those of Figs. 9-12. 

(Fig. 10) decreased to - 750 torr from 1200 torr [2]. The 
optimum XeF(C + A) laser output was found at higher 
NF3 pressures (Fig. 11) than used on the small scale sys- 
tem [6] resulting in less sensitivity to the F2 concentration 
(Fig. 12). However, improved laser output continued to 
result from the addition of - 1 torr of F2. The findings of 
the gas constituent scanning experiments are consistent 
with the small-signal gain computed using our XeF(C + 

A) laser kinetics model, described in detail elsewhere [ 1 11. 
Fig. 13 shows the computed peak value of the XeF(C + 

A) net gain at 490 nm for variations in the Xe and fluorine 
donor partial pressures. Broad maxima in the computed 
gain are observed for Xe and fluorine donor pressures in 
the 10-20 torr range, a result consistent with the experi- 
mental data of Figs. 9, 11, and 12. 

Fig. 14 shows the computed dependence of peak XeF(C 
+ A) net gain on Kr partial pressure. In earlier work [ 11, 
analysis of the dependence of XeF(C + A) fluorescence 
decay and laser energy on Kr pressure resulted in an in- 
ferred rate coefficient of - 1.0 - s-l cm6 for the 
three-body quenching reaction, XeF(C) + Kr + Ar + 

products. This rate coefficient is parameterized in the pre- 
sentation of Fig. 14. Clearly, a rate coefficient very nearly 
equal to the - 1.0 - s-' cm6 value inferred earlier 
is consistent with the experimental observation of a broad 
maximum in XeF(C + A) laser energy for Kr partial pres- 
sure in the 450-900 torr range (Fig. 10). 

C. Results of Mixture Optimization 
On the basis of the constituent scanning experiments, 

an optimized gas mixture consisting of 12 f 2 torr NF3, 
1 f 0.5 torr F2, 12 f 2 torr Xe, and 750 k 150 torr Kr, 
completed with Ar to a total pressure of 6.5 bar, was de- 
termined for the scaled XeF(C + A) electron beam 
pumped laser a s t e rn .  Using this mixture, laser output 
energies in excess of 0.8 J at 486.8 nm were measured 
from the system with the internal resonator, correspond- 
ing to an intrinsic efficiency of 1.3 % and an energy den- 

- ' 
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Fig. 14. Computed variation of the peak XeF(C + A )  gain at 490 nm as 
a function of Kr pressure. The mixture was comprised of 12 torr Xe, 12 
torr fluorine donor ( 8  : 1 NF,-F2 ratio), with Ar to complete the 6.5 bar 
mixture. The rate coefficient for Kr three-body quenching of XeF(C) is 
parameterized as described in the text. Also shown is the effect of Kr 
addition on the electron beam energy deposition ( 125 J / L  at -750 torr 
K r ) .  

sity of 1.7 J/L.  The most significant aspect of the laser 
gas mixture modification performed upon scaling from a 
0.02 to a 0.5 L active laser volume was the competition 
by the KrF(B + X )  laser which was suppressed in a 
straightforward manner by the described mixture adjust- 
ments. The basic composition of the laser gas mixture re- 
mained very similar to those of previous laser experi- 
ments, and the behavior of the scaled system continued to 
be consistent with the current understanding of the kinet- 
ics of the XeF(C + A )  multicomponent gas mixture [ 1 1 1 .  

IV. GAIN MEASUREMENTS 

A .  Gain Measurement Technique 

The scaled electron beam pumped laser system with its 
uniformly excited 50 cm active length provided the op- 
portunity for more accurate small-signal-gain measure- 
ments than were possible using the small-scale apparatus 
[6]. The interpretation of previous measurements was 
complicated by the small 10 cm pumped length over which 
the electron beam energy deposition varied by more than 
a factor of three from each end to the center. Aside from 
the need for detailed gain measurements for use as input 
data for analytical modeling of the injection control pro- 
cess [ lo], [ 121, a careful study of the dependence of gain 
on energy deposition into the laser gas mixture is required 
to investigate the optimum electron beam pumping inten- 
sity. 

A flashlamp-pumped dye laser with a pulsewidth of 
-200 ns was used as a gain probe in these experiments. 
The output was tuned to 486.8 nm and the peak intensity 
was attenuated to -50 W/cm2 using neutral density fil- 
ters to avoid saturation effects in the gain medium. The 
diameter of the probe was adjusted to 2 mm and was 
aligned on the vertical center of the gain region, parallel 
to the titanium foil electron beam window. As described 
previously, an energy deposition gradient existed from the 
foil to the back of the laser cell due to the attenuation of 
the electron beam as it propagated through the high-pres- 

sure gas (Fig. 4). This was used to advantage since, by 
translating the probe beam along the direction of electron 
beam propagation, gain could be measured as a function 
of electron beam energy deposition. The gain signals were 
measured using a vacuum photodiode and consisted of the 
temporally-broad dye laser probe background onto which 
was superimposed the net gain profile. The largest source 
of uncertainty in the measurement of the peak net gain 
was in the estimation of the shape of the dye laser profile 
during the XeF(C + A )  gain pulse. 

B. Temporal Projiles 

The measured net gain curves were found to be very 
similar to those obtained using the small previously re- 
ported 0.02 L device [6], exhibiting peak gains of 
- 3% /cm with a - 25 ns FWHM. Fig. 15 illustrates typ- 
ical temporal profiles and the significant reduction of the 
transient absorption that occurs during the electron beam 
pumping pulse as Kr is added to the mixture. The XeF(C 
.+ A )  peak gain was observed to be much less sensitive 
to the Kr partial pressure than the output energy of the 
injection controlled laser (Fig. 10). This, it is believed, 
can be attributed to two effects. First, although the dye 
laser injection pulse is much longer ( -40  ns) than the 
gain pulse, when there is strong absorption during elec- 
tron beam pumping (low Kr partial pressure), essentially 
all of the injected photons are removed from the cavity. 
Since the unstable resonator cannot be refilled with injec- 
tion flux before the net gain reaches its peak, the extrac- 
tion efficiency is reduced. Secondly, during the small-sig- 
nal-gain measurements, the absence of a laser resonator 
resulted in reduced oscillation on the KrF(B + X )  and 
XeF(B .+ X )  transitions. As described in the previous 
section, these are in direct competition with the XeF(C .+ 

A )  laser output (Fig. 7) and are effectively suppressed by 
the use of higher Kr partial pressures. 

Fig. 16 shows computed temporal gain profiles for con- 
ditions similar to those of Fig. 15. Generally, the agree- 
ment between the measured and computed temporal pro- 
files is very good. However, modeling indicates a larger 
reduction in the strong absorption during the electron 
beam beam pulse with increasing pressures of Kr. The 
absorption with no Kr in the mixture is believed to be due 
primarily to photodissociation of Ar; [l], [ l l ] .  The ad- 
dition of Kr reduces the concentration of Ar: and its 
Ar; precursor by charge exchange. Since there is practi- 
cally no rate coefficient data for Ar l ,  known rate coeffi- 
cients for Ar l  were used in the modeling of Ar: [ 111 ,  
including the rate coefficient for Ar; - Kr charge ex- 
change. This is one possibility for the discrepancy. Also, 
in the region of initial absorption, the computed net gain 
is the difference between two larger quantities, the 
XeF(C) contribution to gain and the absorption due to 
Ar l  and other species. Thus, the computed net gain is 
subject to larger errors during the electron beam pumping 
than those typical in the afterglow region for which agree- 
ment between theory and experiment is very good. 
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Fig. 15. Typical net gain temporal profiles measured using the 200 ns 
flashlamp-pumped dye laser probe tuned to 486.8 nm and directed along 
the optial axis of the laser cell. A strong absorption exists during the 
electron beam pumping pulse which is significantly reduced by the ad- 
dition of Kr [l], [l I]. For these measurements, the gas mixture consisted 
of 8 torr NF,, 1 torr F2, 8 torr Xe, and was completed to 6.5 bar using 
an Ar buffer. 
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Fig. 16. Computed temporal variation of the net gain at 490 nm. The mix- 
ture was comprised of 12 torr fluorine donor (8: 1 NF3-F2 ratio), Kr, 
and Ar for a total pressure of 6.5 bar. The electron beam pumping con- 
ditions were similar to those of Figs. 9-15. 

C. Gain and Laser Energy Dependence on Pumping 
Intensity 

Using the gas mixture optimized for the scaled XeF(C 
-+ A) amplifier as described in the previous section, gain 
measurements were made along the direction of the opti- 
cal axis at distances between 2 and 40 mm from the foil 
electron beam window where each position corresponded 
to a different energy deposition level. With spatially re- 
solved deposition measurements, such as those presented 
in Fig. 4, it was then possible to plot the peak net gain 
versus energy deposition. Fig. 17 shows measurements 
for two different laser gas mixtures. Also shown in the 
figure are calculated values of gain versus energy depo- 
sition. Clearly, the qualitative and quantitative agreement 
between theory and experiment is good, with the differ- 
ences between the two within the uncertainty of each. 
Previous measurements on the small-scale electron beam 
device indicated the onset of gain saturation for a volume 
averaged deposition level of - 80 J / L  with a peak in the 
intrinsic laser efficiency occurring at - 90 J / L  [6]. How- 
ever, interpretation of the earlier measurements was com- 
plicated by highly nonuniform electron beam pumping. 
For the scaled device described here, little evidence of 

b ( 0 )  8 1 8 1200 Torr I f 
1.04 1 8 . I , I . I 

50 100 150 200 250 
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Fig. 17. Measured and computed XeF(C --t A) peak gain at 486.8 nm as 
a function of electron beam energy deposition. The gain probe was trans- 
lated parallel to the optical axis and the corresponding energy deposition 
was determined using measurements such as those presented in Fig. 4. 
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Fig. 18. Injection controlled XeF(C + A) laser output energies measured 
using an internal M = 1.7 unstable resonator and the gas mixture cun- 
ditions given for Fig. 17 (curve a). The spatially averaged energy dep- 
osition in the laser volume, as measured with chlorostyrene film, was 
varied by adjusting the charging voltage on the electron beam generator 
Marx capacitors. The four measured points correspond to charging volt- 
ages of 65, 75, 85,  and 95 kV. A linear relationship was observed with 
no indication of saturation. This suggests that an increase in the observed 
specific energy density could be achieved using even higher electron beam 
pumping rates than available with the current apparatus. 

gain saturation was observed as the gain continued to in- 
crease up to an energy deposition of 200 J / L  correspond- 
ing to a pumping rate of 20 MW/cm3. To verify that the 
injection controlled laser output reflected the trend in the 
measured gain, the charging voltage of the M a n  bank ca- 
pacitors of the electron beam machine was varied between 
65 and 95 kV in order to adjust the energy deposition 
throughout the gas volume. As shown in Fig. 18, over a 
spatially averaged energy deposition range from 75 to 125 
J / L  a nearly linear dependence of laser energy was ob- 
served, with no apparent indication of saturation or the 
occurrence of a peak in the intrinsic efficiency. 

V. SUMMARY AND DISCUSSION 
Scaling of the high current density electron beam 

pumped XeF(C -+ A) excimer laser from an active vol- 
ume of - 0.g L to one of - 0.5 L has been successfully 
demonstrated. Using an internal resonator with a magni- 
fication of 1.7, an optimized five-component gas mixture, 
and an injection intensity of -3 MW/cm2 ( -2  mJ), 

1 
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laser output energies in the range of 0.75-0.85 J were 
measured at 486.8 nm, a wavelength near the maximum 
of the XeF(C -+ A )  gain spectrum. This corresponds to 
an energy density of 1.7 J/L and an intrinsic efficiency 
of 1.3  % , compared to maximum values of 1.6 J / L  and 
1.5 % for similar average energy deposition and injection 
intensity using the 0.02 L laser system [6]. Moreover, the 
increased single-pass gain of the scaled laser permitted 
the use of external optics with only a small penalty in 
energy extraction efficiency. We believe that this is the 
first operation of a XeF(C -+ A )  laser with an external 
resonator. 

A .  Scaling 
A significant aspect in the scaling of the XeF(C -+ A )  

laser to larger active volumes was an increased level of 
competition by oscillation on the KrF(B 4 X) 248 nm 
transition. With the increased dimensions of the laser res- 
onator, the spectral properties of the reflective coatings 
became less effective in the suppression of this competi- 
tion. However, relatively minor adjustments in gas mix- 
ture composition, specifically increases in the partial 
pressure of Xe and Kr as well as an increase in the ratio 
of NF, to FZ, effectively quenched laser action at 248 nm. 
This resulted in energy extraction efficiencies at the level 
that had been demonstrated previously for the small-scale 
device. Further scaling of the laser length may require 
additional mixture adjustments to maintain the kinetic 
suppression of KrF. 

Detailed mapping of the spatial distribution of electron 
beam energy deposition through the pumped gas volume 
in the direction of electron propagation and an increased 
uniformity in energy deposition along the direction of the 
optical axis permitted accurate determination of the de- 
pendence of small-signal gain on energy deposition. The 
results of these experiments have led to a revised under- 
standing of XeF electron quenching. Electron quenching 
was formerly believed to limit efficient electron beam 
pumping of the XeF(C -+ A )  laser to deposition levels of 
- 100 J/L using a short ( - 10 ns), high current density 
excitation pulse. However, the present measurements 
(Fig. 17) indicate that the onset of saturation in the small- 
signal gain does not occur until the deposition levels reach 
-200 J/L ( -20 MW/cm3). Thus, it can be concluded 
that further increases in the specific energy density of the 
XeF(C -+ A )  laser could be obtained by increasing the 
electron pumping current densities to values even higher 
than those available in the current apparatus. This is a 
significant finding with regard to future scaling of the 
XeF(C -+ A )  laser beyond the levels we have presently 
demonstrated. 

B.  Electron Beam Excitation 
The recent reports of efficient XeF(C -+ A )  laser energy 

extraction using low power density, -250 kW/cm3 in 
-700 ns [4] and intermediate power density, - 1 
MW /cm3 in 250 ns [3] electron beam pumping demon- 
strate that efficient XeF(C -+ A )  laser oDeration is rela- 

tively insensitive to the electron beam excitation condi- 
tions. Indeed, the values of intrinsic laser efficiency and 
volumetric energy density reported for long pulse excita- 
tion are comparable to those reported here, for which the 
electron beam power density and temporal duration were 
nearly two orders of magnitude larger and smaller, re- 
spectively. Moreover, since the technology is well devel- 
oped for both high- and low-power electron beam exci- 
tation (short and long pulse durations), scaling 
considerations should not influence the excitation format 
to a significant degree. Rather, the choice between short 
pulse and long pulse XeF(C -+ A )  lasers will in most cases 
be determined by the application. The high-power pump- 
ing format presented here results in net gains which are 
large over a -50 nm bandwidth ( > 2 %  /cm) and is 
therefore ideally suited for applications that require effi- 
cient, high beam quality, narrow-band operation which is 
continuously tunable over a wide wavelength range. 
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