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Abstract-Characteristics of an injection-controlled electron-beam 
pumped XeF(C + A )  laser have been investigated with emphasis on 
eficient wide-band tuning and scaling issues. Using a quasi-CW dye 
laser as an injection source, data were obtained that describe the laser 
characteristics over a wide parameter range. A high Z electron-beam 
backscattering reflector inside the laser reaction cell improved the elec- 
tron-beam energy deposition by 40 percent, resulting in an increase of 
the amplified laser output by more than a factor of four. Eficient and 
continuous wavelength tuning between 470 and 500 nm has been 
achieved with an output energy density of - 1  J/I,  and an intrinsic 
efficiency of - 1 percent throughout the entire tuning region. 

I. INTRODUCITON 

N efficient, electrically excited high-power laser with A wide-band and continuous wavelength tuning char- 
acteristics in the visible spectral region is a desirable op- 
tical source for many diverse applications ranging from 
optical communications to laser spectroscopy. The XeF ( C 
-+ A )  excimer transition exhibits an exceptionally broad- 
band fluorescence spectrum in the blue-green, and has the 
potential to meet such laser requirements. Free-running 
stable laser oscillators operating on the XeF( C -+ A )  
transition typically exhibit a broad laser spectrum ( -20 
nm, FWHM) centered near 485 nm [ 13. Such an XeF ( C 
-+ A )  laser has also been tuned from about 450 to 510 nm 
with a spectral width on the order of a few nanometers, 
albeit with very low efficiency [2]-[4]. More recently, ef- 
ficient and narrow spectral width (0.001-0.01 nm) op- 
eration of the XeF ( C  -+ A )  laser has been achieved for 
wavelengths near 480 nm by using injection-control [5], 
[6]. In that work, the tuning was neither continuous nor 
efficient, due in part to the presence of transient absorbing 
species [7] which give rise to broadband absorption and 
to narrow line absorption corresponding to transitions in 
the rare-gas atoms. The very high saturation intensity ( > 
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lo6 W/cm2) of the XeF ( C -+ A )  transition, due primarily 
to its small stimulated emission cross section ( - 
cm2), indicated, however, that the transient absorption 
might be saturable through the use of a strong injection 
photon flux [8]. 

Our previous work [6] was hampered by a limited da- 
tabase because of the uncertainty between the timing of 
the injection laser pulse and the electron-beam pulse, each 
having a temporal duration of approximately 10 ns, a 
value less than the inherent jitter of the electron-beam 
generator ( - 50 ns). Also, in those studies, the electron- 
beam energy deposition in the laser cell was kept con- 
stant. Thus, the relationship among excitation rate, small- 
signal gain, and laser output was not completely charac- 
terized. It is important that these relationships be under- 
stood in order to realize higher output energy levels and/ 
or higher efficiency through system scaling. 

This paper describes the following new experimental 
results: 1) injection control of an XeF ( C -+ A )  laser using 
a long pulse quasi-CW injection source, 2) eficient and 
continuous tuning over a 30 nm wavelength range, 3) 
scaling of the injection-controlled XeF ( C -+ A )  laser per- 
formance with pumping power, and 4) initial geometric 
scaling of the XeF ( C  -+ A )  laser. 

The details of the experimental arrangement and related 
diagnostics are described in Section 11. In Section 111, ex- 
perimental results are presented along with a discussion 
of prospects for further improvement in XeF ( C  -+ A )  
laser performance. 

11. EXPERIMENT 

A .  Electron-Beam Excitation System and Reaction Cell 

The experimental setup used in this study is shown in 
Fig. 1 .  A Physics International Pulserad 110 electron- 
beam generator was used to transversely excite the high- 
pressure laser gas mixture through a metal foil. The elec- 
tron-beam energy was 1 MeV, and the excitation pulse 
duration was 10 ns (FWHM). In order to obtain a maxi- 
mum foil lifetime, a stainless steel wire mesh was 
mounted as an anode between the electron-beam cathode 
and the foil. The electron-beam cathode length used for 
most of the experiments was 7.6 cm. A 15.2 cm long 
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Fig. 1 .  Schematic illustration of the experimental setup, showing the un- 
stable cavity optics inside the reaction cell, the tunable injection laser, 
and the timing and data acquisition systems. OMA: optical multichannel 
analyzer, VPD: vacuum photodiode, CF: color glass filter, NDF: neutral 
density filter, BS: beam splitter, M: total reflection mirror. 

cathode was used in order to investigate the scaling of the 
laser output with increased pumping length. To vary the 
electron-beam excitation level of the laser gas mixture, 
various foil conditions and anode-cathode spacing values 
were employed. Typically, a 50 pm nickel-plated tita- 
nium foil was used. In order to reduce the electron-beam 
energy deposition, a 50 pm inconel foil was also em- 
ployed in some of the experiments. Due to the higher 
atomic number of inconel compared to titanium, the scat- 
tering angle of the electrons passing through the foil is 
increased, resulting in a reduced energy deposition. 
Therefore, a combination of foils was adopted for further 
reduction of the energy deposition. It is possible to achieve 
a 40 percent energy reduction with an inconel foil, and a 
65 percent energy reduction with a combination of both 
foils compared to the energy deposition value obtained 
using only a titanium foil. In addition, the anode-cathode 
spacing in the electron-beam diode could be changed in 
order to vary the current density available inside the laser 
cell. 

Improved electron-beam energy deposition was 
achieved by means of an electron-beam backscattering re- 
flector or so-called concentrator [9]. The concentrator was 
made of lead in order to obtain good backscattering of the 
electron beam. Its inner shape was concentric with the 
cavity optical axis surrounding the active volume as illus- 
trated in Fig. 2. To avoid chemical reactions between lead 
and fluorine, the concentrator was nickel plated. The 
thickness of the nickel plating was about 1 pm, which is 
small compared to the typical penetration depth of 1 MeV 
electrons in nickel or lead. Therefore, the backscattering 
behavior of the device is governed by the high atomic 
number of lead and not by the surface material. 

Current density values on the optical axis (2.3 cm from 
the foil) at an argon pressure of 6.5 atm were measured 
without the concentrator using a Faraday cup probe. The 
peak current density varied from - 100 to - 290 A/cm2, 
depending upon the foil material and the anode-cathode 
spacing. The energy deposition into the laser medium with 
the concentrator in place was measured on the optical axis 
using chlorostyrene film [ 101. The deposition value was 
obtained by measuring the optical density of the irradiated 
film with an He-Ne laser. The dynamic range of these 
films extends over more than two orders of magnitude. 

Ti 
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Fig. 2. Schematic representation of a transverse section of the electron- 
beam pumping region with the concentrator in place. 

The average energy deposition density over the active 
pumping length along the optical axis, estimated to be - 10 cm, ranged from - 37 to - 112 J/1, depending upon 
which electron-beam coupling foil was used. 

High-purity research grade laser gases (NF3, He-10 
percent FZ, Xe, Kr, and Ar) were used as source mate- 
rials. The typical gas composition was 8 torr NF3, 1 torr 
FZ, 8 torr Xe, 300 torr Kr, and 6.1 atm Ar, for a total 
pressure of - 6.5 atm [6], [7], [ 113. Good mixing of the 
different gas components was achieved by rapid turbulent 
flow as each high-pressure gas component was introduced 
into the reaction cell. Each fresh gas mixture could be 
used for about ten shots without significant degradation of 
the laser performance. Nickel plating of the concentrator 
and the titanium foil considerably increased the lifetime 
of the laser gas mixture, and contributed to the repro- 
ducibility of the experiments. This will be of particular 
importance in scaled versions of this laser that require gas 
flow systems. The stainless steel reaction cell and the con- 
centrator were well passivated by prolonged exposure to 
fluorine prior to any experiments. 

B. Injection-Control System 
The aforementioned timing uncertainty in earlier ex- 

periments between the injection laser pulse and firing of 
the electron beam was eliminated by replacing the 10 ns 
excimer-pumped dye laser used previously [6], with a long 
pulse (250 ns) coaxial flashlamp-pumped dye laser. A 
Phase-R dye laser system (DL- 1200VT) having a spectral 
width of -0.6 nm was used as the injection laser. Oper- 
ated with an LD490 dye, the system can deliver an output 
pulse of - 40 mJ over the 470-500 nm wavelength range, 
in a 250 ns pulse (FWHM), with a beam diameter of 2.6 
mm and beam divergence of - 1.5 mrad. The long pulse 
duration of this laser ensured good temporal overlap of 
the injection signal and electron-beam firing. A 1 m focal 
length plano-convex lens was used to reduce the injection 
beam diameter from 2.6 to 1.5 mm so that most of the 
available dye laser pulse energy entered the unstable res- 
onator located inside the reaction cell (Fig. 1). A beam 
splitter on the injection optical axis allowed observation 
of the backreflected beam from the laser cavity using a 
fast vacuum photodiode detector (Hamamatsu R1193U- 
03). Due to the low damage threshold of the optics coat- 
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ings used in the present investigation, the energy of the 
injected signal was limited to a maximum value of - 5 mJ 
( -0 .3  J/cm2). 

C. Diagnostics 
The temporal evolution of the free-running laser (with- 

out injection), the dye laser throughput, and the injection- 
controlled XeF(C -+ A )  laser output were monitored 
using a fast vacuum photodiode detector (ITT F4000(S5)). 
Neutral density filters were used to avoid saturation of the 
photodiode, and a color glass filter was used to define the 
spectral region of interest. Signals were recorded by a 
Tektronix R79 12AD transient digitizer. The time resolu- 
tion of the system was better than 2 ns. For an absolute 
energy measurement, this system was calibrated with the 
dye laser and a pyroelectric energy detector (Gentec ED- 
200). As a further check of the calibration procedure, the 
XeF ( C  -+ A )  laser output energy was sometimes directly 
measured by the pyroelectric energy detector. With this 
system, we estimate the absolute accuracy of the mea- 
sured laser energy to be _+20 percent. 

The temporally integrated, spectrally resolved laser 
output was recorded by an optical multichannel analyzer 
(OMAIII), using a Jarrell-Ash 0.25 m spectrometer with 
a spectral resolution of about 0.45 nm. The temporal re- 
lationship of the dye laser and electron-beam pulse was 
monitored by a photodiode-storage oscilloscope combi- 
nation (Fig. 1). 

D. Cavity Optics 
The optical cavity used in this study was a positive- 

branch confocal unstable, intracell resonator, consisting 
of a concave end mirror with an injection hole of 1.5 mm 
diameter and a coating having a high reflectivity in the 
blue-green region, and a convex output coupler (Fig. 1). 
The role of the cavity was to serve as a beam expanding 
telescope for a regenerative amplifier [ 5 ] ,  [12]. The mir- 
rors, having focal length off2 and -fi, respectively, were 
separated by a distance L = f2 - 5 .  The cavity lengths 
used, L = 12.5 cm and L = 18 cm, correspond to elec- 
tron-beam cathode lengths of 7.6 and 15.2 cm, respec- 
tively. The magnification of the unstable resonator is 
given by M = f2/fi. Various cavities were examined with 
magnifications of 1.05, 1.08, 1.15, and 1.23 for the 12.5 
cm long cavity. A resonator with M = 1.15 yielded op- 
timum laser output energy under conditions of high ex- 
citation and injection, and was adopted as a standard 
value. The output coupler was a meniscus lens of zero 
refraction power having a highly reflective coating spot 
on the convex side with a diameter d = 1.4 cm for L = 
12.5 cm and d = 1.5 cm for L = 18 cm. The active region 
was a cylindrical volume defined by the electron-beam 
pumping length ( - 10 cm) and a clear aperture having a 
diameter d x M ,  i.e., -0.02 1 for typical operating con- 
ditions. 

E. Gain Measurement 
The experimental arrangement for measuring the gain 

was similar to that shown in Fig. 1. However, in this case, 
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Fig. 3.  Temporal evolution of the transmitted probe laser pulse at 478.6 
nm (a), and of the XeF( C --* A )  net gain profile (b). The mixture was 
comprised of 8 torr NF,, 1 torr F,, 8 torr Xe, 300 torr Kr,  and 6.1 atm 
Ar, and the average energy deposition of the electron beam for this con- 
dition was 95 J / l .  The dashed line in Fig. 3(a) refers to the transmitted 
probe laser when the electron beam is not fired. 

the dye laser was used as a probe laser. The laser intensity 
was attenuated appropriately for small-signal gain mea- 
surement, and then increased in order to investigate gain 
saturation, while 1 m focal length lens in Fig. 1 was taken 
out to avoid early gain saturation. The probe beam di- 
ameter at the cell was 4 mm. For these experiments, the 
concave end mirror was removed and the output coupler 
was replaced with a flat total reflector creating a double 
path for the probe beam through the cell. The temporal 
profile of the backreflected probe laser was monitored 
using the fast vacuum photodiode. 

During the dye laser pulse duration (250 ns, FWHM), 
gain occurs only when the electron beam is fired. Fig. 
3(a) shows a typical temporal profile on the transmitted 
probe laser pulse measured with this arrangement, indi- 
cating a superposition of a portion of the total dye laser 
pulse and the laser absorptiodgain characteristic. In order 
to interpret this profile, the temporal pulse shape of the 
dye laser has to be determined as shown by the dashed 
line in Fig. 3(a). By taking the logarithm of the ratio of 
the laser pulse with and without gain at various times, and 
dividing by twice the electron-beam pumping length, the 
temporal gain profile was obtained as shown in Fig. 3(b). 
Due to the uncertainty of the dashed line fitting in Fig. 
3(a), the value of Fig. 3(b) has an uncertainty of - k0.2  
percent/cm. Although there is a slight uncertainty in the 
determination of the temporal pulse shape of the dye laser, 
this method permits flexible gain measurements at any 
wavelength of interest and at any intensity level. 
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111. EXPERIMENTAL RESULTS AND DISCUSSION 

A. Electron-Beam Energy Deposition and Its Efect 
In order to study the effect of the concentrator on elec- 

tron-beam energy deposition, several parameters were in- 
vestigated. The energy deposited into the laser gas mix- 
ture was determined with and without the concentrator. 
Laser gain and injection-controlled laser output measure- 
ments were also performed with and without the concen- 
trator in place. Fig. 4 shows the electron-beam energy 
deposition measured using overlapping 7.0 X 1.6 cm 
chlorostyrene film strips [ 101. Electron-beam energy dep- 
osition in the cell was measured on the optical axis for an 
argon pressure of 6.5 atm. This figure shows that the elec- 
tron-beam deposition profile is not uniform along the op- 
tical axis, but strongly peaks at the center of the cell. Due 
to this inhomogeneity, the electron-beam energy deposi- 
tion in the optical volume must be averaged. The proce- 
dure should include three-dimensional averaging, that is, 
along the cavity axis, along the vertical direction, and 
along the horizontal orientation of Fig. 2. By positioning 
the film strips at various locations in the active volume, 
it was found that the average value in the vertical plane 
including the optical axis represents the average energy 
deposition over the total volume. Thus, average energy 
deposition was determined in this manner. 

The average length along the optical axis is taken to be 
10 cm, which is the effective aperture length defined by 
the spacing between the cavity mirror holders. Conse- 
quently, the gain characteristic shown in Fig. 3 is the spa- 
tially averaged profile over the inhomogeneous pumping 
length. We estimate that the absolute gain coefficient may 
have a relative error of - 20 percent due to the uncertainty 
of this averaging procedure. Since the gain is a nonlinear 
function of the pumping energy, the gain spatial distri- 
bution will be different from that shown in Fig. 4. Indeed, 
both experiments and modeling show that, for our con- 
ditions, the gain saturates for pumping densities over 100 
J/1. With the concentrator in position, the energy depo- 
sition in the center of the cell exceeds lOO.J/l (Fig. 4). 
Thus, the spatial inhomogeneity of the gain profile is ex- 
pected to be significantly less than that exhibited by the 
electron-beam pumping profile. For the specific condi- 
tions of Fig. 4, the average energy deposition densities 
over the 10 cm pumping length with and without the con- 
centrator were 95 and 68 J/1, respectively. 

I) Gain: The effect of  the concentrator on the peak 
gain (Fig. 3) is shown in Fig. 5 as a function of the power 
density of the probe laser. Gain was measured on the op- 
tical axis at a wavelength of 478.6 nm for which the gain 
is close to its maximum value [6]. The error bar shown in 
the figure refers to shot-to-shot variations. At low injected 
powers, the peak gain coefficient is about 3.0 and 3.4 per- 
cent/cm without and with the concentrator, respectively, 
decreasing to values of about 2.6 and 3.0 percent/cm at 
higher injection powers. These data show an increase in 
peak gain of only - 15 percent, corresponding to an in- 
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Fig. 4. Electron-beam energy deposition spatial profiles on the optical axis 
(2.3 cm from the foil) with and without the concentrator for an argon 
pressure of 6.5 atm. The electron-beam cathode length was 7 .6  cm, and 
the coupling foil was 50 pm titanium. For this condition, the average 
energy deposition density was 68 and 95 J/1, without and with the con- 
centrator. 
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Fig. 5. Comparison of peak gain with and without the concentrator at a 
wavelength of 478.6 nm for a mixture comprised of 8 torr NF3, 1 torr 
Fz, 8 torr Xe, 300 torr Kr, and 6.1 atm Ar. The solid line refers to the 
peak gain with the concentrator in place, corresponding to average en- 
ergy deposition of 95 J/1, while the dashed line corresponds to 68 J/I 
(no concentrator). 

crease in average energy deposition from 68 to 95 J/1, 
i.e., -40 percent. This is a reflection of the onset of the 
gain saturation as the energy deposition of our 10 ns pulse 
approaches - 100 J/1. Kinetic modeling indicates that this 
effect is due primarily to electron quenching of XeF(B, 
C), which becomes more important as the electron-beam 
pumping density, and therefore the electron density, in- 
creases. 

2) Laser Output Energy: Fig. 6 shows the output en- 
ergy of the injection-controlled XeF (C + A )  laser as a 
function of the injection power. Injection input was de- 
fined by the power density at the 1.5 mm diameter hole 
of the concave cavity mirror. Also shown for comparison 
is the energy injected during the - 10 ns period when gain 
is rising (Fig. 3). At a 1 MW/cm2 dye laser input level, 
the output energy increased by a factor of 4 when the con- 
centrator was used, a reflection of the higher gain (Fig. 
5). At the lower injection energy, the increase was even 
greater since the medium was not saturated. Since the ef- 
fect of the concentrator was quite dramatic, resulting in a 
higher energy deposition, higher gain, and therefore larger 
XeF (C + A )  laser output energy, the concentrator was 
utilized in all of the experiments reported below. 
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Fig. 6. XeF( C -+ A )  output energy dependence on the injected dye laser 
power at 478.6 nm with the concentrator (solid line) and without the 
concentrator (dashed line) using a cavity magnification value of M = 
1.15. 

B. Pump Energy Variation 
In order to optimize the intrinsic efficiency and absolute 

output energy of the laser, the relationship between the 
pumping power density and laser output must be under- 
stood. In order to study this, the electron-beam energy 
deposition was varied, mainly by altering the composition 
of the coupling foil as described in Section 11-A. Gain and 
laser output at various injection energy levels were then 
studied as a function of pumping energy. Fig. 7 shows 
the dependence of the peak gain at 478.6 nm on electron- 
beam energy deposition for injection power densities of 
350 W/cm2 and 350 kW/cm', the latter value approxi- 
mately 10 percent of the saturation intensity. This figure 
shows the strong dependence of the peak gain on pumping 
energy, especially for the lower values of the latter. The 
peak gain tends toward saturation at the higher pumping 
level as was discussed previously. 

The dependence of laser output and intrinsic efficiency 
on the electron-beam pumping level for a dye laser power 
density of 360 kW/cm2 (64 pJ in 10 ns) is shown in Fig. 
8 .  For these conditions, the cavity magnification was 
1.15, and the injection wavelength was 478.6 nm. Fig. 8 
shows typical laser amplification characteristics. Al- 
though a high injection power density is applied, there is 
a linear relationship between pumping power and laser 
output for low pumping powers, which saturates at higher 
pumping levels due to the peak gain saturation shown in 
Fig. 7. With regard to the intrinsic efficiency plotted in 
the figure, the spatially averaged excitation level of - 90 
J/1 was found to be optimum. 

C. Geometric Scaling 
In order to consider system scaling to achieve higher 

energy output, it is also important to understand the re- 
lationship between pumped volume and laser output. For 
scaling considerations, it is of particular importance to 
determine whether the laser output scales with active 
length and what is the optimum length for an XeF( C + 

A )  amplifier. For this reason, a second pumping length 
was selected using a 15.2 cm long electron-beam cathode. 
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Fig. 7. Peak gain dependence on the electron-beam energy deposition at 
478.6 nm for injection power density of 350 W/cm' (solid line, 440 nJ 
in 10 ns) and 350 kW/cmz (dashed line, 440 WJ in 10 ns).  
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Fig. 8. Laser output and intrinsic efficiency dependence on the electron- 
beam pumping level at 478.6 nm using a cavity magnification value of 
M = 1.15. Injected laser power density is 360 kW/cm2 (64 pJ in I O  
ns). The solid line shows the output energy, while the dashed line rep- 
resents the intrinsic efficiency. 

The effective pumping length based on energy deposition 
measurements (Section 111-A) was found to be 17.5 cm, 
and the average value of the energy deposition was 37 J/1, 
which was the same as the lowest pumping level obtained 
with the 10 cm pumping length. Increased energy depo- 
sition at this longer cathode length was impossible due to 
electron-beam machine design limitations. Injection-con- 
trolled laser experiments were conducted using an M = 
1.15 cavity as a function of injection power density at 
478.6 nm wavelength. Fig. 9 depicts the comparison of 
laser output characteristics for 10 and 17.5 cm pumping 
lengths for the same pumping level. The results are plot- 
ted in terms of the output energy densities as a function 
of the injection energy level in order to make a consistent 
comparison. Absolute energy outputs are also shown on 
the right side scales of the figure. At the low injection 
energies, the output energy density is almost one order of 
magnitude larger for the 17.5 cm pumping length, reflect- 
ing the exponential dependence of the small-signal am- 
plification on length, whereas output energy density val- 
ues approach each other with increasing injection power. 
This result indicates that with increased pumping length, 
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Fig. 9. Geometric scaling effect for a same electron-beam pumping level 
of 37 J/l; the injection wavelength was 478.6 nm and the cavity mag- 
nification was 1.15. The solid line represents the laser outputs for 17.5 
cm pumping length, while the dashed line corresponds to a 10 cm pump- 
ing length. 

the output energy scales with the pumping length even for 
the saturated region. The relatively low output energy 
density value in the saturated region is simply due to the 
low electron-beam pumping level (37 J/l). 

D. Wavelength Tuning 
An investigation of wavelength tuning efficiency was 

conducted by measuring the peak gain and the laser output 
as a function of the dye laser injection intensities. The 
electron-beam cathode length and the cavity length were 
again set at 7.6 and 12.6 cm, respectively, for these 
experiments. The specific injection wavelengths were 
chosen to correspond to either the gain maxima or the ab- 
sorption valleys that are always apparent in the free-run- 
ning XeF(C -+A) laser spectrum as shown in Fig. 10. 
The shape of the free-running laser spectrum is governed 
by the coating bandwidth of the cavity mirrors used in this 
investigation (470-500 nm), by wide-band absorption due 
primarily to photoionization of excited Xe atoms [ 11, and 
by discrete narrow-band absorption which is due mainly 
to phototransitions of Xe, Ar, and Kr excited atoms [l], 
[13]. Because of the bandwidth limitation of the cavity 
optics coatings, the tuning range of the injection dye laser 
was restricted to wavelengths between 470 and 500 nm, 
a region where the gain is relatively insensitive to wave- 
length [6], except for specific wavelengths at which dis- 
crete absorption occurs. 

I) Gain: Gain measurements were performed at two 
maxima and two valley wavelengths as a function of the 
probe beam intensity as shown in Fig. 11. The spatially 
averaged electron-beam pumping density was 95 J/1. 
Wavelengths of 478.6 and 486.8 nm correspond to the 
gain maxima positions, whereas those of 481.2 and 483.5 
nm are valley positions (Fig. 10). Fig. 1 1  shows that with 
increasing injection power, the gain at the wavelength 
maximum locations decreases, whereas in the valley po- 
sitions , the gain actually increases. As previously dis- 
cussed, the measured gain is an average over a very in- 
homogeneous pumping power distribution (Fig. 4); 
therefore, these data have primarily qualitative signifi- 
cance. The decrease of the gain at 478.6 and 486.8 nm as 

3 

Fig. 10. Free-running XeF( C -P A )  laser spectrum. Specific wavelengths 
for the tuning experiments are indicated. 
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Fig. 1 1 .  Peak gain dependence on injected power density of the probe laser 
beam at various discrete wavelengths (Fig. 10); the electron-beam pump- 
ing energy was 95 J/1. 

the injected power increases is most likely due to satura- 
tion of the gain over at least a portion of the gain length. 
At the 481.2 and 483.5 nm valleys where discrete absorp- 
tion dominates, the increase in gain as the injected power 
increases suggests that absorber bleaching becomes im- 
portant before the gain saturates. 

2) Laser Energy: Presented in Fig. 12 are measured 
output energy characteristics as a function of wavelength 
for injection power density values of 430 W/cm2 (76 nT 
in 10 ns) and 360 kW/cm2 (64 pJ in 10 ns). The spatially 
averaged electron-beam pumping level was 112 J/1. Each 
figure shows the superposition of the spectra of several 
separate injection-controlled laser shots. The line widths 
of the measured laser spectra were identical to those of 
the injected dye laser as previously reported [6]. Each 
spectrum shows relatively broad line width (0.75 nm). 
This is due to the convolution of the orginal dye laser line 
width ( -0.6 nm) and the spectral resolution of the mea- 
suring system ( -0.45 nm). 

When a comparatively small power of 430 W/cm2 was 
injected, the laser operated in the unsaturated region where 
the peak gain is high at gain maxima wavelength values 
and low at valley positions. Thus, the tuning data of Fig. 
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Fig. 12. Amplified XeF( C + A )  laser output for various injection laser 

wavelengths and injection power densities of (a) 430 W/cm2 (76 nJ in 
I O  ns), and (b) 360 kW/cm2 (64 FJ in 10 ns). 

12(a) exhibit characteristics qualitatively similar to those 
of the free-running spectrum. However, when a relatively 
high power was injected, 360 kW/cm2, the tuned output 
shows a very significant change as depicted in Fig. 12(b). 
At the higher injection power level, the valleys become 
very much less pronounced, i.e, the wavelength tuning 
curve becomes flatter. This is apparently due to the 
bleaching of the absorbers which is in agreement with the 
gain measurements of Fig. 1 1. In fact, for low power in- 
jection, the output energy variation over a 30 nm region 
was a factor of 10. However, only a factor of 2 variation 
was observed with higher power injection. 

For the conditions of Fig. 12(b), the minimum mea- 
sured energy output of 14 mJ at 470. l nm corresponds to 
an output energy density of 0.7 J/1, and an intrinsic effi- 
ciency of 0.6 percent, while the maximum measured en- 
ergy output of 26 mJ at 486.8 nm corresponds to 1.3 J/1 
and 1.15 percent, respectively. It should be emphasized 
that these values refer to an injection power density of 360 
kW/cm2, and are not maximum values. When 1.1 
MW/cm2 was injected at a wavelength of 486.8 nm, 
which exhibited the maximum output at 360 kW/cm2, an 
output energy of 33 mJ was obtained corresponding to an 
energy density of 1.6 J/1 and an intrinsic efficiency of 1.5 
percent. 

IV. SUMMARY 
The results of this investigation provide encouraging 

evidence that the electrically excited XeF ( C  -+A)  me- 

dium has significant potential for the development of an 
eficient optical source that is continuously tunable 
throughout most of the blue-green spectral region. In ad- 
dition, they provide the criteria for the efficient operation 
of this laser as a high-power excimer laser. Geometrical 
scaling confirms that the output energy scales with the 
pumping length. 

Although relatively efficient ( - 1 percent) tuning has 
been demonstrated for wavelengths between 470 and 500 
nm, XeF ( C + A ) amplifier performance has been limited 
in the present investigation by the combination of a rela- 
tively low damage threshold and the bandwidth of the 
cavity mirror coatings, a short active length ( - 10 cm), 
and an undesirably low value of cavity magnification ( M  
= 1.15) which was required to compensate for the short 
active length and low stimulated emission cross section. 
However, it is clear that these factors are not fundamental 
limitations. For example, the present damage threshold of 
- 0.3 J/cm2 is far below the current state of the art (few 
J/cm2) even if the cavity optics are exposed to fluorine- 
containing gas mixtures. Considering the relatively high 
gain and the absorber bleaching effect at the absorption 
valleys, significant improvement in laser performance 
throughout the entire blue-green region ( - 450-520 nm ) 
should be possible by realizing improved resonator optics 
and by scaling of the laser medium excitation volume, 
assisted by magnetic field electron-beam confinement. 
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