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ABSTRACT

The development of scalable high power lasers in the UV-visible range and ultrashort high brightness laser
sources will have significant impact in a number of key technologies. Experiments of scaling the e-beam pumped
XeF(C—,A) laser system to the 1 Joule/pulse output level at a 1 Hz repetition rate are described. Recent progress in
the amplification of tunable ultrashort laser pulses in the visible spectrum, utilizing the broadband XeF(C—A)
excimer transition, is also reported.

1. SCALING CHARACTERISTICS OF THE XeF(C—A) EXCIMER LASER

Excimer lasers play an important role in many specific applications that utilize their unique characteristics such
as high average power for material processing, and high spectral purity and broad band tunability for remote
sensing, optical communication and basic physics research. There is considerable interest in the XeF(C—A)
excimer laser as an efficient, tunable source of radiation in the blue-green region of the spectrum. Using an electron
beam as an excitation source and a kinetically tailored five component gas mixture ,1 efficient operation of this laser
system has been demonstrated for short pulse 10 ns (10 MW/cm3),2 intermediate pulse 250 ns ('-4 MW/cm3), 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% cm1, permitting
efficient injection controlled operation. This results in a very effective method for wavelength tuning. Continuous
tuning between 450 and 530 nm with a linewidth as narrow as 0.001 nm and good spatial beam quality
(3 x diffraction limit) have been demonstrated. An output energy density of -l.7 JM with an intrinsic efficiency of
1.3% has been achieved for wavelengths between 470 and 510 nm.

With its gaseous active medium, the XeF(C—A) excimer laser is readily scalable to the high energy and power
required for numerous potential applications. Experiments are described here that characterize the successful scaling
of an electron beam pumped XeF(C—A) laser from an active laser volume of '—0.02 6 to one of '—0.5 with a
pumped length of 50 cm. An improved output energy of 1 .2 J/pulse in repetitive operation of up to 1 Hz, was
achieved with a large aperture square unstable resonator geometry, using a compact, halogen compatible, closed
flow loop incorporating a transverse in-line fan for gas circulation.

The electron beam generator, described in detail elsewhere,2' 8 produces a 650 keV, 90 kA pulse in 10 ns
(FWHM) with a current density of 250 A/cm2 The generator was specifically designed for this application and is
capable of repetitive operation at up to 1 Hz. The electron beam enters the laser chamber transversely through a
25 tm titanium foil anode coated with a 5 pin layer of ion vapor deposited aluminum to prevent its interaction with
the reactive fluorine in the laser gas mixtures. A 0.2 Tesla magnetic guide field provides a three-fold increase in the
electron beam current density that is delivered at the optical axis of the laser chamber.

A cross-sectional schematic of the flow system is depicted in Fig. 1 . The cross-sectional inner dimensions of
the laser cell were 5 cm in width and 6.5 cm in height. The gas was circulated by a transverse flow fan
magnetically coupled to an external induction motor. The dimensions of the flow ioop design were, to a large
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extent, constrained by the electron beam diode and the magnetic coil geometries, since both of these could not be
changed without considerable difficulty. The resulting 90 degree bend in the flow channel could form turbulent
eddies which would interrupt the exchange of gas and degrade the flow uniformity inside the laser cell even at
moderate gas flow velocity. To avoid this, four concentric guide vanes were installed in each bend to minimize
turbulence effects inside the laser chamber. Moreover, these bending contour on the top and bottom of the laser cell
also provided a gradual expansion and contraction of the flowing gas, since the flow loop must be expanded from
2.2 cm in the flow channel to 5.0 cm in the laser chamber. The outside total dimensions of the closed flow loop
were 20, 40 and 70 cm, in height, width and length, respectively. The overall gas volume of this set up was
approximately 24 which is a 6 times larger volume than that used in the previous laser cell described in
references 2 and 7.

Hibachi
Support

Fig. 1 Cross sectional schematic of the closed flow loop incorporating a transverse in-line fan.

The electron beam energy deposition into the active medium was measured by using chiorostyrene film
dosimetry. A cross-sectional contour of the deposition energy at 6.5 bar Ar is shown in Figure 2. The averaged
spatial energy density for the cross-section of the resonator volume was measured to be --1 10 JM .'' To take full
advantage of the pumped electron beam volume, a square resonator geometry with an aperture dimension of 4.6 cm
x 4.6 cm was designed for maximum laser output energy extraction.

The optical cavities investigated in these experiments were positive branch confocal unstable resonators
illustrated schematically in Fig. 3. A resonator magnification of 1 .67 was chosen for optimized performance in a
mixture consisting of 1 .3 mbar F2, 16 mbar NF3, 16 mbar Xe, and 1 bar Kr and completed to a total pressure of
6.5 bar with Ar as the buffer.7 The plano concave total reflector (radius of curvature of 3.0 m) had a highly
reflective coating (R>99.9 %) and an AR coating deposited on the concave and the flat surface, respectively. An
injection seed laser beam entered the resonator through a 1 .5 mm diameter hole in the high reflectivity coating
located at the center of this reflector on the concave surface. The output reflector consisted of a double meniscus
lens with radii of curvature m and a 2.8 cm x 2.8 cm square reflective coating centered on the convex surface
as shown in Fig. 3. These minors also had fluorine protective coatings and were mounted directly on the ends of
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during and after an electron beam pump pulse to determine the minimum optical cavity recovery time of this device.
Initial flow quality without an electron beam shot showed that the gas density variation in the active region of laser
chamber was less than the interferometer sensitivity, demonstrating excellent flow uniformity despite the 90 degree
bend in the flow loop. Moreover, it was observed that the transient turbulence induced in the laser gas was
completely removed 40 ms after the electron beam pulse. Therefore, this compact closed flow loop could achieve
stable laser output energy performance at repetition rates of up to 25 Hz.

In single laser shot operation, the timing between the electron beam and injection dye laser was carefully
adjusted to obtain optimum laser pulse energy stability. A maximum energy per pulse of I .2 J was extracted at an
injection wavelength of 486. 8 nm using the square unstable resonator geometry. Repetitive laser performance was
demonstrated in Fig. 4 which depicts the signal from a pyroelectric energy monitor for 10 shots in a I Hz sequence.
The output energy remained constant throughout the 1 Hz series at the same Output level as observed under single
shot operation, without shot-to-shot energy degradation due to thermal turbulence. Thus, both the high laser energy
output and repetitively pulsed operation were demonstrated for a scaled electron beam pumped XeF(C —A) laser
amplifier system.
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Fig. 4. XeF(C—iA) laser output energy. The Fig. 5. Wavelength tuning characteristics of the
trace depicts 10 individual shots obtained in a injection controlled XeF(C—A) laser.
1 Hz sequence. The wavelength and spectral
width are 486.8 nm and 0.005 nm, respectively.

Shown in Fig. 5 is the output energy of the XeF(C—A) injection controlled laser of wavelengths between 450
and 530 nm chosen not to coincide with known narrow band atomic absorbers. The injection dye laser had a
linewidth of 0.005 nm, and the data were normalized to an injection intensity of 2 MW/cm2. A tuning bandwidth of
.-5o nm (FWHM), centered at 490 nm, was observed for this injection intensity with a peak specific energy density
of 1 .3 J/1€ . A maximum laser output of 0.7 J was measured at 486.8 nm with an intrinsic efficiency of 1 .2 %.
Even in the wings of the gain profile, at 450 and 530 nm, an energy density of 0.2 J/ was obtained with complete
spectral control of the laser output. Also indicated in Fig. 5 are the four injection dyes used to span the XeF(C—A)
spectral region. The spectral bandwidth of the output of both the injection laser and the XeF(C—A) amplified laser
output were measured with an air spaced etalon. The spectral bandwidth of the tuned output from the XeF(C—A)
laser was found to completely preserve that of the injection dye laser for linewidth as narrow as 0.001 nm. As
illustrated in Fig. 5, the accessible spectral regions includes the wavelength of various atomic resonance filters.
These results make the XeF(C—A) laser an attractive candidate for applications requiring high-power, wavelength
tunability and spectral bandwidth control such as optical communications.
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2. ULTRASHORT LASER PULSE AMPLIFICATION
IN THE XeF(C—A) GAIN MEDIUM

An ultrashort laser pulse amplifier should have a broad and uniform bandwidth, a high capacity for energy
storage and a low level of amplified spontaneous emission (ASE). XeC1 and KrF excimer amplifiers have been
extensively studied and utilized as ultrashort laser pulse amplifiers in the ultraviolet.1°6 These systems, however,
have a limited bandwidth (< 5 nm) and large cross-section for stimulated emission that result in low saturation
thresholds (Esat l2 mJ/cm2) and high ASE levels. Other ultrashort laser pulse amplifier media such as dyes or
solid state materials are limited in performance by induced nonlinear effects at high intensities. Although this
limitation has been largely circumvented by the use of chirped pulse amti17 this technique is still restricted
by the bandwidth region over which the chirped pulse can be amplified as well as by the difficulty in scaling the
condensed media amplifiers (or compressor components such as gratings) to large apertures. Recently, we reported
an alternative approach to amplify subpicosecond laser pulses in an electron beam pumped XeF(C—A) excimer
am18 Figure 6 provides an illustrative comparison of the fluorescence spectrum of the XeF(C—A) amplifier
along with that of the free-running laser. Assuming the entire spectral bandwidth could be fully used for the
amplification, pulses of <10 fs could be amplified. Unlike the XeCI and KrF(B—X) amplifiers, the XeF(C—A)
excimer transition has a very broad bandwidth (> 70 nm), and, due to its relatively low gain, exhibits both a high
energy saturation threshold and low ASE.
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Fig. 6. Time integrated spectra of the XeF(C—A) fluorescence and laser. The absorption lines in
the free running laser spectrum are due to transient atomic species induced by the electron beam
excitation. Also the spectrum of a 10 fs sech2 pulse is compared with these spectra.

For ultrashort pulse injection experiments, a broadly tunable blue-green dye laser system in the subpicosecond
time regime was constructed, as shown in Fig. 7•19 This system consists of a hybrid synchronously pumped dye
oscillator with the output amplified in a two-stage dye amplifier. The oscillator is pumped with the third harmonic
of a cw mode-locked Nd:YAG laser, and the dye amplifiers are pumped with the third harmonic of the
regeneratively amplified Nd:YAG laser output. The new two-stage dye amplifier desig&-produced tunable 2 mJ,
850 fs laser pulses with an ASE content ofless than 0. 1 % for injection into the XeF(C—A) amplifier.

The temporal peak of the measured single pass gain of the XeF(C—M) amplifier at 478.5 fliT', subsequent to
electron beam excitation, is depicted in Figure 8. The 478.5 nm wavelength corresponds to a peak in the output of
the free-running spectrum of the XeF(C—A) laser as shown in Figure 6. The gain was measured with two
calibrated vacuum pho,todiodes and carefully calibrated beam splitters and neutral density filters. The peak small
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signal gain was 3 .5 % cm-1, which is comparable to the peak small-signal gains measured in earlier nanosecond
pulse probe experiments.7 Reduction in the gain due to polarization of the probe beam was not observed. This is
consistent with the duration of the probe pulses being on the order of the rotational reorientation time, which is
estimated to be 0.8 ps by using the 0.28 nm internuclear distance of the XeF(B) state .° In addition, as shown in
Fig. 8, the gain was greater than 3% cm-1 for more than 10 ns, allowing future multipass experiments to optimize
energy extraction from an electmn beam pumped XeF(C—A) amplifier.

Figure 9 shows a plot of the sinle pass gain as a function of the input energy density at 478.5 nm. The solid
line represents a Frantz-Nodvik curve2l corresponding to a saturation energy of 120 mi/cm2. Since the absorption
cross-section of the identified saturable absorbers is typically three to four orders of magnitude larger than the
stimulated emission cross-section of the XeF(C—A) transition, the saturable absorbers are expected to be fully
saturated at injection energies below the energy scale of Fig. 9. Therefore, we believe that the Frantz-Nodvik line
provides at least a qualitative description of the gain saturation even though the model generally does not allow for
the presence of saturable absorbers. Since the questions related to the applicability of the Frantz-Nodvik model
could be fully resolved only on the basis of a better knowledge of the saturable absorbers involved, values for the
saturation energy are necessarily ambiguous. The experiments, however, have clearly demonstrated that output
energy densities as high as 170 mi/cm2 can be achieved with the XeF(C—A) amplifier. In order to fully utilize the
broad emision band of the XeF(C—A) amplifier to amplify short pulses, the absorption valleys in the free-running
spectrum must saturate at high injection intensities, providing the same gain over the entire spectral region. Data
taken at 483.2 nm which corresponds to a valley in the output of the free-running spectrum of the XeF(C—A) laser
show a single-pass gain at an injection intensity of 25 mi/cm2 equivalent to the single-pass gain at 478.5 nm. The
ASE content of the XeF(C—A) amplifier output was less than 0.00 1%.

In an attempt to achieve higher output energy densities by double-passing the gain region, spatial beam
confinement appeared. Figure 10 depicts the evolution of the amplified beam profile, as measured with a CCD
beam imaging system, for one and two passes through the XeF(C—A) amplifier. The spike that appears in the
double-passed pulse contained 6% of the pulse energy and was 10 times narrower than the initial injection pulse.
It was found that the spatial narrowing occurred at about two times lower input energy densities when operating in a
valley of the free running XeF(C—A) laser as opposed to a peak, suggesting that the effect may be related to the
presence of saturable absorbers. In addition, the spatial narrowing appeared to occur in the gas medium rather than
in the optics of the system. The 0.5 inch thick fused silica windows were removed from the gas cell and exposed to
high energy densities from the dye amplifier to check for self focussing. At energy densities of up to 4 i/cm, no
beam narrowing was observed; however, the windows did show self-induced absorption effects at high intensities.
Since the intensity for the gain measurements was always below -200 mi/cm2 the window absorption was not
important for the measurements presented here.
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Fig. 9 Single pass gain as a function of output
energy density.

The temporal shape of the ultrashort pulses was not significantly affected during amplification. Figure 11
shows a single-shot autocorrelation of an amplified pulse at 478.5 nm with an output energy density of about
40 mJ/cm2. The autocorrelator used in this experiment was similar to the one described in reference 23. The solid
line represents a calculated fit assuming an asymmetric exponential (1 :5 rise/fall ratio) pulse shape with an 800 fs
pulse duration. Further work in compression of the probe pulse should yield pulse durations sufficiently short to
allow for measurement of the XeF rotational reorientation time and permit more detailed studies of the spectral
uniformity of the gain. 19

The saturation energy density of the XeF(C—A) amplifier represents about 50 times improvement in energy
storage over XeCI and KrF amplifiers. In addition, the bandwidth of the XeF(C—M) transition of 70 nm may be
sufficient to amplify pulses of considerably shorter duration, such as the recently reported 10 fs blue-green pulse
produced by white-light continuum filtering.
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Fig. 10 Cross-section of three laser beams at 478.5
nm: (a) injection dye laser, energy 0.75 mJ, (b)
beam after 50 cm gain length, energy 2.9 mJ, and
(c) beam after 100 cm gain length, energy 3.2 mJ.
The relative intensity of each curve was adjusted to
fit the plotting area.

Fig. 11 Single shot autocorrelation trace of an
amplified pulse at 478.5 nm. The calculated fit
assumes an asymmetric pulse shape with an
800 fs pulse duration
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Fig. 8 Temporal evolution of the XeF(C—A) gain at
478.5 nm after electron-beam excitation. The pulse
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3. SUMMARY

Scaling experiments of an injection controlled XeF(C—A) laser pumped by an intense short pulse electron
beam have been performed. Using a multi—component high pressure gas mixture comprised of F2, NF3, Xe, Kr,
and Ar, a specific laser energy output density of 1.7 J/ with an intrinsic efficiency of 1 .3 % were achieved at
486.8 nm, corresponding to an output energy of 0.8 J. Furtheimore, the short pulse electron beam excited
XeF(C—.A) excimer laser was demonstrated to be continuously tunable between 450 nm and 530 nm with an
output linewidth as narrow as 0.001 nm. Improved laser performance of 1 .2 J per pulse and, in particular,
repetitive operation of up to 1 Hz using a compact, gas flow ("5.7 mis) system has been achieved.

In addition, the broad gain bandwidth, which is significantly larger than those available from organic dyes and
UV excimer lasers, makes the XeF(C—M) system a suitable medium for the amplification of ultrashort laser pulses
to the terawatt level in the blue green. The feasibility of developing an ultrahigh brightness laser source in the
visible based on the XeF(C—A) transition has been established.
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