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Abstract—The gain characteristics of an electron-beam
pumped XeF(C — A) excimer amplifier operating in the blue-
green spectral region were investigated for several laser pulse
lengths. Saturation energy densities of 50 and 80 mJ /cm® were
measured for injected laser pulse durations of 250 fs and ~ 100
ps, respectively. A gain bandwidth of 60 nm was observed with
~ 100 ps pulse injection. Using an optimized unstable resonator
design, the laser amplifier has produced 275 mJ pulses with a
pulse duration of 250 fs and a 2.5 times diffraction limited beam
quality, making the XeF(C — A) amplifier the first compact
laser system in the visible spectral region to reach peak powers
at the terawatt level.

INTRODUCTION

HE development of high intensity amplifiers for sub-

picosecond laser pulses has become an area of con-
siderable interest. To date, two different approaches to
high power, ultrashort pulse amplification have been re-
ported based on either excimer [1]-[7] or solid-state gain
media [8]-[12]. Excimer based amplifier systems, oper-
ating in the ultraviolet spectral region, have been used
successfully to generate output powers at the terawatt
level. However, the small saturation energy density of
~2 mJ /em? [13]-[15] for such systems requires large
amplifier apertures in order to obtain high output powers.
The small gain bandwidth of <5 nm for conventional rare
gas-halide ultraviolet excimer systems restricts amplifi-
cation of laser pulses to pulse durations longer than 80 fs.
Solid-state laser systems, on the other hand, have large
gain bandwidths in the infrared region of the spectrum and
high saturation energies but exhibit optical nonlinearities,
which limit the maximum allowable intensity in the am-
plifier. The introduction of chirped pulse amplification
schemes [8] has circumvented this problem, although the
damage threshold and availability of large recompression
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gratings still imposes design restrictions for solid-state
based high power amplifiers.

The electron-beam pumped XeF(C — A) excimer am-
plifier, an attractive alternative to the above mentioned
high power systems, has recently been demonstrated for
ultrashort laser pulse amplification [16]. The blue-green
XeF(C — A) transition is unique among conventional ex-
cimers because it is a bound-free transition with a highly
repulsive lower state, which results in a broad linewidth
and a small cross section for stimulated emission (1 -
107" cmz) [17]. The C — A transition therefore exhibits
a gain bandwidth (60 nm) and a saturation energy density
(~50 mJ /cm?) more than an order of magnitude larger
than any other excimer currently used for short pulse am-
plification. Furthermore, the small optical nonlinearities
of the gaseous gain medium permit the direct amplifica-
tion of ultrashort pulses to high output powers.

The use of the XeF(C — A) excimer transition for an
ultrashort pulse amplifier requires a comprehensive
knowledge of the gain characteristics as a function of in-
jected laser pulse duration. Extensive work on XeCl [13],
[14] and KrF [15]} excimer amplifier systems had shown
a grouping of the gain characteristics into several tem-
poral regimes. The shortest pulses that can be amplified
are given by the Fourier transform of the gain bandwidth.
For subpicosecond pulses, the molecular reorientation
time of the gain, typically of several hundred femto-
second duration, prevents the full utilization of the stored
energy for amplification [15]. This occurs because due
to molecular rotation only a portion of the gain species
can interact with the linearly polarized injection pulses.
Repumping from vibrational and rotational levels and pri-
mary repumping from a discharge or an electron-beam ex-
citation influence the amplification process on a pico-
second and nanosecond time scale, respectively. All these
effects depend strongly on the individual characteristics
of the gain medium and knowledge of their behavior over
a broad range of time durations is needed in order to ac-
curately describe the excimer system.

Although the XeF(C — A) excimer gain has been ex-
tensively investigated for nanosecond laser pulses [18],
[19], the gain characteristics in the picoseocond and fem-
tosecond regime have only been measured recently [16].
In this paper the XeF(C — A) excimer gain for pulse du-
rations between 250 fs and several hundred picosecond

0018-9197/92$03.00 © 1992 IEEE



HOFMANN et al.: XeF(C — A) EXCIMER LASER SYSTEM

pulse durations was measured, while in [16] we reported
gain measurements with 800 fs pulses. Furthermore, the
spectral gain characteristics for ~ 100 ps pulses and the
first optimized energy extraction experiments using fem-
tosecond pulses in a XeF(C — A) excimer amplifier are
described.

GAIN MEASUREMENT SETUP

The experimental arrangement for the gain measure-
ments is shown in Fig. 1. A probe beam of either 250 fs
or ~ 100 ps duration was injected into an electron-beam
pumped XeF(C — A) excimer amplifier. A detailed de-
scription of the XeF(C — A) excimer system is given
in [18). The dye laser injection beam was demagnified
by an M = 3 telescope to a diameter of 1 mm in order to
reach a sufficiently high energy density to investigate the
XeF(C — A) gain saturation behavior.

The injection laser system for the femtosecond pulses
consisted of a hybridly mode-locked dye laser, synchro-
nously pumped by the third harmonic of a CW mode-
locked Nd:YAG laser. The dye laser generated 800 fs
pulses, tunable from 470 to 510 nm, that were subse-
quently compressed to 250 fs in a fiber-prism system.
Tuning of the 250 fs dye laser system was limited to
wavelengths greater than 488 nm due to the cutoff wave-
length of the single-mode fiber employed. Amplification
of these 250 fs, 50 pJ puises in a two-stage dye amplifier,
pumped by the third harmonic of a regenerative Nd: YAG
amplifier, increased the pulse energy to 0.5 mJ [20].

For subnanosecond experiments, a simple dye laser os-
cillator was designed using a Littrow-grating, a trans-
verse-flow dye cell, and a BK7 substrate as the output
coupler. This laser and a subsequent dye amplifier stage
were pumped by the 40 ps long, third harmonic output of
the same regenerative amplifier used in the 250 fs dye
amplifier configuration. The output of the dye laser sys-
tem was ~1 mJ, and its tuning range from 450 to
530 nm, when using different dyes, covered the entire
XeF(C — A) spectrum. Measurements of these pulses with
a vacuum photodiode and a digital sampling scope gave
an upper limit for the pulse duration of 250 ps. A lower
limit of ~ 50 ps is estimated from the round trip time of
the oscillator and the pump duration of 40 ps as deter-
mined with a streak camera. Since the XeF(C — A) gain
characteristics are not expected to be very sensitive to the
pulse duration within the described boundaries, the sub-
nanosecond laser will be referred to as a ~ 100 ps source
in the remaining text.

All optical elements for the gain measurements were
made of fused silica to reduce induced absorption effects
[16], except for the 9.5 mm thick excimer chamber win-
dows, for which MgF, was chosen in order to avoid both
absorption and self-focusing effects. The input and output
energies of the amplifier were simultaneously monitored,
using vacuum photodiodes which had been calibrated rel-
ative to one other. The accuracy of the gain measurements
was limited by electrical noise from the electron-beam ex-
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Fig. 1. Experimental apparatus for the measurement of single pass gain.
The injection dye laser is either a 250 fs or a ~ 100 ps pulse duration
system. M: aluminum mirror, BS: uncoated fused silica beam splitter, L:
concave lens.

citation and by the 1 Hz pulse repetition frequency of the
amplifier, which limited extensive data averaging. All re-
ported gain values have an estimated error margin of
+10%. The energy of the amplified pulses was addition-
ally measured with a pyroelectric energy meter. For each
pulse, the output beam profile at the gas cell window was
imaged with a lens onto a CCD array and recorded.

REevVISED FRANTZ-NODVIK MODEL

The Frantz-Nodvik model [21], which is widely used
to describe the saturation behavior of short-pulse ampli-
fiers, does not include the effect of gain saturation on the
beam profile. When a beam in an amplifier approaches the
saturation energy density, the center portion of that beam,
due to its higher intensity, will experience a smaller gain
than the outer region. As the beam travels through the
amplifier, the beam profile will flatten out, resulting in an
increased beam diameter. This effect is illustrated in Fig.
2 which shows the measured beam profiles of a 250 fs
pulse both before and after being amplified in a saturating
XeF(C — A) gain medium. The two profiles have been
normalized for comparison. At the center of the input
pulse, the peak fluence was about 150 mJ /cm?. As is ob-
vious from this, the amplified pulse profile is significantly
broader and more flat-topped than the input pulse profile.
Using full width at half maximum (FWHM) as a measure
of the beam width in this situation would lead to an ap-
parent doubling of the beam area and a subsequent over-
estimation of the saturation energy. For this reason, the
saturation energy reported in [16] should be divided by a
factor of 2. Spatial beam broadening due to gain satura-
tion should be more pronounced for amplifier systems
having a large gain-length product.

In order to achieve a more accurate saturation energy
fit for the gain measurements and also to remove ambi-
guities in the definition of the beam area, a multidimen-
sional variation of the Frantz-Nodvik model was used.
The energy gain G can be calculated as [2]:

S g(NrE;(r) dr
G=———
S rE.(r) dr

where g(r) is the energy dependant gain factor, r is the
radial coordinate, and E;,(r) is the input energy density.
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Fig. 2. Spatial profile of a 250 fs injection pulse and the resulting beam
profile after amplification in a saturated gain medium. The shape of the
injected pulse is fitted to a Gaussian curve and the solid curve for the am-
plified pulse is calculated using the revised Frantz-Nodvik model.
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Fig. 3. Dependence of the beam area of a 250 fs pulse on the injected
energy flux. The onset of gain saturation is clearly noticeable from the
broadening of the amplified beam. The beam area is defined as the region
where the intensity is larger than one half of the maximum intensity. The
fitted curve was obtained by modeling the propagation of a Gaussian beam
in a saturable amplifier having a saturation energy density of 50 mJ /cm?.

When losses are neglected, g(r) can be written as [14]:

= Ea En(n\ _
= 5" <1 +exp (&) [“p < E, > ID

where exp (g,L) is the small-signal gain and E, is the
saturation energy density. The neglection of diffraction
effects by this model is justified, because at a beam di-
ameter of 1 mm and a gain length of 50 cm the propaga-
tion of the beam is entirely in the near field.

To check the validity of this approach, the change in
beam diameter as a function of injected energy density
was calculated and compared with experimental data. As
shown in Fig. 3 the calculations provided a good fit to the
measured values. The saturation energy density was the
only free parameter used in the fit and can therefore be
evaluated by monitoring the beam profile of the amplified
pulse. The main purpose of developing this model, how-
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ever, was to give a more reliable Frantz-Nodvik fit for
the dependence of output energy on input energy.

GAIN MEASUREMENTS

In order to study the spectral characteristics of the
XeF(C — A) excimer transition using short laser pulse
injection, the gain was measured in the region from 450
to 530 nm with ~ 100 ps long laser pulses. As shown in
Fig. 4, the single pass gain for ~ 100 ps, 1 mJ /cm?’ laser
pulses is characterized by a smooth spectral profile with
a FWHM of 60 nm. This is similar to the bandwidth ob-
tained with nanosecond pulse injection [22]. The signifi-
cance of a smooth spectral gain dependence becomes ap-
parent when one looks at the spectrum of the free running
XeF(C — A) excimer laser as also displayed in Fig. 4
[22]. The broadband laser spectrum exhibits several nar-
row absorption bands, primarily due to excited argon,
krypton, and xenon atoms created during the electron-
beam excitation [19]. These absorption bands limit the
gain bandwidth, and can therefore restrict amplification
of ultrashort pulses. If it is possible, however, to saturate
these absorbers, the full bandwidth of the XeF(C — A)
transition would be available for amplification. Most of
the absorbing species have a larger absorption cross sec-
tion than the XeF(C — A) transition and therefore saturate
at Jower fluxes than the gain does. This effect was dem-
onstrated with nanosecond gain measurements [19] at a
narrowband absorber wavelength, where the gain actually
increased with higher injected intensities. The smooth
gain profile in Fig. 4 therefore clearly indicates saturation
of the atomic narrowband absorbers, which makes the en-
tire XeF(C — A) bandwidth accessible for tunable nar-
rowband or ultrafast, large bandwidth amplification at
high energy densities.

Saturation of excited rare gas absorbers at high energy
densities was also predicted by a coherent interaction
model for the XeF(C — A) excimer amplifier [23]. Ac-
cording to this model, it appears possible to bleach out
even broad-band absorbers, primarily photodissociating
excited xenon atoms, due to their twice as large optical
cross section compared to the XeF(C — A) transition.

The dependence of gain on energy density was mea-
sured for both 250 fs and ~ 100 ps pulses and is shown
in Fig. 5. The measurements were performed in a single
pass through the 50 cm long active gain medium. The
probe wavelength in each case was 490 nm, representing
one of the peaks in the free running XeF(C — A) laser
spectrum shown in Fig. 4. The single pass gain for the
~100 ps pulses was measured to be 5.7 which corre-
sponds to a gain coefficient of 0.034 + 0.003 cm™'. The
saturation energy density was calculated to be 80 mJ /cm?
using the modified Frantz-Nodvik model described pre-
viously. The same model applied to the 800 fs data [16]
yielded an identical small-signal gain and saturation en-
ergy density. This implies that no significant gain re-
pumping occurred on a 1-100 ps time scale.

Measurements with the 250 fs laser probe pulses yielded
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Fig. 4. Spectral dependence of the XeF(C — A) excimer single pass gain
for injection pulses of ~ 100 ps duration. The gain length was 50 cm and
the injected energy density was 1 mJ /cm®. The spectrum of the free-run-
ning nanosecond laser (amplifier ASE spectrum) is shown for comparison.
The gain spectrum shows a smooth profile with no apparent influence of
the narrowband transient atomic absorptions observed in the laser spec-
trum.
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Fig. 5. The dependance of single pass gain of a 50 cm long XeF(C = A)
excimer amplifier on the injected energy density for 250 fs and ~ 100 ps
pulse durations at a wavelength of 490.5 nm. The Frantz-Nodvik curves
were fitted taking into account beam-broadening effects.

a saturation energy density of 50 mJ/cm?, which is in
excellent agreement with predictions of a theoretical
model [23] and also agrees well with the saturation energy
density of 40 mJ /cm?, calculated from the cross section
for stimulated emission [17]. The small-signal gain was
slightly smaller for the shorter pulse duration, although
the difference of the gain values is within the measure-
ment accuracy.

A decrease of the saturation energy density for 250 fs
pulses was expected, since the rotational reorientation
time of the XeF(C) excimer, estimated to be approxi-
mately 0.8 ps [16], allows saturation of only a portion of
the polarization distribution of the gain medium. On a
longer time scale, the orientational distribution relaxes,
leading to a partial recovery of the gain for the probed
polarization. This also explains the discrepancy between
the saturation energy densities measured for 100 ps pulse
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durations and estimated from the cross-section for stim-
ulated emission. The Frantz-Nodvik theory does not con-
sider gain repumping effects, resulting in a larger fitted
saturation energy density. Molecular reorientation be-
comes important only when the gain is partially saturated
and has no effect on the small-signal gain.

In addition to gain measurements, further investiga-
tions were performed on the effect of beam confinement
in the XeF(C — A) amplifier medium at high energy den-
sity levels. This effect was first observed for 800 fs pulses
[16]. At high energy densities the beam profile of ampli-
fied 250 fs pulses developed a narrow central spike, only
one tenth the width of the initial beam diameter and con-
taining less than 6% of the total energy. For pulses of
490.5 nm wavelength the onset of beam confinement oc-
curred at about 120 mJ /cm?, corresponding to an inten-
sity of 600 GW /cm?. The laser optics used in the system
were tested separately for this effect and did not exhibit
any beam narrowing for energy densities up to 4 J /cm’
[16], confirming that the spatial narrowing takes place in
the excimer gas.

The measured intensity threshold for beam confinement
for 250 fs pulses and the resulting beam profiles are very
similar to the results obtained with 800 fs pulses. When
using the ~ 100 ps pulse laser as an injection source, no
beam confinement was observed for energy densities as
high as 500 mJ /cm? and intensities of up to 5 GW /cm’
at a wavelength of 490 nm, indicating an intensity rather
than an energy dependence of the beam narrowing effect.

Self-focusing is a well-understood phenomenon in
solid-state laser amplifiers and a measure of the self-
focusing that occurs in a medium of length L is given by
the B-integral [24]:

27 (*
B =— S ’1211 dL
N Jo

where n,,is the intensity dependent nonlinear index of re-
fraction of the gain medium. This integral gives the num-
ber of phase shifts, accumulated in the amplifier due to
the nonlinear refractive index. An empirical value for the
B-integral of smaller than 3 is regarded necessary to avoid
self-focusing.

In the XeF(C — A) gas mixture, the primary contri-
butions to the nonlinear refractive index can be assigned
to argon and krypton, which were contained in the am-
plifier cell at partial pressures of 5.5 and 1 bar, respec-
tively. Using a nonlinear refractive index for argon of 9.1
- 107® cm? /W - atm and for krypton of 2.5 - 107"
cm’/W - atm [25] together with an intensity in the am-
plifier of 600 GW /cm?, the value for the B-integral is
calculated to be ~ 3. Therefore, the observed beam con-
finement effect in the XeF(C — A) amplifier is most likely
a result of the optical nonlinearity of the gas mixture. Self-
focusing strongly depends on the intensity, and therefore
on the saturation energy density, of the amplifier. For this
reason, in other gas laser amplifiers with smaller satura-
tion fluences, no self-focusing has been observed.
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Due to the high energy threshold for self-focusing of
approximately three times the saturation energy density,
the applicability of the XeF(C — A) excimer transition
for 250 fs pulse amplification is not expected to be com-
promised, if the peak intensity can be controlled by a
proper amplifier design. Self-focusing, rather than the sat-
uration energy density, however, is expected to become
the limiting factor for high power amplification with the
XeF(C — A) amplifier for pulse durations shorter than
90 fs.

AMPLIFIER DESIGN

The primary goal in the design of a femtosecond am-
plifier based on the XeF(C — A) excimer transition was
to achieve high energy extraction efficiency from the gain
medium. Also of consideration, however, was that this
extraction should be achieved with good beam quality to
provide optimal focusability for high intensity material
interaction studies. The XeF(C — A) excimer system used
in these experiments was capable of producing nano-
second duration output pulses of 1 J energy at a pulse
repetition frequency of 1 Hz when it was operated as an
injection-controlled laser [26]. The saturation energy den-
sity of 50 mJ /cm? reported here and an amplifier aperture
of ~12 cm® was expected to yield a comparable output
energy even for subpicosecond injection laser pulses.
Since the dye laser injection system generated output
pulses of 250 fs duration with an energy of 0.5 mJ, a 1000
to 2000 times amplification was required in order to ac-
cess the projected energy storage capability of the XeF(C
— A) amplifier. For a small-signal, single pass gain of 5,
this translated to a 4 to 5 pass amplifier configuration.

A positive-branch confocal unstable resonator, similar
to that successfully used for nanosecond injection control
of the XeF(C — A) excimer laser [22], was chosen for
the short pulse amplification experiments. By injecting the
seed pulse through a small hole centered in the coating of
the concave reflective optics, no active optical switching
such as that used in more complicated regenerative am-
plifier configurations was required. By using injection ap-
ertures a few mm in diameter, the available dye laser pulse
energy resulted in an injection fluence near the measured
saturation energy density. The spatial beam expansion, as
determined by the resonator magnification was closely
matched to the XeF(C — A) gain coefficient resulting in
an almost constant fluence of the beam throughout the am-
plification process. The constant, high fluence provides
for both optimum energy extraction efficiency and for sat-
uration of narrowband absorption along the entire ampli-
fication path.

Since the afterglow gain in the XeF(C — A) e-beam
pumped excimer medium only lasted for ~ 10 ns, it was
also desirable to minimize the optical transit time outside
of the gain region. In this respect, another advantage of
the unstable resonator was the ability to bring the mirrors
very close to the 50 cm active medium. One possible dis-
advantage of this approach is that it did not readily allow
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amplified stimulated emission (ASE)-reducing elements
to be placed between amplifier passes, an only minor con-
cern for a low gain system such as the XeF(C — A) ex-
cimer amplifier.

Initial experiments using the low magnification unsta-
ble resonator with a 1.5 mm injection aperture described
in [22] resulted in the formation of up to five output pulses
for a single injection pulse. Not only are these multiple
pulses undesirable for many potential applications, but
they also reduce the maximum available output power in
any one pulse. To obtain a detailed understanding of the
source of these pulses, a three-dimensional optical prop-
agation analysis was undertaken using a physical optics
computer code. The results of these calculations con-
firmed that diffraction effects were the primary sources of
the multiple output pulses. To achieve acceptable input
coupling to the unstable resonator, the injection hole in
the concave reflector must be overfilled. Diffraction ef-
fects on the hard edges of this hole, however, were dis-
covered to have a significant impact on the multipass
propagation through the amplifier. In general, resonators
with larger magnification and hence fewer round-trips in
the resonator are less sensitive to the development of mul-
tiple pulses. However, the magnification must be adjusted
to the size and duration of the small-signal gain and is
usually not a free parameter in the resonator design.

A good qualitative understanding of the generation of
multiple output pulses can first be gained from a simple
ray tracing analysis. In an ideal confocal resonator with a
nondiverging input beam, every two adjacent beams trav-
eling in the same direction are spatially separated [Fig.
6(a)]. Neglecting diffraction, a properly chosen output
coupler diameter insures that only the final-pass annular
beam leaves the cavity. When the input beam is diver-
gent, however, adjacent beam passes overlap [Fig. 6(b)]
and can no longer be separated by the output coupler, re-
sulting in multiple output pulses, temporally separated by
the resonator round-trip time. The ray tracing analysis
suggests that a decrease in the cavity length from the con-
focal mirror spacing results in an increased divergence of
the beams inside the resonator and thus provides better
spatial separation between adjacent beam passes [Fig.
6(c)]. Since possible remaining overlapping beam regions
resulting from a slight divergence in the input or diffrac-
tion from the injection aperture lie at the innermost part
of the output beam, this region could be masked with an
oversized output coupler with only a small reduction in
overall output aperture.

Fig. 7(a)-(c) illustrates the effect of an increasing in-
jection aperture diameter as calculated in the detailed dif-
fraction propagation analysis. For each injection hole size,
the cavity magnification was set so that a beam 4 cm in
diameter emerged from the resonator after 5 single passes.
Injection holes of 1.5, 2, and 2.5 mm in diameter there-
fore resulted in magnifications of 5.2, 4.5, and 4.0, re-
spectively. The diameter of the output coupler was ad-
justed to the size predicted to result in single pulse output
from a simple ray tracing analysis. As demonstrated, the
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Fig. 6. The ray tracing beam paths of an injected pulse in an unstable res-
onator. (a) A nondiverging beam in a confocal unstable resonator. Beams
traveling in the same direction do not overlap. (b) Same as in (a) but for a
diverging input beam. The beam paths overlap as displayed in the hatched
region and cannot be separated by the output coupler, resulting in multiple
output pulses. (c) Same as in (b) but for a cavity length shorter than con-
focal separation. The imposed divergence in the resonator separates the
beam paths, leaving only one output pulse. The hatched region represents
the beam path.

energy in the transmitted pulses leading and foilowing the
main pulse was calculated to be significantly reduced by
increasing the injection aperture from 1.5 to 2.5 mm. The
effect is partially masked by the decreasing cavity mag-
nification with increasing injection hole diameter. Even
so, this leads to the conclusion that the ideal injection hole
diameter should be as large as possible without reducing
the injection fluence to a level that the extraction effi-
ciency is significantly compromised.

As suggested from ray tracing, improved performance
should also result from a shorter than confocal mirror
spacing. When the resonator mirror spacing was short-
ened from the confocal spacing of 67 to 57 cm and the
output coupler was increased in diameter from 10 to 12.5
cm, the secondary pulses were predicted to be attenuated
further to a level of only a few percent of the main pulse
as illustrated in Fig. 7(d). Of significant consequence also
is that the shorter unstable resonator was calculated to be
much less sensitive to the dye laser injection beam diver-
gence and hence to the precise adjustment of the colli-
mating input telescope. Fig. 8 presents the diffraction cal-
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Fig. 7. A summary of the effect of resonator injection hole diameter as
computed by the diffraction propagation analysis. Each bar represents the
integrated relative energy of the 3-D beam intensity profile. For each ap-
erture size, the resonator magnification and output coupler diameter were
set such that ray tracing predicts a single output beam 4 cm in diameter
that emerges after 5 resonator passes. (a) 1.5 mm injection hole, 5.2 cavity
magnification, 7.7 mm output coupler, and a 67 cm mirror spacing. (b) 2.0
mm injection hole, 4.5 cavity magnification, a 8.9 mm output coupler, and
a 67 cm mirror spacing. (c) 2.5 mm injection hole, 4.0 cavity magnifica-
tion, a 10 mm output coupler, and a 67 cm mirror spacing. (d) The single
pulse performance of the resonator described in (¢) can be improved further
by reducing the mirror separation from the confocal spacing of 67 cm to
57 cm and by increasing the output coupler diameter to 12.5 cm.

N
o

1 O 67 cm confocal resonator
10 mm output coupler

[A]
o
L

o 57 cm nonconfocal resonator
12.5 mm output coupler

Prepulse energy (% of total output)
n
o

.

T T T
0.2 0.4 0.6 0.8 1.0

[=]
o
= 4
o

Input beam divergence (mrad)

Fig. 8. The calculated sensitivity of the resonator of Fig. 7(c) and that of
Fig. 7(d) to the divergence of the injection beam. The divergence scale
represents divergence due to spherical curvature on the injection beam,
therefore a value of zero represents a flat phase front at the injection ap-
erture.

culation analysis of the relative size of the prepulse with
respect to the input divergence. The divergence scale rep-
resents divergence due to spherical curvature on the in-
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jection beam. Therefore, a value of zero represents a flat
phase front at the injection aperture.

In addition, the amplification process has a significant
influence on the absolute size of emerging pre- and post-
pulses. Prepulses will experience at least two passes less
through the gain medium and will therefore be attenuated
by a factor of approximately 30 relative to the main pulse.
However, an increase in the post-pulse energy due to ad-
ditional amplifier passes is not likely both because of the
limited gain lifetime and because of considerable gain sat-
uration by the main pulse.

For these experiments, a five pass resonator was con-
structed with a magnification M = 4 and a cavity length
15% shorter than confocal (from 67 to 57 cm). A slightly
oversized output coupler 12.5 mm in diameter was spec-
ified, which reduced the effective output area (12 cm?) by
only ~3%. Unfortunately, due to manufacturing toler-
ances, an 11 mm diameter coated spot was obtained.
However, this reduction in diameter was calculated to
have only a small effect on the observed resonator perfor-
mance. The resonator coatings were highly reflecting from
470-530 nm and had a high transmission at the competing
249 nm KrF(B — X) and 353 nm XeF(B — X) excimer
wavelengths.

ENERGY EXTRACTION

For energy extraction measurements, an optimized
unstable resonator as described above was used. The op-
tical damage threshold of the resonator mirrors for 250 fs
pulses was measured to be ~ 1 J/cm?, which is an order
of magnitude larger than the highest flux in the amplifier
cavity. The neutral density filters used to attenuate the dye
injection beam were tested prior to the gain measurements
and did not exhibit saturation at the highest injection in-
tensity. The pulse energy injected into the XeF(C — A)
amplifier for extraction studies was measured on each shot
with a calibrated photodiode and a transient digitizer. The
total output energy was measured with a pyroelectric en-
ergy meter.

The energy extraction from the XeF(C — A) excimer
amplifier was investigated with 250 fs long laser injection
pulses at a wavelength of 490.5 nm. Only one output pulse
was observed with a photodiode with 300 ps resolution.
Multiple pulses, separated by the cavity round-trip time
of 4 ns, were not detected with the available signal to
noise ratio of 20. The dependence of the output energy of
the XeF(C — A) amplifier on the injected energy is shown
in Fig. 9. A maximum output energy of 275 mJ was ob-
tained with an injection energy of 0.5 mJ. The solid line
in Fig. 9 depicts the amplifier output energy calculated by
a numerical model, based on gain lifetime [16] and gain
saturation measurements. Fig. 10 shows the same exper-
imental and calculated data as in Fig. 9, but plotted in
terms of the amplifier gain as a function of the injected
laser pulse energy. The measured saturation behavior of
the amplifier is in good agreement with predictions de-
rived from single pass gain measurements. It is apparent
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Fig. 9. The dependence of the output energy of the XeF(C — A) excimer
amplifier on the injected energy for 250 fs pulses at a wavelength of
490.5 nm. The solid line is calculated from gain saturation measurements.
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Fig. 10. Same data as Fig. 9, but plotted as a function of the XeF(C — A4)
amplifier gain versus the injected laser energy. The solid line is calculated
from gain saturation measurements.

from Fig. 10 that the amplifier is driven into moderate
saturation at maximum output, resulting in good energy
extraction efficiency. Deep saturation was avoided in or-
der to prevent temporal pulse broadening.

The highest energy achieved with amplified 250 fs
pulses was about one quarter of the maximum energy of
1 J as observed for nanosecond injection [26]. This rep-
resents a good energy extraction efficiency for a femto-
second amplifier and underlines the importance of a large
saturation energy density. The reduced energy with short-
pulse injection, as compared to the nanosecond laser, re-
sults for a number of reasons. The effective life time of
the XeF(C) excimer in a high pressure buffer gas is of the
same order as the pump duration (10 ns FWHM) and
therefore contributes to losses if the gain is not rapidly
depleted by a continuous light flux. Furthermore, the mo-
lecular reorientation time of the XeF(C) excimer prevents
the full usage of the stored energy with 250 fs long lin-
early polarized laser pulse injection. And finally, the non-
uniform near field profile of the amplifier output, as de-
scribed later, restricts the applicable average energy
density to a relatively modest level, in order to avoid deep
gain saturation at peak intensity regions.
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The pulse durations of both the injected and the ampli-
fied pulses were measured with a phase-sensitive single-
shot autocorrelator [27]. The observed pulse durations ex-
hibited shot-to-shot fluctuations caused by the sensitivity
of the fiber pulse compressor to fluctuations in the energy
output of the oscillator for the injection system [20].
However, since minimum pulse durations of 250 fs were
observed for both the injected and the amplified pulses,
no temporal broadening of the pulses due to the amplifi-
cation process was apparent. Fig. 11 shows an autocor-
relation trace of an amplified pulse of 200 mJ energy. The
trace can be fitted by a 250 fs pulse with a double sided
exponential pulse profile, which confirms generation of
output powers at the terawatt level by the XeF(C — A)
excimer amplifier.

For an estimation of the ASE level of the XeF(C — A)
amplifier, the output was measured with the injection
beam blocked. An isolated measurement of only the final
amplifier is justified, since the injection dye system has
been shown to produce less than 0.1% of ASE output [20].
The energy meter was placed at a distance of 4 m from
the amplifier and had an effective detector area closely
matched to the size of the amplified beam.

An ASE pulse of <1 mJ energy and of 20 ns duration
was observed. This corresponds to an ASE level of
<0.4% and an intensity contrast ratio of 2 - 107 between
the amplified output and the ASE. The measured ASE en-
ergy should be regarded as an upper limit, since gain sat-
uration due to an injected laser beam is likely to reduce
ASE. It is expected that spatial and spectral filtering of
the amplified beam or the use of a saturable absorber
would result in a significant increase of the contrast ratio.

The spatial beam profile after amplification was re-
corded with a CCD camera in an arrangement similar to
one used for the gain measurements. The observed beam
profile exhibited no indication of beam confinement. This
is in agreement with the relatively small peak energy den-
sity of ~50 mJ/cm? in the amplified beam as compared
to the previously observed threshold for filamentation of
~120 mJ/cm®. The beam profile showed an intensity
twice as high as the average at locations adjacent to the
electron-beam pump side. This is due to the single-sided,
transverse electron-beam excitation of the pump configu-
ration employed, which creates a gain gradient perpen-
dicular to the optical axis and results in a nonuniform am-
plified beam [18].

The divergence of the amplifier output was measured
both with and without the electron-beam excitation. The
output beams were focused by a 4 m lens and the far-field
spot size was observed by placing a CCD camera in the
focal plane of the lens [28]. The beam intensity was at-
tenuated by using the front surface reflections of three
wedged beamsplitters and by additional neutral density
filters.

Fig. 12 depicts the experimentally measured profiles of
the injection and amplified pulses indicating no measur-
able change in divergence after amplification, even given
the ~2:1 intensity gradient across the beam described

1373

o autocorrelation
- trace

— 250 fsfit

Autocorrelation intensity (arb. units)
!

Time (ps)

Fig. 11. Phase-sensitive single-shot autocorrelation trace of an amplified
pulse. The output pulse energy is 200 mJ. The fitted curve represents a
250 fs pulse of double-sided exponential shape.
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Fig. 12. Measured far field profiles of the injected ([1) and the amplified
(O) XeF(C— A) laser output as experimentally recorded at the focus of a
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of a Gaussian profile with a 1 /e? diameter of 4 cm and the dashed line is
the calculated divergence of a 4 cm annular tophat beam with an 11 mm
central obscuration. The peak height of each profile is normalized.

previously. This is consistent with the numerical simula-
tion of the far-field patterns. Also presented are the the-
oretically predicted diffraction-limited far-field profiles of
a 4 cm tophat beam with an 11 mm obscuration (our ideal
experimental profile) and of a Gaussian beam with a 1/’
diameter of 4 cm. Each profile is normalized to the same
peak height. When the 3-D profiles are integrated and
normalized to the same energy, it is found that the exper-
imentally measured peak intensity is ~40% of that pre-
dicted for the diffraction limited annulus and ~18% of
the Gaussian peak intensity. This implies that the ampli-
fied high power pulses in this study have the same focus-
ability as a Gaussian beam whose diameter is 2.4 times
smaller than that of our annular beam. It is important to
note that since the injected and amplified beam diver-
gences were equivalent, the measured beam quality is
limited by that of the injection laser and the accuracy of
the resonator optics. It therefore does not represent a fun-
damental limitation by optical aberrations that might be
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present in the gain medium and could be improved. As-
suming a 2.4 times diffraction limited beam and an output
power of 1 TW, the use of an f/ 1 parabolic reflector could
result in a laser intensity at the focal point in excess of
108 W /em?.

CONCLUSION

The spectral and energy dependance of the gain of the
XeF(C — A) excimer transition has been characterized
over a wide range of pulse durations. The spectral gain
profile was measured for ~ 100 ps injection pulses and
was found to have the same FWHM bandwidth of 60 nm
as observed in the nanosecond pulse regime. Narrowband
absorbers could be completely saturated, resulting in a
smooth gain profile necessary for ultrashort pulse ampli-
fication and wide-band tuning.

The gain characteristics of the XeF(C — A) excimer
transition were investigated for pulse durations of 250 fs
and ~100 ps and compared to previous 800 fs and
nanosecond measurements. The gain coefficient of 0.034
+ 0.003 cm™" and the saturation energy density of ~ 80
mJ /cm? were found to be virtually independent of the
pulse duration for pulses as short as 800 fs. For 250 fs
pulses the gain coefficient decreased by 10% and the sat-
uration energy density decreased to ~50 mJ /cm®.

The XeF(C — A) saturation energy density is larger by
a factor of 20 to 30 compared to that measured for con-
ventional B — X excimers [13], [15]. This allows for an
improved energy extraction for a given amplifier area and
a higher overall amplifier efficiency. In particular, the high
saturation energy density for 250 fs injection pulses per-
mits efficient direct amplification of such pulses to the
terawatt level. Furthermore, the small gain coefficient of
the XeF(C — A) excimer transition facilitates suppression
of ASE in such an amplifier.

Intensity dependant beam confinement in the XeF(C —~
A) excimer gas was observed for 250 fs pulses above an
energy density threshold of ~ 120 mJ/cm?. No confine-
ment occurred with ~ 100 ps pulses at even higher energy
densities.

An unstable resonator was designed for optimized fem-
tosecond pulse energy extraction from a XeF(C — A) ex-
cimer amplifier. This resonator was especially adapted to
the low gain medium and to the generation of a single
pulse output. Amplification of 250 fs pulses resulted in an
output energy of 275 mJ with an ASE background of less
than 0.4%. The beam quality of the amplified pulses is
close to the beam-shape-determined diffraction limit,
yielding good focusability and the potential for the gen-
eration of ultrahigh intensities.

The amplification of 250 fs pulses with ~2 nm band-
width made use of only a fraction of the XeF(C — A) gain
bandwidth of 60 nm. It is expected that pulses of much
shorter duration, such as the blue-green 10 fs pulses dem-
onstrated by Schoenlein er al. [29] or frequency-
doubled mode-locked Ti: sapphire pulses could be ampli-
fied in this excimer system, possibly further increasing
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the peak output power. In fact, modeling of the XeF(C —
A) transition suggests that both the gain and the saturation
energy density do not change significantly for injection
pulse durations as short as 50 fs [23]. Scaling of the XeF(C
-+ -A) excimer system has been demonstrated successfully
for nanosecond systems [18], and therefore the design of
electron-beam pumped, large aperture systems, as dem-
onstrated for the KrF excimer [4] should also be appli-
cable to the XeF(C — A) excimer amplifier, increasing
the performance of this system even further.
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