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Abstract

An efficient, all-solid-state laser system continuously tunable over the entire 196-204 nm spectral region was de-
monstrated. This new deep-UV source is based on a novel alexandrite laser/alexandrite-laser-pumped LiF:F3** color-
center laser (CCL) system. Tunable UV generation was realized using type I sum-frequency generation in CLBO of a
frequency tripled alexandrite laser and a tunable oscillation of LiF:F;** CCL. The maximum conversion efficiency ob-
tained at 198 nm wavelength was 23% for input pump power densities of UV (4, = 245 nm) and IR (4; = 1036 nm)
radiation of 1.5 and 3.3 MW/cm?, respectively, and 25 Hz repetition rate. © 2001 Elsevier Science B.V. All rights reserved.

PACS: 42.55.Rz; 42.65.Ky; 42.70.Mp
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High power laser sources with radiation wave-
lengths below 200 nm have attracted significant
attention for use in photochemical processes,
semiconductors and integrated circuit processing
and medicine. Such deep UV is not available to a
direct or harmonic output of a single solid-state
laser due to phase-matching constraints of appro-
priate nonlinear crystals. The only exception is
for sum-frequency mixing (SFM) in BBO crystal
of the third and fundamental harmonic radiation
(hw + h3w) of alexandrite or Ti:sapphire lasers.
However, this approach is impractical for high
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power regimes of operation due to a high BBO
absorption band edge around 200 nm. Cesium
lithium borate (CLBO) crystal is a newly deve-
loped nonlinear optical crystal from the borate
group. It is unique in many aspects, especially in
terms of high damage threshold, large phase-
matching acceptance angle and wide transparent
range. The crystal has a UV transmission cutoff
wavelength at 180 nm, which is shorter than that
of BBO. Sophisticated SFM multi-stage systems
with IR to deep-UV up-conversion in CLBO crys-
tal based on three Nd:YLF and Ti:sapphire MOPA
systems has been recently realized [1]. It is much
more promising than a BBO based system for high
output power applications, however, being very so-
phisticated (six nonlinear crystals, three pump la-
sers, one tunable laser, precise timing control with
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two pulse generators for temporal pulse overlap) it
is hardly manageable in commercial settings.

In our paper we describe an efficient room
temperature, all-solid-state laser system that is con-
tinuously tunable over the entire 196-204 nm spec-
tral region. This new deep-UV source is based on a
novel alexandrite laser/alexandrite-laser-pumped
LiF:F;** color-center laser (CCL) system. F5 CC
consists of an electron trapped by two adjacent
anion vacancies. In recent studies of LiF:F,* CCL
[2-4], it was shown that the LiF: F}** laser exhibits
excellent photo and thermostable operation at
room temperature when pumped by an alexandrite
laser and can provide efficient high power lasing
tunable in 800-1200 nm spectral range. The alex-
andrite-laser-pumped LiF: F;* laser exploits the
best features of both the high gain, “dye-like”
CCL and the high energy storage alexandrite laser.
Due to a high gain and short CCL built-up time
the system exhibits virtually no temporal delay
between pump and output pulses for the entire
range of CCL tunability [3,4]. These results al-
lowed us to build a reliable LiF:Fi**-alexandrite
laser source for a number of efficient nonlinear
processes, including harmonic, sum-frequency, and
difference-frequency generation.

Tunable UV radiation was achieved by sum-
frequency generation of the third harmonic of the
alexandrite laser and the fundamental harmonic
of LiF:F;** CCL in a CLBO nonlinear crystal. A
schematic diagram of the deep-UV SFG setup is
depicted in Fig. 1. The alexandrite laser is a basic
source of optical radiation and served simulta-
neously for CCL pumping as well as for frequency
up-conversion to 240-260 nm UV spectral range.
The alexandrite laser tunable in 720-800 nm spec-
tral range operated in a Q-switched regime with a
25 Hz repetition rate, pulse duration of 60-100 ns,
and pulse energy up to 80 mJ. For optimal four
level laser operation the alexandrite rod was he-
ated to 80 °C, however, in some experiments to
improve the alexandrite-laser output at the short-
wavelength operation (around 720 nm) the tem-
perature of the rod was decreased to 50 °C.

The alexandrite-laser output radiation was
partially reflected by a beamsplitter (R = 55%) for
LiF:F;** CCL pumping. The rest of the radiation
was used for third harmonic generation. A type |
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Fig. 1. Optical setup for SFG of deep-UV radiation.

(ooe) interaction in 10 mm length BBO crystals
was utilized for generation of second (iw + hw =
h2w) and third harmonics (Fw + A2w = hA3w) of
the alexandrite laser. The polarization rotator
(PR2) positioned after frequency doubler served to
compensate the difference between polarizations
of the first and second harmonic radiations. The
polarization rotator (PR1) ensured coincidence of
polarizations of LiF:F;** CCL and SHG. The
tunable LiF:F;* CCL (800-1200 nm) operated in
a Littrow configuration [4]. It is based on an in-
put dichroic mirror and diffraction grating (1200
grooves/mm) with diffraction efficiency of R =
50%. A zero order of diffraction served for output.
An unfocused pumping beam was introduced into
4 cm long LiF crystal through the input mir-
ror. The LiF crystal doped with LiOH impurities
was grown by the Kyropulos technique. To create
LiF:F;** active element, LiF crystals were y-irra-
diated with a dose of 5 x 107 rad using a °Co
source. The total tuning curve of the LiF:F;** laser
with optimum input mirrors under alexandrite-
laser pumping is shown in Fig. 2 [4]. As one can see
the tunable oscillation of LiF:F;* laser extends
from 800 to 1210 nm with maximum efficiency of
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Fig. 2. Tuning curve LiF:F;** laser under alexandrite-laser
pumping (4, = 740 nm) at room temperature.

17%. It is important to note that the temporal
overlap of the pump and tunable radiations was
smaller than the pump pulse duration and, hence,
it does not require any additional time delay lines.
The UV and NIR beams compressed to 1 mm
in diameter were directed by the beam combiner
to CLBO crystal where SFG occurred. The type I
SFG process was realized in 10 mm long CLBO
uncoated crystal cut for 90° noncritical phase
matching (6 = 90°, ¢ = 45°).

According to the early publications of Sellme-
ier’s equation, CLBO crystal should have phase
matching for SFG of 1064 nm and UV radiations
around 237 nm with generation wavelength down
to the crystal transmission edge at 180 nm [5,6].
However, new data on Sellmeier’s equations [7]
limits the shortest wavelength of SFG to 195
nm when 1064 nm pumping is used. In our study
we performed experiments on measuring minimum
wavelengths of LiF:F;* CCL oscillation that
correspond to 90° type I SFG noncritical phase
matching in CLBO for different wavelengths of
UV radiations of the third harmonic of alexandrite
laser. Fig. 3 shows a variation of SFG wavelength
for three UV wavelengths of 245 nm (THG of 7, =
735 nm), 243 nm (THG of J, = 729 nm), and
240.9 nm (THG of ., = 722.8 nm). The 90° phase
matching was realized for CCL wavelengths of

02 Frr 7T T T T T T T T

200
5 A,=1036 nm
198 | A,=1046 nm b

196 |

A, nm

A,=1060 nm

194 -
F— -
192 -
190 L l | I B
230 235 240 245 250

Ay, N

Fig. 3. Theoretically calculated (solid lines) and experimentally
realized (filled triangles) CLBO 90° phase-matching depen-
dences of SFG wavelengths (/;) versus pump wavelengths (/,).

A1 = 1036, 1046, and 1060 nm, which corresponded
to SFG, generated wavelengths of 198.1, 197.2,
and 196.3 nm, respectively. The solid curve pre-
sents the theoretical results based on Sellmeier’s
equations refined in Ref. [7]. As one can see, there
is a good agreement between the theoretical and
experimental data. According to Sellmeier’s equa-
tions [7], the shortest IR wavelength required for
193 nm generation is 1.1 pm. UV radiation that
suits to this interaction should be less than 234 nm.

The deep-UV tuning curve of SFG is depicted
in Fig. 4. The maximum SFG conversion efficiency
at A3 = 198.7 nm was ~20-23% with respect to
UV peak power of the third harmonic of the al-
exandrite laser. The short-wavelength part of the
tuning curve represents SFM in a 90° noncriti-
cally phase matched CLBO crystal. The drop of
the alexandrite-laser output energy at the wave-
lengths shorter than 730 nm results in low peak pow-
ers of the interacting UV and IR radiations and a
corresponding decrease in the SFG efficiency at
the short-wavelength tail of the tuning curve.
The range of tunability can be further enhanced
to 193 nm for 90° noncritical phase matching in
CLBO with a reasonable efficiency, but it requires
the output wavelength of alexandrite laser to be
tuned to 701 nm (233.66! + 1110~! = 193!). The
long-wavelength part of the tuning curve is limited
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Fig. 4. Deep-UV tuning curve of alexandrite 3w (241-247
nm)—LiF:F;** (1030-1173 nm) sum-frequency generator based
on CLBO crystal.

by the tuning range of the LiF:F;** CCL. The
conversion efficiency in our experiments was de-
termined by available pump energy of alexandrite
laser. The power densities of UV (4, = 245 nm)
and IR (4; = 1036 nm) radiation were 1.5 and
3.3 MW/cm?, respectively, which is considerably
smaller than laser induced damage threshold for
CLBO (26 GW/cm?). Further 5-fold upscale of the
alexandrite pump energy and peak powers of the
interacting beams will result in a deep-UV tuna-
bility at an average power level approaching 1 W.

In conclusion we have demonstrated an all-
solid-state laser system tunable in deep-UV range
(196-204 nm) using alexandrite laser as single
pump source. Tunable UV generation was realized
using type I sum-frequency generation in CLBO of

third harmonic of alexandrite laser and tunable
oscillation of LiF:F;** CCL. In our experiments,
the spectral dependence of noncritical phase-match-
ing correlates well with the new Sellmeier’s rela-
tions [7]. The results show that CLBO can be used
for 193 nm generation when pumping wavelengths
are shorter than 237.6 nm. We have now produced
a widely tunable UV light with maximum con-
version efficiency of 23% obtained at 198 nm for
input pump power densities of UV (1, = 245 nm)
and IR (4; = 1036 nm) radiation of 1.5 and 3.3
MW/cm?, respectively, and 25 Hz repetition rate.
It appears likely that with improved operation of
alexandrite laser similar simple sources producing
watts average power can be developed.
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