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Abstract

We demonstrate a 294.2 nm all-solid-state Q-switched laser, with 241.4 mW average output power,
produced by frequency doubling of a 588.4 nm laser. The 588.4 nm laser is obtained by intracavity
sum-frequency generation of a 1064 nm laser and a 1319 nm laser. By synchronizing the fundamental
lasers and adjusting the focal length of the focusing lens, average output powers of 10.2 W at 588.4 nm
and 241.4 mW at 294.2 nm with 297 ns pulse width are obtained at 6 kHz frequency. The 294.2 nm
laser beam quality M% = 1.18 and M% = 1.26 for the X and Y directions, respectively. To the best
of our knowledge, this is the highest power of all-solid-state Q-switched laser at 294.2 nm.
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1. Introduction

Ultraviolet (UV) lasers have promising applications in spectroscopy, environmental sensing, chemical
detection, and industry [1-6]. Also they have advantages with regard to lifetimes, maintenance costs,
system volume, and work efficiency. Specifically, continuous-wave (CW) 294 nm lasers have been used for
cooling and collimating gallium atoms because the wavelength is resonant with the 4p?Ps /2 = 5d%Dj /2
gallium transition [7-9]. Nanosecond-pulsed 294 nm lasers are mainly used in industrial processing be-
cause of the high peak powers and detection sensitivity; nevertheless, only few reports have been published
and the beam quality has not been discussed [10-12]. Here, a 241.4 mW, @-switched 294.2 nm laser with
a 297 ns pulse width is obtained by frequency doubling of a 588.4 nm laser with a $-BaB2O4 (BBO)
crystal. The 588.4 nm laser is obtained by sum-frequency generation of a 1064 nm and a 1319-nm fun-
damental lasers. We use a cylindrical lens to shape the 294.2 nm laser beam, and the beam quality
M%( = 1.18 and M2 = 1.26 for the X and Y directions, respectively.
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2. Experimental Setup

A schematic of @Q-switched 294.2 nm laser is shown in Fig. 1. The overall optical layout comprises a
1064 nm oscillator, a 1319 nm oscillator, a 588.4 nm laser generator, and a 294.2 nm laser generator.

The 1064 nm oscillator consists of HR-coated mirror M2, a 1064 nm acousto-optic @Q-switch (the
aperture of optical elements @3x30 mm) that provides the generation of nanosecond pulses, a high-
power diode-side-pumped laser module (LM2), beam splitter M3, fundamental lasers, AR-coated and
588.4 nm HR-coated mirror M4, and output mirror M5. The laser module (LM2) has a Nd:YAG rod
gain medium (@3x70 mm) doped with 1% Nd3*, with the end face being AR-coated at 1064 nm. The
gain rod is three-fold symmetrically side-pumped at 808 nm with three 40 W laser-diode arrays.

The 1319 nm oscillator is composed of HR-coated mirror M1, an etalon of 1319 nm laser which is
used to narrow the line width, a 1319 nm acousto-optic @Q-switch (@3x30 mm), LM1 with the same
structure as that for the 1064 nm oscillator, except different coatings, beam splitter M3, fundamental
lasers, AR-coated and 588.4 nm HR-coated mirror M4, and output mirror M5. As shown in Fig. 1, the
M3, M4, and M5 are common components of the two oscillators; thus, they make up the co-folding arm.

The polarization beam splitter M3 is used to generate p-polarized 1064-nm laser beam and s-polarized
1319 nm laser beam due to corresponding different coating of the two surfaces. The surface S1 of pola-
rization beam splitter M3 is coated with 45° p-polarized antireflection and s-polarized high-reflection at
1064 nm. The surface S2 of polarization beam splitter M3 is coated with 45° antireflection at 1064 nm,
and 45° p-polarized antireflection and s-polarized high-reflection at 1319 nm. As a result, the polarization
beam splitter M3 provides the p-polarized 1064 nm laser and the s-polarized 1319 nm laser.

The 588.4 nm intracavity sum-frequency generation system involves mirror M4, a potassium titanyl
phosphate (KTP) crystal [13], the output mirror M5, and a signal generator used to control the frequency
and delay of fundamental lasers. The M4 is AR-coated for fundamental lasers and HR-coated at 588.4 nm;
it is used to reflect the 588.4 nm sum-frequency generation of the fundamental lasers. Finally, M5 is a
588.4 nm output mirror.

The 294 nm generation system involves a half-wave plate at 588.4 nm, a focusing lens at 588.4 nm,
and a BBO crystal (@2x10 mm and the cutting angle of nonlinear crystal § = 41.7°). The half-wave
plate is used for rotating the 588.4 nm polarization direction to a horizontal orientation, and lens 1 is used
to focus the 588.4 nm laser in the BBO crystal to improve the peak-power density and the frequency-
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doubling efficiency. The BBO crystal is used because it has a large nonlinear coefficient; it is produced
from a mature-growth technology [14].

Prisms 1 and 2 are used to separate the 588.4 nm laser and 294.2 nm laser, and a cylindrical lens is
used for shaping the beam profile of the 294.2 nm laser. The 45° HR-coated mirror M6 at 294.2 nm is
used to measure the 294.2 nm power and the beam quality.

3. Experimental Results and Discussion

Because of different gains and threshold powers of the 1064 nm laser and 1319 nm laser, the timing
of the outputs is different, as shown in Fig. 2a. Hence, a pulsed electronic synchronizer was used to
synchronize the fundamental lasers. First, we measured the pulse profiles with photodetector and digital
oscilloscope, then compensated the difference time by adjusting the delay time of a signal generator,
providing in such a way the control of the repetition rate and triggering of the corresponding Q)-switches.
As shown in Fig. 2b, the pulse profiles of fundamental lasers entirely overlap with a 550 ns delay time,
and the 588.4 nm average power is up to a maximum of 10.2 W.
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Fig. 2. Pulse profiles of fundamental lasers without an electronic delay (a) and with a 550 ns electronic delay (b).
Here, the reference signal (the topmost black curve), signal at 1319 nm (the dotted gray curve), and signal at
1064 nm (the bottom solid curve).
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The 588.4 nm spectrum is shown in Fig. 3. The
average output power curves of the 294.2 nm laser
with different focal-lengths are shown in Fig. 4 a,
where F' is the focal length of Lens 1. The
frequency-doubling efficiency and the output power
increase with reduced focal lengths and increased
588.4 nm power. With 10.2 W of the 588.4 nm laser
focused into the BBO crystal with a 15 mm focal-
length lens, mean power of 241.4 mW with stan- of L , - .
dard deviation of 6 mW at 294.2 nm is obtained at 200 400 Wavelgor?gth, nme.
a 6 kHz repetition rate. The second-harmonic con-
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Fig. 3. Spectrum of the 588.4 nm laser.
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Fig. 4. Variation of 294.2 nm output power for different focal length F' of Lens 1 used for frequency doubling (a),
in time (b), the power stability (c), and the pulse profile spectrum of the 294.2 nm laser (d). Here, F' = 15 mm (H),
F =22 mm (®), and F =30 mm (A).

version efficiency is close to 2.4%, and there are three reasons for the low conversion efficiency. The first
reason is a low nonlinear coefficient of frequency doubling and small peak power density of the 588.4 nm
laser. The second reason is the fact that the BBO crystal has a large horizontal walk-off effect at the
588.4 nm frequency doubling, and this leads to decrease of the second-harmonic conversion efficiency.
Finally, the phase mismatching appears due to excessive incident angle.

As shown in Fig. 4a, we use a 15 mm focal-length lens to increase the output power because the
smaller the focal spot, the higher the peak power density we can get. But with the focal length decrease,
the incident angle increases and gets bigger than the acceptance angle in the X direction, and this fact
leads to the angle phase mismatching, providing decrease of the second harmonics conversion efficiency.
The angle phase mismatching is the main reason of the low conversion efficiency. As shown in Fig. 4b,
the average power is 241.4 mW with a standard deviation of 5.98 mW over 1 h. The pulse profile and
spectrum of the 588.4 nm laser is shown in Fig. 4 ¢ and d.
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Since the BBO crystal has a large horizontal
walk-off effect in frequency doubling, the horizon-
tal dimension of the 294.2 nm laser is much longer
than the vertical dimension. A 40 mm focal-length
cylindrical lens is used to symmetrically shape the
beam, and the beam quality of the 294.2 nm laser
after shaping is shown in Fig. 5. The beam quality
is M%( = 1.18 and M%/ = 1.26 for the X and Y
directions, respectively.

4. Conclusions

In summary, we developed an all-solid-state Q-
switched 294.2 nm laser designed through external-
cavity frequency doubling in a BBO crystal, in view
of the intracavity sum-frequency generation of a
588.4 nm laser in an KTP crystal.
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Fig. 5. The beam quality of the 294.2 nm laser. X

direction is shown by B and Y direction — by ©.

An average power of the 294.2 nm laser is 241.4 mW at 6 kHz

= 1.18 and M% = 1.26. In the future, we plan to

improve the conversion efficiency and output power of the 294.2 nm laser by optimizing the structure of

laser cavities.
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