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We demonstrate an ultraviolet (UV) 330 nm laser from second-harmonic generation (SHG) of an all-
solid-state Nd:YLF red laser in a CsB3O5 (CBO) crystal for the first time, to our best knowledge. Under an
input power of 4.8 W at 660 nm, a maximum average output power of 330 nm laser was obtained to be
1.28 W, corresponding to a frequency conversion efficiency of about 26.7%.

& 2015 Elsevier B.V. All rights reserved.
Compact all-solid-state UV lasers have attracted much atten-
tion in recent years for their important applications in spectro-
scopy, bio-analysis, material science, medical surgery and preci-
sion manufacturing [1–7]. Most all-solid-state UV lasers are based
on frequency conversion from a corresponding infrared laser in
nonlinear optical (NLO) crystals. Up to now, as one of the most
studied UV lasers, the 355 nm light is commonly generated by
frequency tripling of a 1.06 μm Nd-doped laser in LiB3O5 (LBO)
crystal [6–9]. Because of the relatively larger effective nonlinear
coefficient, high resistance against laser-induced damage and high
transparency in the UV region, the CsB3O5 (CBO) crystal is also a
good choice for high-power UV light generation and several
excellent results have been reported, such as the 355 nm laser
from third-harmonic generation (THG) of a 1064 nm Nd:YAG laser
[10,11] and the 281 nm laser by fourth-harmonic generation (FHG)
of a 1123 nm Nd:YAG laser [12]. However, to the best of our
knowledge, there is prior no report on UV 330 nm laser from
frequency quadrupling of a 1321 nm Nd:YLF laser in CBO crystal.
ang),

idian District, Beijing, 100190,
The UV 330 nm laser centered at 30, 272.51 cm�1

(λ¼330.333 nm) with a linewidth of Δv ¼3.5 GHz is suitable to
excite the 3S1/2-4P3/2 sodium transition, which can be applied in
producing polychromatic laser guide star (PLGS) to increase the
sky coverage using adaptive optics in large telescopes [13–15].
Fig. 1 shows the sodium energy diagram and relaxation pathways
of one photon excitation at 330 nm and two-photon excitation at
589 and 569 nm. It can be seen from Fig. 1, the PLGS can be gen-
erated by a one-photon direct excitation of the 3S1/2-4P3/2 sodium
transition at 330 nm or two-photon excitation using the 589 and
569 nm lasers. The one-photon direct excitation has several
advantages over the two-photon scheme, such as no time syn-
chronization and spatial overlap, several robust solid state laser
solutions are available for selection. Especially, the one-photon
scheme is more efficient in producing a returned fluorescence flux
at 330 nm. For example, 1 W laser at 330 nm is enough to get the
same returned flux as the one which is obtained with two lasers at
589 and 569 nm of 15 W each [16]. On the other hand, Nd:YLF
crystal is a natural birefringence material and has a longer upper-
laser-level lifetime compared with the Nd:YAG and Nd:YVO4

crystals, which is suitable for generating high power output with
high beam quality, particularly for pulse mode [17,18]. Moreover, a
vacuum UV (VUV) laser with wavelength at 165 nm can be
obtained by frequency-doubling of the 330 nm laser, which is
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almost the shortest VUV laser wavelength through direct second-
harmonic generation (SHG) with KBe2BO3F2 (KBBF) crystal [19]. An
angle-resolved photoemission spectroscopy (ARPES) with thus
higher photon energy (7.52 eV) VUV 165 nm laser may be able to
reach larger momentum space and maintain bulk sensitivity [20].

In this paper, we firstly report on an all-solid-state UV laser at
330 nm by SHG of an intra-cavity frequency-doubled Nd:YLF red
laser in a CBO crystal. A maximum average output power of 1.28 W
at 330 nm was obtained with pulse width of �200 ns. The SHG
conversion efficiency was 26.7% from red to ultraviolet. The beam
quality factor M 2 was measured to be 2.5 at the maximum
output power.

NLO crystal CBO belongs to the orthorhombic system with 222
point-group symmetry. According to the Sellmeier equations [21],
the phase-matching (PM) angle of CBO for Type-I SHG from
660 nm to 330 nm can be calculated to be θ¼41.7°. The effective
NLO coefficient (deff) of the CBO crystal was expressed as follows
[10]:

def f ¼ d14 sin 2θðfor Type I; in the yz planeÞ ð1Þ

where θ is PM angle. The value of d14 coefficient was calculated to
be 1.08 pm/V [22]. The PM angle of θ¼41.7° yields a moderate deff
¼1.07 pm/V according to Eq. (1) for the SHG at 330 nm with the
walk-off angle of 21.9 mrad and acceptance angle of 1.93 mrad
� cm. Considering these parameters, the CBO crystal shows a
great potential for efficient 330 nm generation with Type-I
PM SHG.

The experimental configuration is illustrated in Fig. 2. At first,
we developed a red laser at 660 nm from intra-cavity frequency-
doubled 1321 nm Nd:YLF laser. The Q-switched red laser delivers
an average output power of 4.8 W with pulse duration of 280 ns at
a repetition rate of 2.5 kHz and the beam quality factor M 2 was
measured to be 1.9. The center wavelength and linewidth at
660 nm were measured to be 660.551 nm and 4.4 GHz with a
wavelength meter (WS-7 High finesse GmbH, 350–1120 nm),
respectively. Then, we employed lens F1 and lens F2 to optimize
the power intensity for high conversion efficiency. All the lenses in
the experiment were antireflection (AR) coated at 660 and
330 nm. The red laser beam was collimated by lens F1, and then
focused by lens F2 into a Type I PM CBO (4�4�8 mm3, θ¼41.7°)
Fig. 1. Sodium energy diagram and relaxation pathways of one photon excitation at
330 nm and two-photon excitation at 589 nmþ569 nm.

Fig. 2. Experimental setup of th
crystal with the beam diameter of �120 μm to generate the
330 nm laser. The CBO crystal was cut at PM angle and polished in
both end faces without coatings. Finally, the UV laser was sepa-
rated from the red laser beam by a quartz Brewster prism after
collimated by lens F3.

Fig. 3 shows the output power of 330 nm UV laser versus the
input power at 660 nm. As seen from Fig. 3, the UV laser output
power grows monotonically with the increasing input power and
shows no sign of saturation, which suggests that there is a
potential to obtain higher UV power by means of increasing the
power of the input laser. At an input power of 4.8 W at 660 nm
with power density of �60.7 MW/cm2, the maximum output
power of 1.28 W at 330 nm was obtained, corresponding to a fre-
quency conversion efficiency of about 26.7%. For comparison, we
also used a Type I PM LBO crystal (4 mm�4 mm�30 mm, θ¼90°,
φ¼49.7°) to replace the CBO crystal and the beam diameter in LBO
was same as used in CBO mentioned above for SHG at 330 nm.
Both the entrance and the exit surfaces of the LBO crystal were AR
coated at 660 and 330 nm. The maximum output power of the
330 nm laser was measured to be 0.74 W with a corresponding
SHG conversion efficiency of about 15.2%. Although the length of
CBO is shorter than that of LBO, the SHG efficiency and output
power with CBO are 1.76 and 1.73 times than that of LBO, which
indicates that the CBO crystal seems to be a better choice for
higher UV output power.

The spectrum of generated UV laser monitored by an optical
spectrum analyzer (AvaSpec-2048FT-SPU) at the maximum output
power was exhibited in Fig. 4. The center of the SHG wavelength
was deduced to be 330.276 nm based on the input laser wave-
length at 660.551 nm. The linewidth of radiation at 330 nm can be
estimated to be 6.2 GHz based on that at 660 nm with the fol-
lowing formulas [23]:

Δt �Δv¼ C; ð2Þ

ΔtS ¼
ffiffiffiffiffiffiffiffiffiffiffi
λS=λI

q
ΔtI ; ð3Þ
e UV 330 nm Nd:YLF laser.

Fig. 3. Output power of 330 nm laser as a function of the input power at 660 nm.



Fig. 4. Measured Spectrum of the UV 330 nm laser.

Fig. 5. A typical temporal profile of a single pulse at 330 nm.

Fig. 6. M2 measurements of UV 330 nm laser under the highest output power.
Inset: far-field 2D beam profile.
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where, Δt is the pulse width, Δv is the linewidth, and C is a
constant, ΔtS and ΔtI are the pulse width of the second-harmonic
(SH) and input lights, λS and λI are the wavelength of the SH and
input pulses, respectively. As the Nd:YLF gain spectra around
1321 nm is broad enough to include wavelength of interest
[16,24,25], the center wavelength of 330 nm laser can be tuned
from 330.276 nm to 330.333 nm and the linewidth of the laser can
be narrowed by inserting a dispersion element inside the cavity,
such as an etalon [24,26]. The further work is on the way.

The pulse temporal profile was recorded by an oscilloscope
(Tektronix DPO4104, 1.5 GHz bandwidth) and a fast silicon pho-
todiode detector with the rise time of 2.3 ns. A typical oscilloscope
trace of a single pulse is presented in Fig. 5 with a pulse width of
about 200 ns at the maximum output power. The pulse energy and
peak power were 0.51 mJ and 2.6 kW, respectively.

The beam quality at 330 nm was measured by a laser beam
analyzer (Spiricon-M2 200 s) at the output power of 1.28 W. As
presented in Fig. 6, the measured beam quality factors are 2.7 in
horizontal axis and 2.3 in vertical axis, which corresponds to an
average value of M2¼2.5. The inset in Fig. 6 exhibits a far-field
two-dimensional (2D) beam intensity profile, which shows that
the laser operates in a near Gaussian mode. The beam spot became
slight ellipse, which may be caused by the walk-off effect occurred
in the CBO crystal.

In summary, we have reported the first demonstration, to the
best of our knowledge, on an UV 330 nm laser from frequency-
doubled of an all-solid-state Nd:YLF red laser in a CBO crystal. A
maximum average output power of 330 nm laser was obtained to
be 1.28 W. The conversion efficiency from 660 nm to 330 nm is up
to about 26.7%. This 330 nm laser is promising for PLGS. Mean-
while, this high power UV laser can be frequency-doubled to
165 nm light for VUV laser-based ARPES. In addition, the further
scaling of the 330 nm output power and higher conversion effi-
ciency can be expected by means of increasing the red laser power
or using a longer CBO crystal with AR coatings.
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