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Abstract: We describe a new approach for the generation of coherent ultraviolet 
radiation. Continuous-wave ultraviolet light at 320 nm has been obtained by 
intracavity frequency doubling of red-emitting Praseodymium lasers. Lasing at 
the 640-nm fundamental wavelength in Pr:LiYF4 and Pr:BaY2F8 was realized by 
employing an optically pumped semiconductor laser at 480 nm as pump source. 
Using LiB3O5 as nonlinear medium, ~19 mW of ultraviolet radiation with ~9% 
optical efficiency with respect to absorbed power was reached for both laser 
crystals; the visible-to-ultraviolet conversion efficiency was 26% and 35% for 
Pr:LiYF4 and Pr:BaY2F8, respectively. 
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1. Introduction 
 

Currently, solid-state laser sources that emit in the ultraviolet (UV) spectral region use 
birefringent phase-matching or quasi phase-matching methods and a two-stage nonlinear 
frequency conversion process. The near infrared radiation of a solid-state laser is frequency- 
doubled by second harmonic generation (SHG) in the first step. Next, sum frequency 
generation (SFG) of the visible light with the residual infrared radiation is employed to obtain 
UV radiation at 355 nm [1-3] in case of Nd-lasers, or a second SHG stage is added to achieve 
UV at 266 nm [4]. Fairly good performances were obtained by operating the infrared lasers in 
pulsed mode [1, 2, 4], which granted high peak power. The low nonlinear coefficient for bulk 
nonlinear materials (a few pm/V) limits, however, the performances of continuous-wave (cw) 
UV lasers. Cw generation at 354 nm was reported recently by using quasi-phase-matching 
and cascading SHG and SFG in a periodically-poled MgO:LiNbO3 crystal [3]. Still, the 
infrared-to-UV conversion efficiency of this device was as low as ~1%, mainly because the 
nonlinear crystals were placed outside of the laser cavity and a single-pass conversion scheme 
was used. Doubly resonant sum-frequency mixing of infrared and visible radiation in external 
resonators could be used to enhance the efficiency of cw UV generation [5]; the set-up is, 
however, complicated and single-longitudinal mode operation is necessary. 
 Due to an energy level scheme that enables several transitions in the red, orange, green, or 
blue spectral region, trivalent Praseodymium (Pr) ions are of great interest for obtaining laser 
emission in the visible spectrum. Cw operation at various wavelengths between 490 nm and 
635 nm was demonstrated in Pr-doped fiber lasers since 1991 [6-8]. The excitation of the 
upper level was realized through an upconversion avalanche process, by pumping in the near 
infrared region at ~840 nm [6, 7], or directly, employing pumping sources with emission in 
the blue spectral range close to 480 nm [8, 9]. 
 First cw laser emission of Pr:LiYF4 (Pr:YLF) in the visible spectrum was demonstrated 
under pumping at ~460 nm, with an Ar-ion laser [10]. Lately, an upconversion avalanche 
pump process initiated by the 840-nm radiation of a Ti:sapphire laser was used to obtain 
efficient orange and red emission in Pr,Yb:LiYF4 [11]. A diode laser pumped Pr:YLF laser 
was first demonstrated in 2004 [12]: the cw output power at 640 nm was, however, modest     
(~2 mW) due to the limited output power of the blue GaN diode laser used for pumping. 
 In this work we report cw UV generation at 320 nm by intracavity frequency-doubling of 
Pr:YLF and Pr:BaY2F8 (Pr:BYF) lasers operating at 640 nm. The power scaling at the red 
fundamental wavelength was realized by using an optically pumped semiconductor laser 
(OPS) emitting at 480 nm as pump source. Employing LiB3O5 (LBO) nonlinear material in a 
single folded cavity, about 19 mW of UV radiation was obtained for both laser crystals, at an 
efficiency of ~9% with respect to absorbed pump power. This the first intracavity SHG 
demonstration resulting in cw UV laser radiation, to the best of our knowledge. 
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2. Experimental: Results and discussion 
 

A sketch of the Pr laser set-ups is shown in Fig. 1. The Pr:YLF crystal (0.7-at.% doping level 
and 5.7-mm length) has a high-reflectivity (HR, transmission T < 0.1%) coating for the 
640-nm lasing wavelength (λω) and a high-transmission (HT, T > 98%) coating for the 
480-nm pumping wavelength (λp) on the input side (M1); the opposite crystal’s surface was 
antireflection (AR) coated for λω. The V-type resonator, presented in Fig. 1(a), consists of M1 
and two concave mirrors M2 and M3 of 100 mm and 50 mm radius of curvature, respectively. 
The distances M1-to-M2 and M2-to-M3 were 92 mm and 146 mm, respectively. The mirror 
M2 was HR coated at λω and HT (T > 97%) at 320 nm (λ2ω). 
 An uncoated Pr:BYF crystal (0.8-at.% Pr, 3-mm thick) was also used in the experiments 
and placed in a modified V-resonator as shown in Fig. 1(b). The mirror M1 has a 50-mm 
radius of curvature and is HR coated for λω as well as HT at λp; the M1-to-M2 distance was 
140 mm and the Pr:BYF crystal was placed 45 mm apart of M1. For these experiments the 
Pr:YLF crystal was provided by Coherent Lübeck GmbH, Lübeck, Germany, whereas the 
Pr:BYF laser medium was grown at Pisa University, Italy. However, Pr:YLF laser crystals 
can be grown in our laboratory by Czochralski method, too. 

 

 
 

Fig. 1. Schematics of the (a) Pr:YLF and (b) Pr:BYF lasers pumped by a cw OPS source and 
intracavity frequency-doubled by LBO nonlinear crystals. L: lens; M1, M2, M3: mirrors. 

 

 The optical pumping was accomplished with a cw frequency-doubled OPS laser 
(Coherent Lübeck GmbH, Lübeck, Germany). The pump source provided a nearly 
diffraction-limited (M2~1) and linear polarized beam at λp = 480 nm with a maximum power 
of ~310 mW. The lens L with a focal length of 50 mm was used to focus the pump beam into 
the laser crystals to a spot-size of ~39-μm radius; ~18% of the pumping light was lost on the 
coupling optics placed between the OPS and the laser media. The pump polarization was in 
the c-direction (π polarization) for Pr:YLF and in the b-direction for Pr:BYF, such that ~84% 
of the incident blue light was absorbed in each Pr-doped medium. Operation at 640 nm was 
obtained without the nonlinear crystal in the laser cavity and by using M3 mirrors with 
various output couplers T. The ABCD formalism for Gaussian beams [13] was used to 
determine the laser beam waist in the laser crystals. These waists were 58 μm and 62 μm in 
case of Pr:YLF and Pr:BYF, respectively. 

2.1. Laser emission at the 640-nm fundamental wavelength 

Figure 2 presents the output power at 640 nm versus the absorbed power at 480 nm for the 
Pr:YLF crystal. The best performances were achieved with M3 of T = 2.0%: the threshold 
was 37 mW, the slope efficiency with respect to the absorbed power (ηsa) was 40% and 
72.4 mW of red light was measured for 217 mW of absorbed pump power. A Findlay-Clay 
analysis gave round-trip residual losses Li below 0.02 (~0.017), while the coefficient Kc that 
relates the small-signal gain to the absorbed power was ~0.50 W-1. 
 The output characteristics obtained with the Pr:BYF laser medium are shown in Fig. 3(a). 
A cw power of 51 mW at 640 nm for 205 mW absorbed pump power resulted for M3 with 
T = 0.6%; the laser threshold power and ηsa were 33 mW and 30%, respectively. The losses Li 
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were 0.01 and the coefficient Kc was evaluated to be ~0.19 W-1. One can see that the residual 
losses Li were slightly higher for Pr:YLF than those for Pr:BYF in spite of using uncoated 
Pr:BYF: it seems that the uncoated Pr:BYF end faces act as a low loss Fabry-Perot and that 
the greater length of the Pr:YLF crystal accounts for the higher losses in this material. From a 
Caird plot of the inverse slope efficiency versus inverse T of the output coupler [14] the 
limiting internal slope efficiency (η0) was evaluated as 0.53 and 0.56 for Pr:YLF and Pr:BYF, 
respectively. Taking into account the pump, laser beam spot-sizes and confocal parameters, 
the laser-to-pump beam overlap efficiency (ηm) for the Pr:YLF and Pr:BYF was deduced to 
be 0.69 and 0.72, respectively. Thus, the maximum slope efficiency that could be obtained in 
our set-up, λp/λω×ηm, is ~0.52 for Pr:YLF and ~0.54 for Pr:BYF. The agreement with η0 is 
quite good, if one considers that for the procedure only four output mirrors were used in the 
experiments. A general view of the Pr:BYF laser is shown in Fig. 3(b). 
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Fig. 2. Output power at 640 nm vs. the absorbed pump power at 480 nm of Pr:YLF at various 
output couplings T of mirror M3. 
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Fig. 3. (a) Output power at 640 nm vs. the absorbed power at 480 nm for the Pr:BYF laser and 
(b) a general view of the red emitting Pr:BYF laser. 

 

2.2. UV generation at 320 nm 

Cw UV generation at 320 nm was obtained through intracavity SHG by conventional 
birefringent phase matching. Because of a large acceptance in temperature (~9.3 K⋅cm) and of 
a moderate nonlinear coefficient (deff~0.54 pm/V), Lithium Triborate LBO was chosen as 
nonlinear medium. The LBO (provided by Ekspla Company, Lithuania) was designed for 
type I non-critical phase-matching (θ = 90o, φ = 53.5o) and operated at room temperature. 
Nonlinear LBO crystals of various lengths (3, 5, and 8 mm) were mounted in the M2-M3 arm 
of the resonator into the second beam waist. Both LBO’s surfaces were AR coated for 320 nm 
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and 640 nm. In these experiments M3 was HR (T < 0.02%) coated for λω and λ2ω. The UV 
radiation was coupled out through mirror M2 (as presented in Fig. 1). 
 Figure 4 shows the UV output power versus the absorbed pump power for the Pr:YLF 
laser. With an LBO crystal of 3 mm thickness the maximum power at 320 nm was 7.8 mW, 
whereas a 5-mm long LBO increased the UV power to 13.4 mW. The highest cw UV output 
power of 19 mW was obtained with an 8-mm long LBO nonlinear crystal: as 216 mW of 
pump power were absorbed in Pr:YLF, the optical-to-optical efficiency with respect to the 
absorbed power was ~9%. Moreover, based on results of Fig. 2(a), the conversion of the 
available fundamental power from the visible to the UV, ηV-UV (the ratio between the 
maximum UV power and the red power obtained for T = 2% output mirror at the same 
pumping level) was determined to be 26%. 
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Fig. 4. Cw UV power at 320 nm vs. the absorbed pump power for the Pr:YLF laser with LBO 
crystals of various length. Continuous lines are simulations (according to the text). 
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Fig. 5. Cw UV power at 320 nm vs. the absorbed pump power for the Pr:BYF laser. 
 

 The UV output power obtained with the Pr:BYF laser crystal is shown in Fig. 5. With the 
8-mm long LBO we measured 18.9 mW at 320 nm: the overall efficiency with respect to 
absorbed power was ~9%, almost identical with that obtained with the Pr:YLF laser, but at an 
increased ηV-UV of 36%. Cw UV radiation of 7.3 mW and 13.9 mW was obtained with the 3- 
and 5-mm thick LBO, respectively. The temperature of operation was ~23oC. A measurement 
of the power stability during 5 hours of operation resulted in peak-to-peak fluctuations of 
±3%. These variations were attributed to mechanical instabilities of the laser set-up and to 
some weak output fluctuations of the OPS pump source. The noise of the UV radiation was 
recorded with a fast photodiode and an oscilloscope: it showed chaotic fluctuations of several 
MHz with a modulation depth up to 34%, similar to the well-known “green problem” [15]. 
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 In order to evaluate the UV power (P2ω) as a function of the absorbed power at 480 nm 
(Pa) the plane-wave model introduced by Smith [16] was used. Considering that the optical 
pumping induces no thermal effect into the laser medium, the second-harmonic power can be 
written as [16, 17]: 
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with the saturation intensity Is = hνω/(σeτf) of the 640-nm transition. The parameter k is the 
effective nonlinearity of the LBO nonlinear crystal: 
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where Z0 = 377 Ω represents the vacuum impedance, � is the LBO length, n2 = 1.53 is the 

refractive index at λ2ω, ω1 and ω2 are the beam waists in the laser medium and LBO, 
respectively, and β ~ 2 is a factor that takes into account the phase mismatch between the 
fundamental and the second harmonic wave in the second pass in the nonlinear crystal. 
 For the Pr:YLF configuration, the radius of the laser beam at the LBO position was 
evaluated as 63 μm and 72 μm in the tangential and sagittal plane, respectively, resulting in 
an average beam radius of ~67 µm. For the Pr:BYF laser, this parameter was 64 µm (61 µm 
in the tangential plane and 67 µm in the sagittal plane). Previous spectroscopic measurements 
[10,12,18] concluded that the emission cross section σe is 2.62×10-19 cm2 in Pr:YLF (E⊥c, 
σ-polarization) and 2.0×10-19 cm2 for Pr:BYF (E||b emission), with the fluorescence lifetime 
τf of 33 µs and 21 µs, respectively. An evaluation of Kc and losses Li was made in Section 2.1. 
It is known, however, that the Findlay-Clay analysis is not very accurate in evaluation of the 
losses. On the other hand, intracavity frequency generation is very sensitive to resonator 
losses that directly limit the achievable internal fundamental power. Even small errors in 
determination of Li, which may be increased by the insertion of the LBO nonlinear crystal for 
the intracavity frequency-doubled laser, can give large disagreement between experimental 
and theoretical results. For these reasons, we kept Kc constant and changed Li around the 
values determined previously. Figures 4 and 5 show the theoretical modeling of the UV 
power by using the results of Eq. (1) as continuous lines: For example, a good fitting of the 
experimental results was obtained for Li ~ 0.019 in the case of Pr:YLF and Li ~ 0.016 for the 
Pr:BYF laser medium using the 8-mm long LBO crystal. 
 

3. Conclusion 

In conclusion, 19 mW of UV continuous-wave radiation at 320 nm with ~9% 
optical-to-optical efficiency with respect to absorbed power has been demonstrated by 
intracavity frequency doubling of Pr-lasers operating at the fundamental wavelength of 
640 nm. To the best of our knowledge this is the first demonstration of such a 320 nm UV 
SHG laser and the first cw UV laser radiation source obtained by a single intracavity 
frequency doubling process. We expect efficient UV generation at various wavelengths, such 
as 360 nm, 303 nm, or 261 nm, by operating the Pr-lasers on other transitions in the visible 
spectral range. The UV-lasers are simple, robust, efficient, and offer many wavelengths in the 
visible and UV spectral region. The application potential of these lasers lies for instance in 
measurement techniques (cw, short wavelengths) and fluorescence microscopy. 
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