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Abstract: We present the first frequency-doubled neodymium-doped fiber laser generating 
multi-watt CW power near 450 nm. A bow-tie resonator incorporating a LBO nonlinear 
crystal is integrated within a Nd-doped fiber laser emitting near 900 nm. This scheme 
achieves an IR to blue conversion efficiency close to 55% without any active control of the 
internal resonant cavity. As a result, up to 7.5 W of linearly-polarized blue power is 
generated, with beam quality factors Mx

2 ~1.0 and My
2 ~1.5. A simple numerical model has 

been developed to optimize and analyse the IR to blue conversion efficiency in the resonant 
cavity. Performance limitations and prospects for further improvements are discussed. 
© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 
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1. Introduction 

High-power, high-brightness continuous-wave (CW) lasers in the blue spectral domain have a 
number of application areas including laser underwater communications [1], flow cytometry 
[2], biomedical imaging [3] and optical pumping [4, 5]. But to date there are only a few laser 
sources that can operate in the 450 nm wavelength region. Single-mode InGaN-based lasers 
are already available for direct emission near 445 nm but, so far, do not provide more than a 
few hundreds of mW. Wavelengths generation near 450 nm using a frequency-doubled Nd-
doped solid-state laser was also reported in the literature. 13.2 W at 457 nm has been 
demonstrated by intracavity frequency doubling of a Nd:YVO4 laser emitting at 914 nm [6]. 
Hence, the development of high-brightness laser sources in the visible domain mainly relies 
on the frequency doubling of solid-state lasers emitting in the near infrared (IR) spectral 
domain. For this purpose, fiber lasers have many advantages over other laser technologies, in 
particular in terms of output power, spatial beam quality and wavelength agility. While green 
and blue-green laser source based on Yb-doped fibers are now well developed and have 
shown high power emissions near 530 nm [6] and 490 nm [8], frequency doubling in the pure 
blue would require a fiber laser source emitting at wavelengths shorter than 920 nm. In this 
perspective, Nd-doped fiber (NDF) lasers can be operated on the 3-level 4F3⁄2 - 

4I9⁄2 transition 
and have recently enabled a continuous laser emission from 872 nm to 936 nm [9]. In 
addition, 27 W of output power near 925 nm has been recently demonstrated using a Nd-
doped photonic crystal fiber, which paves the way for further power scaling [10]. 
Nonetheless, no more than 300 mW of blue power has been reported so far from second-
harmonic generation (SHG) of a Nd-doped fiber laser system [11], which tends to show that 
the frequency doubling scheme needs to be specifically improved for these systems. One of 
the simplest schemes for the second harmonic generation is a direct conversion of the IR laser 
beam after a single-pass in a non-linear crystal. However, this process requires very high 
incident power to achieve a reasonable efficiency, which generally implies that the IR source 
be operated in pulsed regime (ns, ps or fs) in order to reach multi-kW peak powers. The 
frequency doubling of Yb-doped fiber lasers has, for example, permitted to generate very 
high powers near 530 nm in various pulsed regimes [7, 12]. The frequency doubling of a CW 
fiber laser is even more challenging. Efficient SHG in a single-pass generally requires both a 
high power laser (P>20W) and the use of a periodically poled crystal which has a relatively 
high non-linear coefficient [13]. However, for a conversion in the visible, especially in the 
green or blue domain, the power of the second harmonic is limited by photo-refractive 
damage, thermal effects as well as blue-light-induced infrared absorption (BLIIRA) [14]. 
Frequency doubling in an external resonant cavity is another approach which has been proven 
highly effective to achieve conversion efficiencies as high as 85% [15]. This technique, 
however, is complex as it requires a single-frequency fiber laser source and an active control 
of the external cavity length. To overcome these two constraints, another attractive approach 
consists in using a frequency-doubling resonator integrated within the cavity of the fiber laser. 
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This conversion scheme was first applied to a Yb-doped fiber laser and up to 19 W of CW 
power was demonstrated at 540 nm [16]. 

In this paper, we report the generation of multiwatt blue light near 450 nm from a 
frequency-doubled continuous-wave Nd-doped fiber laser operated on the 4F3⁄2 - 4I9⁄2 
transition near 900 nm. IR-to-blue conversion was carried out in an internal bow-tie SHG 
resonator enclosing a LBO crystal. A record power of 7.5 W at 450 nm is obtained, which 
corresponds to a conversion efficiency of 55% with respect to the power at 900 nm coupled 
into the resonant cavity. 

2. Experimental set-up 

The configuration of the experimental set-up is depicted in Fig. 1. The main cavity of the 
fiber laser is formed by two mirrors with high reflectivity at 900 nm. The gain fiber is a 10 m 
long Nd-doped double-clad silica glass fiber with a 20 μm core diameter (~0.07 NA) and a 60 
μm cladding diameter (0.45 NA). The core-to-cladding area ratio was optimized to increase 
the gain of the three-level transition and reduce spurious laser or amplified stimulated 
emission near 1060 nm [9]. Since the gain at 1060 nm is still sufficient to trigger parasitic 
lasing, both fiber end-facets are cleaved with an angle of ∼15° and 1060 nm emission is 
filtered out at each side of the laser cavity to suppress broadband feedback. The Nd-doped 
fiber laser is pumped by a 60 W fiber-coupled laser diode (100 μm core diameter, NA 0.22) 
emitting at 808 nm. As the gain fiber was not designed to maintain the polarization, a quarter-
wave plate and a Glan-Taylor polarizer are inserted in the cavity to partially compensate the 
depolarization in the fiber and align the polarization state of the beam to the vertical or 
horizontal axis of the SHG resonator. The internal resonator is a Bow-tie cavity with a LBO 
crystal enclosed at the primary beam waist between the two spherical concave mirrors M3 and 
M4. Compared to other resonator schemes, the bow-tie geometry has the advantage to be 
unidirectional and to avoid back-reflections from plane mirrors into the fiber laser. Hence, 
this resonator can be directly inserted in the linear cavity of a fiber laser and acts both as a 
longitudinal and transverse mode filter. Considering the small free spectral range (FSR) of the 
fiber laser cavity, we can assume that many longitudinal modes can be transmitted through 
the SHG resonator, as long as the finesse of this resonator is not too high. 
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Fig. 1. Schematic diagram of the blue laser using a neodymium-doped fiber and a SHG 
resonator. M1 to M2 distance is 108 mm and M3 to M4 distance is 105 mm. 

Two lenses, L1 and L2 with respective focal lengths 250 mm and 150 mm, were placed on 
each side of the bow-tie cavity to ensure optimal spatial adaptation of the fiber laser beam to 
the TEM00 mode of the cavity. The LBO crystal is cut for type-I (oo→e) critical phase 
matching at 905 nm (θ = 90°, φ = 22.5°, deff = 0.8 pm/V), has a length of 1 cm and both facets 
are anti-reflection coated near 900 nm and 450 nm (R<0.5%). Using a radius of curvature of 
100 mm for the two concave mirrors M3 and M4, the beam waist radius at 900 nm in the LBO 
crystal is estimated to ∼40 μm for the experimental cavity geometry. In addition, the angle of 
incidence on the two concave mirrors is reduced to 7° to minimize the astigmatism aberration. 
The reflection coefficient of M3 / M4 mirrors is experimentally measured equal to 99.97% at 
900 nm and 9% at 450 nm. By analyzing the beam transmitted through a concave mirror, it is 
possible to verify that the intracavity spatial mode at 900 nm is diffraction-limited (M2<1.05) 
and shows no visible astigmatism. This power leak at 900 nm is also used to evaluate the 
intracavity power during experiments. 

The fiber laser configuration including a bandpass filter at 900 nm proved to be the most 
adapted in terms of SHG conversion efficiency and self-pulsing instabilities. The filter has a 
bandwidth of 10 nm and induces a laser spectral width of ∼4 nm [Fig. 4(a)]. Against all 
expectations, it turned out that the reduction of the laser spectral width by the use of a volume 
Bragg grating mirror or a diffraction grating was detrimental to the intracavity power and 
generated temporal instabilities such as transient Q-switching. As this effect is also observed 
without non-linear crystal, we believe that these instabilities are related to a number of 
longitudinal modes that is not sufficient to ensure a temporally stable transmission though the 
resonant cavity. In the absence of active cavity stabilization, the overlap between the two 
cavity frequency combs can therefore vary, which may induce loss modulation within the 
fiber laser cavity. 

3. Theoretical analysis and resonant cavity optimization 

Prior to the experiments, the reflection coefficients R1 and R2 of plane mirrors M1 and M2 
have to be carefully determined in order to ensure both efficient frequency doubling and 
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optimal fiber laser operation. The theoretical blue power generated in the LBO crystal can be 
calculated from the intra-cavity power at 900 nm by using the classical Boyd–Kleinman 
theory [17] for the actual optical arrangement and non-linear crystal. On this basis, we 
estimated the single-pass conversion efficiency γ2ω to be 4.7 × 10−5 W−1 for a beam waist 
radius of 40 µm in the LBO crystal. For a fundamental power Pinc incident on the mirror M1, 
the intracavity power Pω is the solution of the equation: 
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where α is the intracavity linear loss. The optimization of R1 and R2 values was first 
performed with the assumptions of an incident power of 15 W at 900 nm and no intracavity 
losses (α = 0). However, it is important to note that the resonant cavity has to support a few 
percent of losses induced by SHG in the nonlinear crystal. Consequently, maximum 
intracavity power is achieved for a moderate value of cavity finesse. From these calculations, 
it appears that maximum SH power is obtained for R2 values close to 100%, whatever the 
value of R1. For example, Fig. 2(a) shows the evolution of calculated SH power with respect 
to M2 reflectivity in the case of R1 set to 96%. However, feedback for lasing is provided by 
the backward propagating IR beam reinjected into the fiber after a double-pass in the bow-tie 
cavity (see Fig. 1). As can be seen from Fig. 2(a), the calculated double-pass transmission 
decreases rapidly for values of R2 greater than 94%. In practice, this means that second-
harmonic generation has to be mitigated to avoid a strong impact on the NDF laser efficiency. 
We estimate that the minimum feedback for stable laser operation is ∼10%, which implies R2 
≤ 99%. With R2 set at 99%, Fig. 2(b) shows that maximum SH power (10 W) is reached for 
R1 = 96-97%, corresponding to a conversion efficiency of 75%. 

 

Fig. 2. Output power and transmission characteristics of a simulated SHG resonator based on 
bow-tie cavity design, (a) as a function of M2 reflectivity (R1 = 96%) and (b) as a function of 
M1 reflectivity (R2 = 99%). Incident fundamental power is 15 W, R3 = R4 = 100%, γ2ω = 4.7 × 
10−5 W−1, α = 0. 

It is also verified that the blue power generated in the reverse direction (transmitted 
through mirror M3) would be less than 0.2 W in that configuration (Fig. 2(b)), hence 
confirming that asymmetrical bow-tie cavity with R1 < R2 is well adapted to unidirectional 
SHG. As a result, M1 and M2 reflectivities of 96% and 99%, respectively, were used during 
the experiments. 

4. Experimental result 

Figure 3(a) shows the generated second-harmonic output power in the internal cavity as a 
function of the intracavity fundamental power. A maximum blue output power of 6.8 W at 
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452 nm is measured through mirror M4. Taking into account the 9% loss from mirror M4, the 
generated blue power corresponds to P2ω = 7.5 W for Pω = 354 W of intracavity fundamental 
power. Experimental frequency-doubled power shows a quadratic dependence on the 
intracavity fundamental power and, from a fitting procedure, the single-pass conversion 
efficiency in the LBO crystal is calculated to be 6 × 10−5 W−1. Hence, this value is slightly 
above the theoretical coefficient predicted on the basis of Boyd–Kleinman theory. 

 

Fig. 3. (a) Blue power generated at 452 nm as a function of fundamental intracavity power at 
904 nm (solid line) and corresponding best-fit quadratic curve (dash line), (b) Intracavity 
power at 904 nm as a function of launched pump power at 808 nm. 

By measuring the reflected power in a beam separator placed before the M1 mirror, we 
can estimate that the maximum fundamental power incident on the resonant cavity is 18 W 
[Fig. 3(b)]. The internal slope efficiency of the fiber laser is ∼50% for an incident pump 
power less than 20 W. For higher pump powers, the transmission of internal resonator 
decreases due to efficient SHG and consequently the laser slope efficiency is reduced to 
∼35%. We also observed that about 25% of the incident IR power is reflected on the mirror 
M1 whereas the theoretical reflection coefficient on the bow-tie cavity in these experimental 
conditions would be less than 1%. Thus, only 13.5 W of fundamental power can be coupled 
into the SHG resonator. As the internal resonant cavity only support a gaussian transverse 
mode, we can assume that the reflected power observed during experiments corresponds to 
the higher order modes (HOM) guided in the LMA core of the NDF. Indeed, with a V 
parameter close to 5, the amplification of up to three HOM was previously observed in a very 
similar NDF [18]. The nonlinear conversion efficiency of the SHG resonator is 55% with 
respect to the fundamental power coupled into the resonator, whereas the optical-to-optical 
efficiency is ~16%. 

The linear intracavity loss α can be estimated using Eq. (1) for an intracavity power of 354 
W and γ2ω = 6 × 10−5 W−1. Considering that only 13.5 W can be coupled into the resonant 
cavity, the linear intracavity loss is calculated to be 0.7%. Consequently, it can be calculated 
that the reduction of intracavity losses by the use of a nonlinear crystal with better anti-
reflection coatings or at Brewster incidence may improve the SH output power up to ∼10 W. 

The spectra of the IR intracavity power and blue power, measured using an optical 
spectrum analyzer, are shown in Fig. 4(a) and 4(b), respectively. The IR emission spectrum of 
the fiber laser spans a total spectral range of 4.2 nm and consists of five discrete peaks spaced 
0.84 nm apart. The reason of this wavelength selection is not clearly identified. Each peak has 
a linewidth of ∼0.06 nm (FWHM, resolution 0.01 nm) and may therefore contain a few tens 
of internal resonator longitudinal modes. The spectrum of the blue output power consists of 
the frequency-doubled peaks of the fiber laser as well as others wavelengths corresponding to 
sum-frequency generation of two consecutive peaks. The total spectral width of the blue laser 
emission is 1.2 nm. This value seems to indicate that SHG is slightly limited by the 
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acceptance bandwidth of the LBO crystal, which is calculated to be 3.1 nm. As a 
consequence, the most extreme peaks (i.e. near 903 nm and 906.5 nm) are not converted. 
However, unlike the case of single-pass frequency doubling, the IR wavelengths being not 
converted are likely recycled in the fiber laser. Therefore, we can assume that this bandwidth 
limitation does not reduce the second-harmonic conversion efficiency. 

Fig. 4. Measured spectra of the fundamental intracavity power (a) and SH power (b) at the 
maximum output power. 

The M2 factor of the output beam at 452 nm is equal to 1 and 1.5 along the x and y axes. 
The blue beam shows a slightly elliptical spatial profile, which is possibly due to the walk-off 
in the LBO crystal. This effect is indeed commonly observed in the case of SHG operated in a 
critical phase matching condition [19]. 

5. Conclusions

In conclusion, we have demonstrated efficient internal SHG of a CW Nd-doped fiber laser 
with a record output power of 7.5 W at 452 nm. Internal conversion efficiency of 55% has 
been achieved by using a simple resonator including a LBO crystal cut for type I critical 
phase matching. To the best of our knowledge this is by far the highest CW “pure blue” 
power generated from a frequency-doubled fiber laser. Further power scaling should be 
possible by using a polarization-maintaining Nd-doped fiber with a nearly single-mode core. 
In addition, due to the large tuning range of a NDF fiber laser [9], other blue wavelengths 
around 452 nm could be easily generated. Preliminary results show that wavelength 
tunablility between 445 nm and 462 nm can be achieved using the same LBO crystal. 
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