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Linearly-Polarized Fiber Laser and its Applications
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In recent years the visible and ultraviolet high-power lasers utilizing wavelength conversion 
technologies have received considerable attention in display, biotechnology and medical fields. 
To achieve high wavelength conversion efficiency, the fiber lasers with high output power and 
high beam quality are well suited as fundamental wave sources. We have developed novel visible 
and ultraviolet high-power lasers utilizing linearly-polarized fiber lasers.

1. Introduction
Visible and ultraviolet lasers have been extending 

their applications from laser processing and marking 
to TV and projector display devices, bioinstrumenta-
tion such as flow cytometers, DNA sequencers or oph-
thalmologic and other medical instruments. For a 
wavelength range of 500-600 nm (green to orange), 
the expensive, large-sized dye lasers have been the 
first choice because these wavelengths have been dif-
ficult for laser diodes to oscillate directly. In response 
to this circumstance, technologies are now under ac-
tive development to convert the wavelength of 1000-
1200 nm of the fundamental wave produced by a solid-
state laser to 500-600 nm employing second harmonic 
generation (SHG), one of the nonlinear optical effe‑ 
cts 1).

Among nonlinear optical crystal devices used for 
wavelength conversion, the quasi-phase matching 
(QPM) devices utilizing periodically poled structure 
are extensively studied because of its simplicity 2). 
Typical examples include periodically poled lithium 
niobate (PPLN) and periodically poled lithium tanta-
late (PPLT).

Possible hurdles to overcome for practical high-
power visible light lasers include the resistance to opti-
cal damage (photorefractive effect) occurring at high 
power levels 3), the efficiency of the system as a whole, 
and the size of the system. The resistance of PPLN 
and PPLT has greatly been improved by controlling 
the crystal composition by adding magnesium oxide 
(MgO), which allows simple module designs using 
QPM wavelength conversion elements for high-effi-
ciency wavelength conversion.

The fundamental wave should have a high output 
power and high beam quality since high conversion 
efficiency in SHG requires high power density. It 
should also be a linearly-polarized wave since the 
QPM element is anisotropic.

Fujikura’s fiber lasers, which provide high-power, 
high-quality linearly-polarized beam with excellent 
convergence, are suitable for a source for generating 
fundamental wave as the input of the QPM wavelength 
conversion element 4). The wide gain bandwidth of a 
fiber laser allows oscillation at a wavelength, which is 
difficult for solid-state lasers to generate. Other practi-
cal advantages of a fiber laser for the application are 
high power and space efficiency, high reliability, and 
low maintenance and beam deliverability larger,.

Fujikura paid much attention to the advantages of a 
fiber laser as a fundamental wave source for wave-
length conversion and developed fiber lasers special-
ized for the application. Following these previous de-
velopment efforts, we have designed a new practical 
wavelength conversion module, thus completing a 
high-power visible and UV CW laser light source 
based on wavelength conversion of a fundamental 
wave provided by a linearly-polarized fiber laser.

2. �Linearly-polarized fiber laser for wavelength 
conversion
Figure 1 shows the basic configuration of a linearly-

polarized fiber laser for wavelength conversion. The 
laser diodes for pumping are connected via the com-
biner to the resonator based on the polarization-main-
taining fiber. The resonator consists of high- and low-
reflection Fiber Bragg Gratings (FBGs) before and 
after the Yb-doped active fiber and the fiber-based po-
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Fig. 1. Basic configuration of linearly-polarized fiber laser 
for wavelength conversion.
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larizer, respectively. The fiber-based polarizer is de-
signed to give a greater bending loss difference be-
tween the two orthogonal polarized waves by 
employing a smaller distance between a core and 
stress rods than that of normal polarization-maintain-
ing fibers. Optimal bending of such fiber allows oscil-
lation of only one polarization component with a lower 
bending loss: a polarization extinction ratio higher 
than 20 dB has been attained 5). The narrow bandwidth 
of spectrum of light reflected by the low-reflection 
FBG has led to a full width at half maximum less than 
0.08 nm at the maximum output power. Furthermore, 
optimization of the reflectivity of the low-reflection 
FBG and the length of the Yb-doped fiber has resulted 
in a laser system with an output power over 40 W and 
a conversion efficiency of pump light to output light 
over 60%.

3. Wavelength conversion module

3.1  Basic configuration

The basic configuration of a wavelength conversion 
module is shown in Fig. 2. The module comprises a 
QPM wavelength conversion element, an optical sys-
tem to focus the fundamental wave on the conversion 
element and couple the generated harmonics into the 
output fiber, and a wavelength-dividing filter to sepa-
rate the harmonics from the fundamental wave.

The conversion efficiency depends on the power 
density of the fundamental wave in the wavelength 
conversion element. A large convergence angle of the 
fundamental wave from the fiber laser produces a high 
power density, but an excessive convergence angle 
would decrease the overall longitudinal conversion ef-
ficiency since the high power density at the beam 
waist is canceled by decrease of the power density on 
the input and output end surfaces of the wavelength 
conversion element. The convergence angle should 
therefore be optimized with respect to the length of 

the wavelength conversion element to obtain high 
conversion efficiency.

Phase matching is another prerequisite for a high 
conversion efficiency. Since the phase matching con-
dition of the QPM wavelength conversion element de-
pends on its temperature, a Peltier element is used to 
control the temperature of the element within the 0.01 
°C level. It should be noted that more heat is generat-
ed by the wavelength conversion element due to light 
absorption at higher power level, which decreases the 
conversion efficiency by shifting the temperature from 
the optimum value for phase matching. The heat gen-
eration at high power level must therefore be taken 
into account on the temperature setting. Still another 
factor that reduces conversion efficiency is the inten-
sity gradient of the harmonics in the axial direction of 
the wavelength conversion element producing a cor-
respondent temperature gradient. To counter this, the 
position of the beam waist in the element is adjusted 
so as to limit the temperature gradient.

The light absorption by the wavelength conversion 
element not only reduces the conversion efficiency 
but also possibly damages the element itself. The light 
intensity resistance of the element is therefore a limit-
ing factor to the power of the harmonics. The resis-
tance sufficient for output levels of tens of watts has 
not been attained so far in spite of considerable effort 
for the purpose. The output power and conversion ef-
ficiency contradict each other: to attain a high output, 
the power density must be kept under the threshold of 
damage of the wavelength conversion element by ad-
justing the beam diameter in accordance with the pow-
er of the input fundamental wave.

The appearance of the prototype of a space-output 
type green laser light source is shown in Fig. 3. The 
green light source based on the basic configuration 
described earlier has attained a maximum spatial pow-

Panel 1. Abbreviations, Acronyms, and Terms.

SHG–Second Harmonic Generation
SFG–Sum Frequency Generation
QPM–Quasi-Phase Matching

PPLN–Periodically Poled Lithium Niobate
PPLT–Periodically Poled Lithium Tantalate
FBG–Fiber Bragg Grating

Fig. 3. Space-output green light source.
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Fig. 2. Basic configuration of wavelength conversion module.
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er of 8.5 W and a conversion efficiency over 25% when 
the 1064-nm fundamental wave is converted to the 532-
nm harmonic by SHG.

3.2  Two-stage configuration

As a means to strike a balance between high output 
power and high conversion efficiency, a wavelength 
conversion module was developed in which two QPM 
wavelength conversion elements were connected in 
series as shown in Fig. 4. Desired performance was 
achieved by reinjecting the residual fundamental wave 
in the first stage by the conversion element into the 
second stage. The angle and position of convergence 
of the residual fundamental wave was optimized tak-
ing into account changes of the intensity distribution 
of the residual fundamental wave in the wavelength 
conversion module as the harmonic wave generated. 
The length of the wavelength conversion elements are 
so determined to obtain similar power densities from 
the respective wavelength conversion elements, thus 
equalizing the risk of element failure due to light ab-
sorption, which contributes to the improved output 
power of the system. Since the harmonics generated 
by the respective  wavelength conversion elements 
are linearly-polarized, they can be coupled to a single-
mode fiber by polarization beam combining.

4. �Application examples of wavelength-convert-
ed laser light sources

4.1  Green light sources for displays

High-power green laser light sources with wave-

lengths of 530-540 nm has been attracting attention as 
display applications because of high luminance, high 
contrast, high color reproducibility and low power 
consumption. Particularly high-power projector light 
sources, used for 3-D digital movies or projection map-
ping, for example, are in great demand and laser light 
sources are expected to replace the traditional xenon 
lamps 6,7). An important problem in this application is 
image quality limited by speckles due to the coher-
ence of laser light 8). 

Many studies on speckle reduction have been re-
ported 9,10). Reducing the coherence of laser beam by 
expanding the spectrum width of the laser 11) is one 
possibility. The spectrum width of the harmonic de-
pends on the fundamental wave and thus may be ex-
panded by expanding the spectrum width of the funda-
mental wave, but this is not practical because of 
resulting decrease in the oscillation efficiency of the 
fiber laser and the efficiency of the wavelength conver-
sion. Our solution is a pseudo wideband light source 
using more than one harmonics with different wave-
length, multi wavelengths, utilizing a wide gain band-
width of a fiber laser.

Figure 5 shows a prototype of the multi-wavelength 
high-power green laser light source. Thirteen fiber la-
sers using FBGs with different reflecting wavelengths 
were combined to obtain a band of 1058-1082 nm, 
which was converted by SHG to 13 wavelengths at an 
interval of 1 nm between 529 to 541 nm. The output 
power and conversion efficiency characteristics are 
shown in Fig. 6 and the wavelength spectra are shown 
in Fig. 7. One wavelength conversion module of the 
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Fig. 4. Configuration of two-stage wavelength conversion module.

Fig. 5. Appearance of developed high-power green laser 
light source.
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two-stage configuration was used for conversion of 
each wavelength. The maximum fiber output is 10 W 
for each wavelength, i. e. 130 W for the entire system 
covering 13 wavelengths. The electricity-to-light con-
version efficiency exceeded 10% at the maximum out-
put, which was a sufficiently practical level.

The output fibers from individual wavelength con-
version modules were bundled by a Fujikura’s propri-
etary technique, and the output beam from the mod-
ules was launched through a single port. The speckle 
patterns from the 13 individual sources were thus su-
perimposed and averaged, which resulted in a better 
speckle reduction effect.

4.2  UV laser light sources for bioinstrumentation

Bioinstrumentation such as flow cytometers, cell 
sorters or DNA sequencers  irradiate the target (e.g. 
cells) with laser light and analyze the scattered light or 
fluorescence for the acquisition or separation of their 
information. A single unit of the instrument must have 
three to seven solid-state or gas laser units to cover a 
range from UV to visual light, which results in a large 
dimension. The alignment of the optical system to de-
liver the multiple laser beams is very difficult and read-
ily disturbed by external perturbation. Frequent cali-
bration is therefore needed. For these reasons, small 

and easy-to-deliver laser light sources are in great de-
mand, as well as cost reduction of the expensive UV 
lasers 12).

Fiber lasers provide high-quality beams and conse-
quently high-quality harmonics, which can easily be 
coupled with fibers, and in turn transmitted via optical 
fibers. Another advantage of fiber lasers is higher ef-
ficiency than solid-state lasers, which means less heat 
generation and therefore easy cooling with a simpler 
cooling system, allowing simple, low-cost design. Our 
proprietary UV-resistant fiber overcomes the problem 
of transmittance reduced by defects formed in the fi-
ber by an intense UV beam, allowing design of a high-
reliability UV laser light source.

Figure 8 shows the configuration of a wavelength 
conversion module for the UV laser light source. In 
the two-stage configuration, the sum frequency gen-
eration (SFG) technique is used to obtain the UV light. 
The fundamental wave with a wavelength of 1064 nm 
enters the first wavelength conversion element, where 
532-nm green light is produced by SHG, which in turn 
enters the second wavelength conversion element to-
gether with the residual 1064-nm wave. Finally, SFG in 
the second wavelength conversion element produces 
UV laser light with a wavelength of 354.6 nm, which is 
about 1/3 times that of the fundamental wave.

The appearance and output characteristics of the 
prototype UV laser light source are shown in Fig. 9 
and Fig. 10, respectively. A coupling efficiency over 
45% between the generated UV light and the output 
single-mode fiber and a fiber output over 20 mW were 
achieved by optimization of the convergence angle, 
beam waist position and element length.

4.3  Laser light source for medical instruments

Solid-state lasers with wavelengths of 570-600 nm 
(yellow to orange) are widely used in ophthalmology 
and other medical branches. In response to the need 
for laser light sources with higher output power and 
beam quality, we have developed a high-power yellow 
laser light source.

While the wide gain bandwidth of Yb-doped fiber 
lasers ranging from 1000 to 1200 nm does cover the 
range of 1140-1200 nm which can be converted by 
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Fig. 8. Configuration of wavelength conversion module for ultraviolet laser light source.
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SHG to yellow to orange color, oscillation in this range 
will induce parasitic oscillation in the 1030-1100 nm 
band, where the gain is higher, destabilizing the oscil-
lation of the laser system. Although this is generally an 
important obstacle to output power increase, Fujikura 
had already been successful to suppress parasitic os-
cillation by utilizing the photonic band gap fiber to re-
alize high-power oscillation in the range of 1160-1200 
nm 13).

The present model of yellow laser light source is 
based on a linearly-polarized fiber laser for wavelength 
conversion in the basic configuration to facilitate com-
mercialization. The reflectivity of the low-reflection 
FBG was increased to boost the gain in the resonator, 
which suppressed parasitic oscillation at the expense 
of oscillation efficiency. High-power oscillation in a 
wavelength range of 1140-1160 nm was confirmed. 
The output characteristics of this yellow laser light 
source are shown in Fig. 11. The 572-nm light was ob-
tained as the harmonic of the 1144-nm fundamental 
wave. The spatial output over 4.5 W is sufficient for 
practical use of the laser light source.

Oscillation of wavelength more than 1200 nm was 

also attempted utilizing stimulated Raman scattering 
14). A fiber laser with a wavelength of 1144 nm was 
used as a light source for pumping to configure a Ra-
man resonator, which allowed oscillation at 1212 nm 
(a Raman shift of 68 nm), which realized a red (606 
nm) laser light source by SHG.

5. Conclusion
The article has reported the development of laser 

light sources based on wavelength conversion of the 
fundamental wave provided by linearly-polarized fiber 
lasers of our proprietary design. The linearly-polarized 
fiber laser for wavelength conversion contains a num-
ber of our proprietary technologies such as polariza-
tion-maintaining fibers, fiber based polarizers or 
FBGs. It was shown that combination with the wave-
length conversion module allows further development 
of value-added original products.

The authors will continue to pursue diversification 
of wavelengths of laser light sources and contribute to 
the development of novel applications.

(a) Appearance of ultraviolet laser light source.

(b) Ultraviolet light generation.

Fig. 9. Prototype of ultraviolet laser light source.
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