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2 kW single-mode fiber laser
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Recently fiber lasers attract much attention due to their high power and excellent beam 
quality. Suppression of stimulated Raman scattering (SRS), which is a kind of nonlinear optical 
effects, is very important to realize a high power single-mode fiber laser. We have achieved a 
2 kW single-mode fiber laser that shows well-suppressed SRS and excellent beam quality even 
with a 20 m long delivery fiber by properly designing the parameters of the fibers in the laser.

1. Introduction
A high power single-mode fiber laser, which has 

various application fields, is expected to be an attrac-
tive laser source for micro-material processing and 
long-distance laser energy transmission, and so on. 
However, a small effective core area of the fiber in the 
laser likely causes stimulated Raman scattering (SRS) 
since the power density in the fiber becomes high. 
When SRS is excessively generated in a fiber laser, the 
majority of the laser power is transferred to the Stokes 
light. Excessive SRS generation results in output pow-
er instability in the laser. Backward SRS is also in-
duced by the reflected light from optical components 
or a workpiece in a practical laser system and can dam-
age the laser.

In addition it is preferred to use an optical fiber for 
laser beam delivery from a laser oscillator to a laser 
emission head rather than to use a spatial optical com-
ponent. Since bothersome adjustment ofoptical com-
ponents is not required in a fiber-optic beam delivery 
system. The fiber length in the laser delivery is widely 
used in the range of from 10 to 20 m. However SRS can 
easily occur in a single-mode fiber laser system having 
a delivery fiber with the range of delivery fiber length.

Therefore it is required for a single-mode fiber laser 
to break the trade-off between an effective core area 
and a fiber length to obtain high output power without 
compromising the usability of laser which has an ex-
cellent beam quality.

Fujikura group have all principal technologies to 
make fiber lasers such as optical fiber technology, op-
tical components technology, fiber splicing technolo-
gy, and high power diode laser technology, all of which 
have been cultivated in the field of optical communica-
tion. We have already commercialized high-power 
continuous wave multimode fiber lasers up to 6 kW by 
utilizing these technologies 1). Fujikura has put 1 kW 
single-mode fiber laser units to practical use in the 
multi-kilowatt fiber laser systems.

In this paper we report a 2 kW single-mode fiber la-
ser with a 20 m long delivery fiber and a well-sup-
pressed SRS. The laser will allow design flexibility of 
the laser application systems.

2. Design of fiber Parameters
The number of transverse modes in a fiber is related 

to the V-parameter. If we assume a step index fiber, we 
can write the V parameter as

                                                             (1)

where l0 is the wavelength of light which propagates 
in the fiber core, a is the core radius, and NA is the 
numerical aperture of the core which is expressed as

                                                                 (2)

where ncore is the refractive index of the core and nclad 
is the index of the cladding. In a fiber laser system it is 
necessary to route and fix fibers inside a limited size of 
a housing. Therefore deterioration of beam quality 
and transmission loss due to macro- and micro-bend-
ing of the fibers must be considered.

It is preferable that NA is greater than a certain val-
ue since the index control of the core becomes diffi-
cult if the index difference between the core and the 
clad is too small. On the other hand increasing NA of 
the fiber causes increase of the V parameter, and re-
sults in increase of the number of possible propagation 
modes. That causes beam quality deterioration be-
cause higher-order modes are poor in beam quality 
compared to lower-order modes. Therefore in order to 
maintain good beam quality, it is necessary to reduce 
the V parameter as much as possible. Figure 1 shows 
the relation between NA and effective core area of the 
fundamental mode of step index fibers for various V 
parameters in cases of l0 = 1080 nm.

In order to estimate the allowable fiber length 
roughly calculations of the Raman threshold power 
was carried out. The Raman threshold power Pth of the 
SRS in a fiber is defined as an incident power when the 
output Stokes light becomes equal to the remaining 
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power of the incident light. The threshold, Pth, is repre-
sented by the following equation 2):

                                                             (3)

where Aeff is the effective core area of the fiber, gR is 
the Raman-gain coefficient, and L is the fiber length.

Figure 2 shows the calculated values of the effective 
core area to achieve Raman threshold powers as a 
function of the fiber length. Here we used the value of 
gR ª 5¥10-14 W/m assuming that the polarization of 
pump is completely scrambled. Refractive index struc-
tures (V parameter, Aeff and NA) of the fiber laser were 
determined by considering the following conditions 
comprehensively.;

1.  SRS does not exceed the threshold even in the fi-
ber laser output is 2 kW or more,

2.  Yb-doped fiber absorbs more than 99 % of the 
pump light,

3.  Delivery fiber length is equal to or greater than 20 
m,

4.  Higher-order mode is suppressed, and bending 
loss of the fundamental mode is negligibly small.

We designed the refractive index and Yb distribu-
tion of the Yb-doped fiber so that the fundamental 
mode oscillates dominantly even though the fiber is 
multimode at the operation wavelength region.

3. Design of fiber laser
Figure 3 shows the schematic configuration of the 

fabricated 2 kW single-mode fiber laser with a 20 m 
long delivery fiber and figure 4 shows its appearance. 
The fiber laser is composed of pump LDs, pump com-
biners, Fiber Bragg Grating (FBG)s, an Yb-doped fi-
ber, a delivery fiber, and a laser beam emitting end. 
Bi-directional pumping scheme is adopted to intro-
duce a high pump power and to avoid excess heat at 
pump combiners. The pump LDs used in the fiber la-
ser are 915 nm high power single emitters. Due to 
their Asymmetric Decoupled Confinement Hetero-
structure (ADCH), the LDs show high reliability 3). 
The maximum launchable pump power was totally 3 

kW. The laser cavity consists of a HR-FBG, an OC-
FBG and an Yb-doped fiber. The reflectances of the 
HR-FBG and the OC-FBG at 1080 nm were more than 
99 % and 10 %, respectively. The fibers were spliced 
together very precisely and carefully in order to avoid 
the generation of higher order modes at splice points.
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Fig. 1. Relationship between effective area of the  
fundamental mode and Numerical Aperture  

for various V parameters at 1080 nm.
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Fig. 2. Calculated value of the effective area of fundamental 
mode versus fiber length for theSRS threshold  

powers of 1, 2, and 3 kW.

Panel 1. Abbreviations, Acronyms, and Terms.

Ytterbium 
Ytterbium is a rare earth element with chemical 
symbol Yb.

FBG–Fiber Bragg Grating 
FBG is a fiber device which works as a wavelenth 
selective reflection mirror.

HR–High Reflection
OC–Output Coupler 

OC is a partial reflection mirror used at the output 

end in a laser cavity
M2–M squared 

M2 is a beam quality factor. When M2 = 1, the 
quality of the beam is diffraction limit. Smaller is 
better.

SRS–Stimulated Raman Scattering
NA–Numerical Aperture
LD–Laser Diode
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4. Characteristics of fabricated fiber lasers

4.1  Output characteristics

Figure 5 shows the laser output power as a function 
of pump power. The output power reached 2 kW at the 
pump power of 2.86 kW. The slope efficiency to the 
launched pump power was 70 %. The beam profile at 
the focal point is shown in figure 6. The M-squared 
factor, M2, was 1.2. That indicates nearly diffraction-
limited beam quality was obtained.

4.2  Output power spectrum

Figure 7 shows the measured output spectrum at a 
laser output power of 2.0 kW. No Stokes light by SRS 
was observed. The power ratio between the output 
power and the Stokes light was more than 50 dB when 
the laser output power was 2 kW even with a 20 m de-
livery fiber. The laser output power was only limited 
by the available pump power. So more output power 
will be achievable when we introduce more pump pow-
er. The Raman gain in the fiber laser is also calculated. 
The one way small signal Raman gain is estimated less 

than 40 dB when the output power of the fiber laser is 
2.0 kW.

If we allow 10 % reflection back into the fiber core 
when the output power is 2 kW, the amplified back-
ward SRS is estimated to be less than 1 % of the fiber 
laser output. That means the laser works very stably 
even when the laser is irradiated onto a highly reflec-
tive target since 10 % of the reflected light will not be 
continuously coupled back to the small core of the op-
tical fiber in practical laser processing such as laser 
welding.

Fig. 3. Schematic configuration of fabricated 2 kW 
single-mode fiber laser with a 20 m long delivery fiber.
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Fig. 4. Appearance of 2 kW single mode fiber laser.

Fig. 5. Output characteristics of 2 kW single mode fiber laser.
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Fig. 6. Beam profile at focal point.
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Fig. 7. Output spectrum of 2 kW single mode  
fiber laser at output power of 2020 W.
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5. Conclusions
A 2 kW single-mode fiber laser with a 20 m long de-

livery fiber and high back reflection resistance has 
been demonstrated. The Stokes light power by SRS is 
more than 50 dB below the laser output power when 
the laser is operated even with a 20 m delivery fiber 
and the one way small signal Raman gain is estimated 
as less than 40 dB when the output power of the fiber 
laser is 2.0 kW. Nearly diffraction-limited beam quality 
is also confirmed with the measured M2 of 1.2. More-
over multimode fiber lasers more than 10 kW output 
power by using 5 or 6 fiber laser units come within the 
range of realization. From the experimental results 
and theoretical evaluation, an output power of 3 kW is 
believed to be achieved only by increasing pump pow-
er. The output power fluctuation caused by SRS and 

back reflection in materials processing will be well 
suppressed. We will continue to brush up SRS sup-
pression technologies for a practical single-mode fiber 
laser with an enhanced output power.
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