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Abstract

We report a simple design of Yb-doped fiber laser providing a record output power of 2 kW and power conversion
efficiency of 68%. The high output power of this unamplified laser oscillator is obtained thanks to the suppression of
Raman emission over a spectral range of 21 nm from chirped and tilted fiber Bragg gratings inside the gain fiber of the
laser oscillator. The laser design is based on optical components that are commercially widespread and low-cost, such
as 20 µm-core double-cladding active and passive fibers, as well as pump laser diodes at a wavelength of 915 nm. The
performance of this laser is evaluated in terms of output power, power conversion efficiency, and thermal dissipation.
A numerical model that serves to determine the optimal experimental configuration is also provided.

Keywords: High power fiber lasers, stimulated Raman scattering, chirped and tilted fiber Bragg grating

1. Introduction

Continuous-wave high power Yb-doped fiber lasers (YDFL) operating at an output wavelength ∼1100 nm are
widely used for industrial metal processing such as cutting, drilling, welding, and cleaning [1]. YDFLs based on
double-cladding YDFs with a core diameter of 20 µm and a cladding diameter of 400 µm (20/400 µm) have been
reported with an output power in excess of 1 kW since 2012 [2]. Figure 1a) depicts the geometry of a 20/400 µm
YDF. A first advantage of the 400 µm cladding diameter is that it enables more pump light to be injected in the
cladding, compared to other commercial YDFs with smaller cladding diameters such as 10/125 µm and 14/250 µm.
Second, the 20 µm core diameter leads to better robustness against high-order mode propagation than 25/400 µm and
30/400 µm YDFs, which in return leads to better beam quality. A non wavelength stabilized (non-WS) laser diode is
another component that is widespread in industrial products and that can be used advantageously for the pumping of
YDFs. Figure 1b) shows typical absorption and emission cross sections of YDFs [3]. Comparing absorption peaks
at wavelengths of 915 nm and 976 nm, the peak at 915 nm is characterized by a broad spectral width of ∼21 nm at
90% from the maximum in comparison with the peak of 976 nm with a width of ∼3 nm at 90% from the maximum.
Despite being attractive because of the high level of absorption, pumping at a wavelength of 976 nm however has
its drawbacks. First, high absorption rates have been associated to photo-darkening, which is a deleterious effect that
limits the power conversion efficiency and lifetime of YDFs [4, 5]. Second, pumping at a a wavelength of 976 nm
requires wavelength stabilized (WS) pump laser diodes for practical implementation, since a wavelength drift of 1-
2 nm is sufficient to impair the pumping efficiency [6]. The stabilization mechanism behind WS laser diodes consists
into volume Bragg gratings or fiber Bragg gratings [7, 8, 9, 10, 11], thereby increasing the cost of WS laser diodes by a
factor of ∼4 with respect to non-WS laser diodes. In contrast, non-WS laser diodes suffice to accommodate the broad
absorption peak of 915 nm, thereby offering the advantage of simplicity and low cost. Therefore, notwithstanding
that YDFLs based on 20/400 µm YDFs and WS laser diodes at a wavelength of 976 nm have led to output power of
>2 kW [12, 13] and even >3 kW [14], YDFLs that make use of non-WS pump sources at a wavelength of 915 nm are
of utmost industrial interest thanks to their simplicity, low-cost, as well as the ease of thermal dissipation management
they provide.

With the use of commercially widespread components such as 20/400 µm YDFs and non-WS laser diodes at
a wavelength of 915 nm, the output power of YDFLs has been limited to 1.5 kW because of stimulated Raman
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Figure 1: a) Geometry of 20/400 µm YDF (not to scale). b) Typical absorption and emission cross sections of YDF.

scattering (SRS) [15]. With the onset of SRS, a substantial fraction of laser power at the emission wavelength of
1080 nm is spectrally offset by 13.2 THz towards longer wavelengths, thereby leading to an SRS peak at a wavelength
of 1135 nm. The more the fraction of SRS power to laser power (i.e. Raman ratio) exceeds 1%, the more the beam
output quality degrades [16, 17]. Increasing the power of YDFLs thus requires the suppression of SRS. Typical
approaches to mitigate SRS include increasing the output-coupler bandwidth in the oscillator section of a master-
oscillator power amplifier (MOPA) [18], decreasing the coil diameter of gain fibers [19], and optimizing injected seed
power in a MOPA [20]. In recent years, wideband-rejection filters have been developed from chirped and tilted fiber
Bragg gratings (CTFBG) [18, 21], which have been successfully tested and validated in YDFLs [22, 23, 24]. In a
previous work, we have improved the output power of a YDFL from 1.54 kW to 1.8 kW, by inserting a CTFBG in the
gain fiber of the resonant cavity [24]. However, SRS light was leaking from both filtering band edges of the 10 nm
wide CTFBG, limiting the efficiency of SRS suppression [24]. In this paper, we use a cascade of CTFBGs in the gain
fiber of a laser oscillator to efficiently suppress SRS and raise the output YDFL power up to 2.03 kW. The CTFBGs
suppress SRS by up to 16 dB over a spectral width of 21 nm. The performance of this laser is evaluated in terms
of output power, power conversion efficiency, and thermal dissipation. The numerical model that serves to determine
the optimal experimental configuration is also provided. The YDFL design comprises 20/400 µm YDFs and non-WS
laser diodes at a wavelength of 915 nm. This simple design of unamplified YDFL cavity is thus of utmost interest for
industrial applications.

2. Experimental configuration

One of the effective methods to broaden the filtering band of a Raman filter is to cascade CTFBGs with mismatched
central wavelengths [25, 26]. The Raman filter used in this experiment is a cascade of two CTFBGs written in a single
20/400 µm Ge-doped fiber (GDF), with numerical aperture of 0.06/0.46, respectively for the core/cladding. The
CTFBGs are written by using standard UV writing through a phase-mask, with a writing setup similar to the one of
Ref. 21. Figure 2 schematize the cascade of CTFBGs. The two CTFBGs have an optimized tilt angle of 4◦ ± 0.1◦ to
enable a strong core-to-clad reflection while minimizing core-to-core reflection [27]. Figure 3 shows the transmission
and reflection spectra of the cascaded CTFBGs. The cascade comprises CTFBG1 that is centered at the central
wavelength of 1140 nm, followed by CTFBG2 centered at the central wavelength of 1130 nm. The assembly leads
to a notch filter with a depth of 16 dB and a 10 dB bandwidth of 21.1 nm centered at a wavelength of 1135 nm, thus
covering the SRS emission spectrum from 1125.5 nm to 1146.6 nm. The transmission loss of the assembly is 0.12 dB
at a wavelength of 1080 nm. The two CTFBGs are aligned in an order such that SRS light passes through CTFBG1
before passing through CTFBG2. As well, the chirp of both CTFBGs is such that SRS light enters from their long-
period ends. With this order, the Bragg reflection (i.e., incident LP01 mode to reflected LP01 mode) from CTFBG2 is
filtered by CTFBG1, while the Bragg reflection from CTFBG1 is mismatched from the SRS spectral range. Hence,
this design of cascaded CTFBGs set a broad filtering band and effectively eliminates most of the Bragg reflection at
the same time. Compared to a single CTFBG with a 10 dB bandwidth 10 nm [24], the cascaded CTFBGs enable a
sufficient filtering coverage over the SRS spectral range. Also from Fig. 3, the Bragg reflection from the cascaded
CTFBGs has a -38 dB peak at a wavelength of 1150.0 nm, leading to a negligible overlap with the SRS spectral range.
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This is an important detail since it has been reported that Bragg reflection of a CTFBG can reflect SRS light back into
the laser that subsequently results into a strong forward SRS light [24, 28].

CTFBG1 CTFBG2

Input light Filtered light

Figure 2: Schematic of the cascaded CTFBGs. CTFBG1 is centered at a wavelength of 1140 nm whereas CTFBG2 is centered at a wavelength of
1130 nm. λcore-clad: core-to-clad reflection by a CTFBG. λBragg: Bragg reflection by a CTFBG.
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Figure 3: Transmission and reflection spectral profiles of the cascaded CTFBGs.

Figure 4 shows a schematic of the YDFL, which consists of 18 non-WS pump laser diodes at the wavelength
of 915 nm, an 18-port fiber bundle combiner, a high-reflection (HR) FBG (99%, at 1080 nm), gain fiber, an SRS
filter, and an output-coupler (OC) FBG (10%, at 1080 nm). The gain fibers are 20/400 µm YDFs (Coherent LMA-
YDF-20/400-M) with an absorption rate of 0.4 dB/m at the wavelength of 915 nm. The laser output is sent to a
cladding-light stripper (CLS) for residual pump light removal and a 7 m long 20/400 µm GDF followed by a quartz
block head is used for beam delivery. The CTFBG cascade subdivides the 40 m long gain fiber of the cavity into
two segments X m and (40-X) m, where X is a variable that is changed for optimization. The CTFBG in inserted
by fusion splicing of YDF with GDF fiber, with an insertion loss of 0.1 dB for each splice. In the active fiber, SRS
power increases gradually in the forward direction. As a result, a later insertion of the CTFBG filters is beneficial to
maximize the Raman ratio, but also leads to a decrease in the power conversion efficiency of the YDFL. A numerical
modelling is conducted in the next section to compare the performance of various value of X.

3. Optimization of the insertion position of the CTFBG

This section presents a simulation model used to determine the optimal insertion position of the CTFBG inside a
40 m long YDF oscillator. The model follows the same framework in Ref. 29, adapted to include the SRS filter placed
inside the gain fiber.

3.1. Numerical modelling
The model is based on nonlinear Schrodinger equations (NLSE) with gain, dispersion, and nonlinear terms [29]. It

numerically simulates the amplification process of forward and backward propagating fields. The fields are described
as complex amplitudes in time domain A±(z, t) and frequency domain Ã±(z, ω), where + refers to forward propagation
and − refers to backward propagation with respect to the laser output direction. The NLSEs for Ã±(z, ω) are expressed
as

±∂zÃ±(z, ω) = D±(z, ω) + N±(z, ω) +G±(z, ω) + fS E (1)
3
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Figure 4: Schematic of the YDFL. HR-FBG: high-reflectance FBG. OC-FBG: output-coupler FBG. CLS: cladding light stripper. YDF: 20/400 µm
Ytterbium-doped fiber, GDF: 20/400 µm Germanium-doped fiber.

where D±(z, ω), N±(z, ω), G±(z, ω), and fS E represent chromatic dispersion, nonlinear effects, active gain, and spon-
taneous emission noise terms, respectively. The dispersion term is calculated by

D±(z, ω) = i
3∑

n=1

βn

n!
ωnÃ±(z, ω) (2)

where βn is the n-th order derivative of the propagation constant. The nonlinear term is calculated by

N±(z, ω) = iγ(1 +
ω

ω0
)F{A±(z, t) · R(t) ⊗ |A±(z, t)|2} (3)

where γ is the Kerr nonlinear coefficient, ω0 is the carrier frequency of the signal, F{·} is the Fourier transform, ⊗ is the
convolution operation, h(t) is Raman response, which is fitted according to Ref. 30, and R(t) = (1 − fR)δ(t) + fRh(t) is
nonlinear response function, with (1− fR)δ(t) accounted for the instantaneous electronic response and fRh(t) accounted
for the retarded molecular responses [31], i.e. Raman response h(t) considered here. The gain term is expressed as

G±(z, ω) =
1
2

(Γs[σa(ω) + σe(ω)]N2(z) − σa(ω)N0)Ã±(z, ω) (4)

which is dependent on the excited Yb-ion number N2(z), total Yb-ion number N0, absorption/emission cross section
σa/σe, and the overlap factor Γs between the signal light and the fiber core. In addition, the excited Yb-ion number
N2(z) is related to the pump power Pp(z) and governed by equations

d
dz

Pp(z) = −Γp{σa(ωp)N0 − (σa(ωp) + σs(ωp))N2(z)} − αpPp(z) (5)

N2

N0
= {

Γp

ℏωpA
σa(ωp)Pp +

Γs

2πTmA

∫
σa(ω)
ℏω

(|Ã+|2 + |Ã−|2)dω}/

{
Γp

ℏωpA
(σa(ωp) + σs(ωp))Pp +

1
τ
+

Γs

2πTmA

∫
σa(ω) + σs(ω)

ℏω
(|Ã+|2 + |Ã−|2)dω} (6)

where Γp is the spatial overlap coefficient between pump light and the fiber core, ωp is the pump light frequency, αp is
the passive loss of the active fiber at the pumping wavelength, Tm is the time window, τ is the excited state population
lifetime, A is the doped cross-section area, and ℏ is Plank’s constant and is the doped cross-section area. Finally, the
HR-FBG and OC-FBG form boundary conditions for the reciprocating propagation process

Ã+(0, ω) =
√

RHR(ω)Ã−(0, ω) (7)

Ã−(L, ω) =
√

ROC(ω)Ã+(L, ω) (8)
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Figure 5: Simulation output spectra as a function of insertion position X, with a) X=10–40 m and without CTFBG, b) Raman ratio of output spectra
as a function of insertion position.

where RHR and ROC are spectral reflectance coefficients of the HR-FBG and the OC-FBG, respectively. The field
transmitted through the OC-FBG follows Ãout = Ã+(L, ω)

√
1 − ROC(ω), where L is the active fiber length. As well,

the forward propagating field gets filtered by the CTFBG at position X following

Ã+(X + ∆z, ω) = Ã+(X, ω)
√

TCT(ω) (9)

where TCT(ω) is the transmission spectrum of the CTFBG. Intracavity losses due to the insertion of the CTFBG are
considered. They include two splices with a broadband loss of 0.1 dB per splice, a CTFBG transmission loss of
0.12 dB at wavelengths between 1075 to 1085 nm, and the filter transmission function TCT(ω). At the YDFL output,
the CLS, delivery fiber, and QBH provide an additional broadband attenuation of 0.1 dB.

3.2. Modelling configurations
The HR-FBG reflectance coefficients RHR and OC-FBG reflectance ROC used in the modelling have Gaussian

spectral profiles. RHR has a bandwidth of 4 nm and a reflectance of 99%, and ROC has a bandwidth of 1 nm and
a reflectance of 10%. The transmission spectral profile of the CTFBG used in the modelling is attained by fitting
the measured transmission profile of the CTFBG shown in Figure 3. Table 1 lists the main parameters used in the
modelling. The rest of the parameters follows the parameters of 20/400 µm YDF reported in Ref. 29.

Table 1: Main parameters used in the simulation.
Name Value Name Value Name Value Name Value

Pp [W] 2300 λs [nm] 1080 β3 [ps3/km] 0.04 Γs 0.85
L [m] 40 λp [nm] 915 β2 [ps2/km] 20.4 Γp 0.0024
τ [ms] 0.85 N0 [×1025m−3] 4.262 γ [W−1/km] 0.5 fR 0.18

In the modelling, the CTFBG insertion position X varies from 10 m to 40 m by increments of 5 m. The output
spectra and power filtered by the CTFBG are compared at different values of X. In particular, a Raman ratio is
calculated to evaluate the power percentage of the SRS content inside the output light. Raman ratio is calculated via
the laser output spectrum integrated from 1120 nm to 1160 nm divided by the laser output spectrum integrated from
1050 nm to 1160 nm [29].

3.3. Simulation results
Figure 5a) shows the simulation output spectra as a function of X, for the same pump power Pp=2300 W. The

output spectrum without CTFBG has an SRS peak at -12 dB. When X increases from 10 m to 20 m, the SRS peak
gradually drops, leading to an SRS peak at -28 dB when X=20 m. When X increases from 10 m to 40 m, the SRS
peak gradually drops, leading to an SRS peak at -20 dB when X=20 m and even less for larger values of X. Figure 5b)
shows the Raman ratio as a function of X. It is noticed that a larger X consistently leads to a smaller Raman ratio.
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Figure 6: Modelling results. a) Output power and power conversion efficiency η as a function of insertion position X. b) Power distribution along
the active fiber of pump light, forward propagating light and backward-propagating light. c) Filtered SRS power as a function of insertion position.

However, when the insertion position ≥20 m, difference between Raman ratios of the output spectra becomes small,
e.g. the Raman ratio has merely been improved by 3 dB when X increases from 20 m to 40 m, in comparison to over
14 dB difference for X from 0 to 20 m.

Insertion positions also have an impact on the output power. Figure 6a) shows the output power and power
conversion efficiency as a function of X, for the same pump power Pp=2300 W. The YDFL without CTFBG has an
efficiency of 73%. After CTFBG insertion, the efficiency drops from 70.3% gradually to 68.6% as X increases from
10 to 30 m. The decrease of efficiency when X≤30 m is attributed to splice losses and transmission losses at signal
wavelength caused by CTFBG. In the range of X≥35 m, the efficiency drops further steeply from 68.1% to 63.3%.
Besides the splice losses and transmission losses, the power transfer to SRS light that subsequently becomes filtered
out by the CTFBG leads to a significant decrease in efficiency when X≥35 m.

Figure 6b) shows the simulated power distribution of pump power (Pp), forward-propagating signal power (P+s ),
and backward-propagating signal power (P−s ) along the active fiber without CTFBG. The injected pump power of
2300 W is absorbed along the active fiber and converted to the power of forward/backward propagating light. It is
noted that at the boundary condition of the OC-FBG, the total reflected power is less than the 10% reflectivity of the
OC-FBG because the forward spectrum exceeds the reflection spectrum of the OC-FBG. The power distribution is
almost unchanged before and after inserting the CTFBG, but with a power loss at P+s from the filtering of SRS light
at the insertion position, i.e. the filtered SRS power caused by the CTFBG, splice losses, and transmission losses at
signal wavelength. Figure 6c) compares the filtered SRS power as a function of insertion position X. It is shown that
filtered SRS power increases gradually with the insertion position. When X≤30 m, filtered SRS power is <0.1 W
and insignificant with respect to the total output power. When X=35 m, filtered SRS power is 4 W, and at X=40 m
filtered SRS power is 104 W, leading to significant reduction in YDFL output power. These results show that when
X increases, a stronger SRS content is generated in the forward propagating light prior to the SRS removal by the
CTFBG. Therefore, a late insertion of the CTFBG leads to a significant loss in the output power.

Comparing Figure 5 and Figure 6, it appears that X=30 m is a judicious compromise in between Raman ratio and
output YDFL power. On one hand, from Figure 5b), the Raman ratio when X=35 m or X=40 m is at best 2 dB better
than the Raman ratio when X=30 m. On the other hand, from Figure 6a), a larger X leads to a gradual decrease in
efficiency when X≤30 m, because of the intracavity splice loss and the insertion loss at signal wavelength from the
CTFBG. However, the decrease in efficiency becomes fast when X>30 m, and steeply when X≥35 m. This steep
decrease in efficiency results from the significant filtered SRS power, which can be seen from Figure 6c). Besides the
factors of loss in efficiency, the significant filtered SRS power should be prevented for the factor of laser diode safety
as well. Because the filtered SRS power is reflected backwardly in the cladding, a large filtered SRS power can enter
the pump combiner and damage the laser diodes. Hence, X=30 m is chosen for the experimental configuration, i.e.
the CTFBG divides the 40 m oscillator into a section of 30 m and a section of 10 m.
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4. Experimental results

Figure 7a) shows output spectra of the YDFL with X=30 m as a function of YDFL output power. The SRS
content is effectively suppressed when YDFL output power ≤1.88 kW. An SRS peak at a wavelength of 1124.5 nm
emerges when the output power is 1.97 kW. This is caused by the short wavelength cutoff of CTFBG2, as shown in
the transmission spectral profile in Figure 3. Figure 7b) shows the output power and the Raman ratio as a function
of pump power. The YDFL has a power conversion efficiency of 68%. In reference to our previous work of Ref. 24,
the YDFL without CTFBG has a power conversion efficiency of 73%. The decrease in efficiency from 73% to 68%
matches the simulation results of Figure 6a). The decrease in efficiency is caused by splice losses and transmission
losses of the CTFBG at signal wavelength.
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Figure 7: Result of the YDFL with X = 30. a) Output spectra as a function of output power. b) Output power and Raman ratio as a function of
pump power. c) Output spectra of the YDFL at an output power of 1.6 kW without a CTFBG (w/o CT, data from Ref. 24), with a single CTFBG
(c/ single CT, data from Ref. 24), and with a cascaded CTFBG (w/ cascade CT). d) Raman ratio as a function of output power of YDFL w/o CT,
w/ single CT, and w/ cascade CT.

From Figure 7b), the Raman ratio grows steadily from -35.2 dB at the output power of 1.66 kW to -20.1 dB at
the output power of 2.03 kW. The beam quality of the output laser is measured according to the standard method ISO
11146, with the use of a focal lens and a commercial beam analyzer produced by PRIMES (FocusMonitor). The beam
quality is M2=1.37 at the output power of 1.81 kW. Beam quality measurement at larger output power is prevented by
the damage threshold of the measurement system.

In our previous work of Ref. 24, the output spectra were compared before/after a single CTFBG was inserted at
the position of X=30 m inside a 40 m YDFL. The output spectra from Ref. 24 are used as reference to compare with
the experimental result in this paper. Figure 7c) compares the output spectra of the 40 m YDFL without the insertion
of a CTFBG (w/o CT), with the intracavity insertion of a single strand of CTFBG (w/ single CT), and with the
intracavity insertion of the cascaded CTFBG (w/ cascade CT). For the three YDFL set at the output power of 1.6 kW,
the YDFL without a CTFBG has the strongest SRS peak. With a single CTFBG, the SRS is mitigated compared to the
YDFL without a CTFBG. However, an SRS peak still emerges in the wavelength range of 1127–1141 nm, because
the SRS spectrum exceeds the single CTFBG spectral range Finally, no significant SRS peak has emerged with the
cascade CTFBG. Therefore, the cascaded CTFBG effectively suppresses the SRS. Figure 7d) compares the Raman
ratio as a function of output power of the YDFL without a CTFBG, with a single strand of CTFBG, and with the
cascade CTFBG. The results show that the YDFL without a CTFBG has Pth=1.54 kW. The intracavity insertion of
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the single CTFBG improves Pth to 1.80 kW, and the intracavity insertion of the cascaded CTFBG further improves
Pth to 2.03 kW.

The cascaded CTFBG is placed on a V-groove for heat dissipation. A thermal camera (FLIR) is used to monitor
the temperature of the cascaded CTFBGs. Figure 8a) and Figure 8b) show thermal images of temperature elevation
∆T of CTFBG1 and CTFBG2, respectively, when the YDFL output power reaches 2.03 kW. Figure 8c) and Figure 8d)
quantitatively present ∆T as a function of YDFL output power along the fiber axis at the CTFBG locations. It is noticed
that ripples appear on the thermal profiles along the fiber axes, e.g. position ∼2.7 cm in Figure 8c) and position from
1.2 cm to 2 cm in Figure 8d). These ripples and spikes result from the local contamination spots in the recoating area.
Figure 9 shows the maximum temperature elevation ∆Tmax of CTFBGs as a function of YDFL output power. It is
found that ∆Tmax of each CTFBG grows proportionally with the pump power, with the growth rate ∼30.6 ◦C/kW for
CTFBG1 and ∼15.6 ◦C/kW for CTFBG2. The ∆Tmax for CTFBG1 reaches 85◦C at the maximum power. It is believed
that the different temperature growth rates of CTFBG1 and CTFBG2 result from the different UV-laser exposure time
during CTFBG inscription. In the future, the thermal handling capacity of CTFBGs could be improved with a better
design of cascaded CTFBGs, for example by distributing the heat load on multiplexed CTFBGs, as demonstrated in
Ref. 32.

Figure 8: Thermal image of the temperature elevation ∆T (YDFL output power = 2.03 kW) of a) CTFBG1 and b) CTFBG2. ∆T along fiber axis as
a function of YDFL output power of c) CTFBG1 and d) CTFBG2. Arrows indicate the directions of forward propagating light in the oscillator.

Figure 9: Maximum temperature elevation ∆Tmax of CTFBGs as a function of YDFL output power.

5. Conclusion

In conclusion, thanks to the SRS suppression from a 21.1 nm spectrally broad CTFBG, the first 2 kW monolithic
YDFL based on 20 µm-core double-cladding fibers and 915 nm pump source has been reported. The CTFBG insertion
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position of X=30 meters is optimized by a numerical modelling based on NLSE, and results from a compromise
in between SRS suppression and YDFL output power. Compared to a single intra-cavity CTFBG with a 10 nm
bandwidth and -13 dB transmission depth reported in a previous work, the proposed cascaded CTFBG enhances
the Raman threshold of a monolithic YDFL from 1.8 kW to 2.03 kW. This YDFL is of high commercial relevance
because of the combined simplicity of its design and high output power.
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