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in continuous-wave (CW) operation while maintaining 
high beam quality, due to their inherent advantages. Among 
others, high achievable dopant concentration results in 
increased gain and particularly small quantum defect 
makes possible low thermal load and the concept of tandem 
pumping (see [1] and references therein). These devices 
were theoretically shown to have the potential output pow-
ers of tens of kilowatts [2], and 100 kW has recently been 
demonstrated experimentally using a fiber combining tech-
nique [3]. At high-power or for long-cavity fiber lasers, 
fiber nonlinearities become important, acting on spatial 
and temporal properties of the output and consequently 
modifying its spectral properties. The effect of nonlinear-
induced spectral broadening has already been investigated 
for ultra-long Raman fiber lasers with cavity lengths of up 
to 82.4 km and maximum output powers with near 1 W [4]. 
The reduced effective reflectivity of the fiber Bragg grat-
ings caused by spectral broadening beyond the reflection 
spectra of the Bragg gratings leads to decreased power effi-
ciency. In the case of Raman fiber lasers, several different 
models have been developed to describe the Kerr-induced 
broadening of the spectrum. A semiempirical approach 
to four-wave mixing has been used [5]. Fully analytical 
descriptions based on the wave turbulence approach [6, 7] 
and a modified shooting method combining the nonlinear 
Schrödinger equation (NLSE) and the steady-state power 
evolution equations [8] have also been demonstrated.

Kerr-induced spectral broadening of partially coher-
ent (PC) CW beams has already been studied numerically 
in both the anomalous and normal dispersion regime of a 
fiber [9, 10] by handling the temporal evolution of the ini-
tial phase as a suitable stochastic process. Yb-doped fibers 
are generally used in the normal dispersion regime, and a 
proper adaption of PC beam modeling to predict spectral 
properties of CW Yb-doped fiber lasers would be useful. 

Abstract  A detailed, fast-converging iterative numeri-
cal method has been developed to model continuous-wave 
bidirectionally pumped Yb-doped fiber lasers with out-
put powers of several hundred watts. The analysis shows 
nonlinearity-induced broadening of the lasing spectrum, 
which also modifies power efficiency. Cavity dynamics is 
described by combining the effects of Kerr nonlinearities 
with power evolution equations and rate equations. The 
fast method to find steady-state solutions for cavity set-
ups is based on setting the temporal phase evolution as a 
stochastic process with proper spectral filtering. Spectral 
properties of bidirectionally pumped lasers are calculated 
within few minutes using a commercial desktop computer, 
and very good agreement with experimental measurements 
is obtained for up to 922 W total pump and 708 W output 
power.

1  Introduction

In the past 20 years, Yb-doped fiber lasers have been proven 
to be successful candidates to achieve record output powers 
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An analytical model [11] successfully predicted secant-
hyperbolic spectral shape of Yb-doped fiber lasers with out-
put powers in the 1–12 W range and spectral widths below 
0.1 nm by consequently neglecting dispersive phase shifts 
between the oscillating longitudinal modes. A quantitative 
numerical analysis was recently published by Turitsyn et al. 
[12] to explain the nonlinear spectral broadening and its 
consequences. The detailed numerical model was based on 
the combined NLSE, power evolution equations and effec-
tive two-level rate equations. The intensity and population 
distributions along the fiber were iteratively calculated 
assuming an effective propagation along an optical line 
with periodic cavity elements. Unidirectional pumping was 
assumed in the configuration. The approach was proven to 
be suitable for output powers of up to 12 W and for 35 m 
cavity length with proper high-performance computing 
facility. However, modeling such lasers with orders of mag-
nitudes higher power and bidirectional pumping can result 
in computational issues arising from the accurate calcula-
tion of nonlinearities.

Here, we introduce a fast-converging iterative numeri-
cal method to investigate nonlinear cavity dynamics in 
bidirectionally pumped high-power CW Yb-doped fiber 
lasers with output powers of several hundred watts. We 
present details and further results of the algorithm summa-
rized in Ref. [13]. The calculated results are in very good 
agreement with experiments for up to 708 W output power. 
The model is based on the combined NLSE, power evolu-
tion equations and rate equations. Forward and backward 
propagating CW laser beams are assumed to be spectrally 
filtered PC beams with additional one-photon-per-mode 
noise. The initial parameters of the beams are introduced 
into the doped fiber and then subject to the iteration pro-
cess. Frosz’s experimentally proven concepts [14] are the 
output of a CW pump laser for supercontinuum generation 
can be successfully modeled by a spectrally filtered phase 
diffusion process with additional one-photon-per-mode 
noise. This paper extends Frosz’s concepts by finding the 
proper iteration for the spectral filtering of the phase diffu-
sion process to successfully predict output spectra of high-
power CW fiber lasers, while maintaining computing times 
(the order of minutes) on a commercial desktop computer.

2 � Experimental setup

Figure 1 shows the experimental setup of the investigated 
Yb-doped cladding-pumped oscillator. For bidirectional 
pumping, OFS tapered fiber bundles (TFBs) are used 
which are suitable for coupling 18 multimode high-power 
sources and 1 single-mode signal source into the gain fiber. 
The high-power sources are 976 nm 25 W multimode laser 
diodes, each coupled into a 105/125  μm  (core/cladding) 

diameter pigtail fiber to achieve up to 460 W pump power 
from both directions. Model validation was performed 
using a comparison of measured and calculated output 
powers and output spectra for a wide range of pump pow-
ers. The reflection spectra for both the high-reflection fiber 
Bragg grating (HR) and the output coupler (OC) are meas-
ured and are well approximated by proper Gaussian func-
tions. These spectra are centered around 1070.1  nm with 
spectral FWHMs of 3.2 and 0.7 nm and peak reflections of 
99.5 and 9.8 %, respectively. A 20-m length of Yb-doped 
fiber with cladding absorption of 0.8  dB/m at 915  nm is 
used as the gain fiber.

3 � Algorithm and validation

Our algorithm calculates the output power and spectral 
distribution of the CW laser over three different stages of 
calculations. The relevant pump and signal waves at the 
boundaries used for iterations or as fixed boundary con-
ditions are summarized in Fig.   2, while the overview of 
the model is shown in Fig.   3. Within each stage, differ-
ent calculation methods and boundary conditions are used 
to derive the approximate spectral power distribution, from 
an initial approximation in Stage 1 until a more accurate 
one in Stage 3. The core of the algorithm for every calcula-
tion stage is a propagation solver described below in detail, 
which is executed from the HR toward the OC numerous 
times until the calculated spectrum reaches an accuracy 
threshold of the current stage. The calculated power and 
spectrum in Stage 3 is the overall output of the algorithm. 

Fig. 1   Experimental setup for validation

Fig. 2   Notations at the boundaries
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The direction of the propagation solver from the HR toward 
the OC is defined as being forward. The propagation dis-
tance, z, is considered positive in the forward direction. 
In all stages, the propagation solver handles the coupled 
forward and backward propagating signals and pumps 
together.

At the beginning of each iteration step within a stage, 
the spectral power of the backward propagating signal is 
iteratively set at the HR via multiplying by a proper signal 
feedback function (FFs):

where n represents the nth iteration step; s denotes the sig-
nal; and fi is the ith frequency component. From the P−

s,n(fi)

@HR iterated backward signal, the forward signal P+
s,n(fi)

@HR is calculated using the wavelength dependent reflec-
tivity of the HR. + and − signs denote forward and back-
ward propagating waves, respectively. FFs,n−1(fi) is cal-
culated at the previous (n − 1)th step, after executing the 
propagator until the OC and obtaining backward P−

s,n−1(fi)

@OC and reflected forward P+
sR,n−1(fi)@OC signals at 

z = L. The latter was calculated from the forward signal 
P+
s,n−1(fi)@OC at the output coupler using the wavelength 

dependent reflectivity of the OC, similarly to the HR side. 
In the (n − 1)th iteration step, according to the boundary 
condition at the OC, the calculated spectra of P−

s,n−1(fi)@
OC and P+

sR,n−1(fi)@OC should be equal with perfect ini-
tial conditions at z = 0. Consequently, the key task of each 
stage is finding the optimal signal feedback function which 
allows the accurate calculation of the forward and back-
ward signals at z = 0 according to Eq. (1). After executing 
the nonlinear propagator, these signals satisfy the equality 

(1)P−
s,n(fi)@HR = P−

s,n−1(fi)@HR × FFs,n−1(fi)

boundary condition with a predefined accuracy at z = L as 
shown in Fig. 2.

The spectral components of the backward pump at the 
HR are also iterated by a suitable method, in order to match 
the boundary condition at the OC given by the known spec-
trum of the coupled backward pump. While the same itera-
tion method for the backward pump proved to be useful for 
each stage, the form of FFs,n(fi) to iterate the backward sig-
nal spectrum is changed in every stage and will be discussed 
later. Measured pump spectra were used as input for the cal-
culations within every stage of the algorithm. The iteration 
of the backward pump is based upon the shooting method 
[15] for each spectral component. Equation  (2) shows the 
heuristic approximate relationship between the HR and OC 
pump powers at the (n − 1)th and (n − 2)th iteration steps 
and the real spectrum of the backward pump, P−

p (fj). This 
approximation is valid when the pump is not depleted and 
the pump absorption is not saturated at any frequency:

Approximating the real spectrum of P−
p (fj)@HR by the 

power at the nth iteration step denoted by P−
p,n(fj)@HR, 

from Eq. (2) we obtain:

(2)

P−
p,n−1(fj)@OC− P−

p (fj)@OC

P−
p,n−2(fj)@OC− P−

p (fj)@OC

≈
P−
p,n−1(fj)@HR − P−

p (fj)@HR

P−
p,n−2(fj)@HR − P−

p (fj)@HR

(3)

P−
p,n(fj)@HR =

P−
p,n−2(fj)@HR ×�P−

p,n−1(fj)@OC

−P−
p,n−1(fj)@HR ×�P−

p,n−2(fj)@OC

�P−
p,n−1(fj)@OC−�P−

p,n−2(fj)@OC

Fig. 3   Model overview
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In Eq.  (3), the difference between the real spectral com-
ponents of the backward pump at the output coupler and 
those obtained by any kth iteration step is denoted by 
�P−

p,k(fj)@OC and stands for the following:

The iteration of the backward pump shown in Eq.  (3) is 
valid in every stage of the algorithm.

In Stage 1, the propagation in the Yb-doped fiber 
neglects any dispersive and nonlinear effects and is 
restricted to the amplification of the spectral components of 
the electric field in the Yb-doped medium. The model used 
in this stage is based upon the effective overlap integral 
approximation of Giles et al.  [16]. Power evolution equa-
tions for the frequency-dependent signals and pumps for a 
given nth iteration step have the form of

where n2 and n1 are the upper- and lower-state populations, 
σe and σa are the frequency-dependent emission and absorp-
tion cross sections, respectively, and C is dopant concentra-
tion. For the core mode of the signal, the overlap factor is 
determined by a mode solver, while the pump overlap was 
obtained from preliminary measurement of the small signal 
loss of the propagating light in the cladding. This resulted 
in Γs = 0.65 and Γp = 0.0038 for the signal and the clad-
ding pump, respectively. Stationary population inversion 
is assumed at each point of the fiber as the duration of a 
single round-trip in the present oscillator length is over 
three orders of magnitude smaller than the Yb lifetime [12], 
considered 2.3  ms. The coupled power evolution equa-
tions for the forward and backward propagating signals and 
pumps are solved from z = 0 (HR) toward z = L (OC) by a 
four-step Runge–Kutta method [15]. When the total pump 
power is >400 W, the signals are spectrally resolved in a 
20-nm-wide window in each stage. For lower pump pow-
ers, 12-nm-wide window ensures a stable convergence of 
the overall algorithm. In each iteration step of Stage 1, the 
feedback function FFs,n(fi) ≡ FFs,n is frequency independ-
ent and is calculated the following way:

(4)�P−
p,k(fj)@OC = P−

p,k(fj)@OC− P−
p (fj)@OC

(5)

d

dz
Ps,n

±(fi) = ∓αsPs,n
±(fi)

± (n2σes(fi)− n1σas(fi))ΓsCPs,n
±(fi)

(6)

d

dz
Pp,n

±(fj) = ∓αpPp,n
±(fj)

±
(

n2σep(fj)− n1σap(fj)
)

ΓpCPp,n
±(fj)

(7)

FFs,n = 1

− B

(

∑

i

P+
sR,n(fi)@OC−

∑

i

P−
s,n(fi)@OC

)

,

which equals 1 when the calculated backward and reflected 
forward signals have equal power at the output coupler. B 
is a suitable constant chosen to speed up the iteration. As 
Stage 1 calculates approximate signal powers and does 
not consider nonlinear spectral broadening, the P−

s,n(fi)@
HR components assumed to have the same spectral shape 
that the reflectivity of the OC at the beginning of any nth 
iteration step. Accordingly, the output of Stage 1 following 
its final iteration step is the total backward signal power of 
∑

i P
−
s (fi)@HR with an assumed spectral shape together 

with the spectral power distribution of the backward pump: 
P−
p (fi)@HR.

The aim of Stage 2 is to provide a rough estimation of 
the real spectral shape of the backward signal P−

s (fi)@HR 
by a Lorentzian function before executing the propagation 
solver. This is achieved by applying the phase diffusion 
model [17] i. e., the temporal phase evolution of the back-
ward signal follows a Wiener process at the HR. According 
to Ref. [17], the FWHM of the resulting Lorentzian spec-
tral shape is proportional to the variance parameter of the 
Wiener process, which makes possible to tune the spectral 
width of the signal at the beginning of each iteration step. 
One-photon-per-mode noise is also added to the spectrum 
[14]. The propagation solver in Stage 2 is based upon the 
NLSE involving second-order dispersion and self-phase 
modulation terms [18] with an additional gain term used to 
model the laser amplification in the nonlinear gain media 
for both the forward and backward propagating signals:

Here, A(z, T) denotes the slowly varying complex envelope 
and the signs stand for the forward and backward propagat-
ing signals, similarly to Stage 1. The number of sampling 
points of the spectral and temporal window is increased 
to 4096 for an accurate execution of the symmetric split-
step Fourier method [18]. The equations for A+ and A− are 
coupled via the gain term g(A+,A−), which is determined 
numerically using the power evolution Eqs.  (5)–(6), simi-
larly to Stage 1. In this stage, Eqs.  (5)–(6) are solved for 20 
sequential segments within each split-step segment using 
the Runge–Kutta method. This subdivision is a trade-off 
to achieve increased accuracy of the gain calculation while 
keeping the computing time of the gain in the same order of 
magnitude of the dispersion and nonlinearity. The second-
order dispersion and the nonlinear parameter are defined 
as β2 = 40 ps2/km and γ = 0.003 W−1m−1, respectively. 
In this stage, the iteration of the backward pump and two 
signal iterations are executed simultaneously. The fre-
quency-independent feedback function FFs is calculated in 

(8)
∂A±

∂z
=

(−
+iβ2

2

∂2

∂T2
± iγ

∣

∣A±
∣

∣

2
± g(A+,A−)

)

A±
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the same way as in Stage 1, while the spectral FWHM of 
P−
s (fi)@HR is scaled in each iteration step as follows:

In Eq. (9), the FWHM terms at the HR are set by the vari-
ance parameter of the Wiener process. The iteration process 
of Eq. (9) uses obtained spectral FWHM values at the OC 
calculated within each iteration step following the propa-
gation. It is not possible to calculate FWHM of the noisy 
spectrum for a single realization of the Wiener process after 
propagating in the doped fiber so signal spectral curves are 
smoothed by a moving average for 50 points before the 
FWHM calculation, denoted by MA. Consequently, the 
outputs of Stage 2 are the spectral distribution of the back-
ward pump power P−

s (fj)@HR, the total backward signal 
power 

∑

i P
−
s (fi)@HR and also the assumed Lorentzian 

spectral shape of the backward signal at the HR with the 
iterated spectral FWHM. The latter is involved implicitly 
in the complex spectral amplitude |A−(fi)|@HR and phase 
φ−(fi)@HR at the output of Stage 2 as shown in Fig. 3.

The aim of Stage 3 is to use the FFs(fi) to refine the 
calculated Lorentzian spectrum from Stage 2 via iterative 
spectral filtering. In this stage, we generalize Frosz’s con-
cepts [14] of spectral filtering the output of a phase diffu-
sion model to obtain the measured laser spectra. We have 
shown that the output spectrum of a high-power CW Yb-
doped fiber laser can be predicted by filtering the output 
spectrum of a phase diffusion model by a proper function 
calculated iteratively at the HR and then solving the NLSE, 
power evolution equations and rate equations from this iter-
ated spectrum, until the OC. The feedback function FFs(fi) 
defined by Eq. (1) is calculated from the obtained spectral 
power values at the OC following the propagation, using 
the heuristic expression:

(9)

FWHMP−
s,n
@HR = FWHMP−

s,n−1
@HR

×

FWHM[

P−
s,n−1

]

MA

@OC

FWHM[

P+
sR,n−1

]

MA

@OC

where MA is the moving average similarly to Stage 2. As 
this expression contains smoothed, broadened spectra at 
the OC, it has to be rescaled before the application of the 
feedback function to the initial signal spectrum at the HR, 
denoted by ∼. The exponential dependence ensures conver-
gence of the spectral components at the OC boundary on a 
logarithmic scale if the parameter K is set properly. As the 
aim of the overall algorithm is to predict both the output 
spectral shape and power, the iterative spectral shaping in 
Stage 3 is allowed to fine-tune the total power. A deviation 
of <10 % was typical compared to the output of Stage 2. 
This fine-tuning of the output power proved to be crucial in 
achieving such good agreement with experiments.

The validation of the model was executed for forward, 
backward and bidirectional pumping schemes, with pump 
powers of up to 460 W in a single direction. Output sig-
nal powers as functions of the pump powers are shown 
in Fig.  4, while comparison of measured and calculated 
spectra are shown in Fig. 5. The calculated data show very 
good agreement with measurements, with deviation from 
the measured data below 8 % and below 10 % for the out-
put powers and for the RMS spectral widths, respectively. 
The calculations were executed on a 8-core Intel Xeon 
X5450@3.00  GHz desktop computer with 16  GB RAM, 
and computation times for all scenarios, including high 
pump power regimes, were within 5 min. This is a reduc-
tion of over 1 order of magnitude of computing time com-
pared with the resonator model based on the effective prop-
agation in an optical line [12]. The decreased computing 
time is valid even with increased number of computations 
within a single propagation along the doped fiber compared 
to Ref.  [12]. This increase in computations results from the 
subdivision of the split-step segments into Runge–Kutta 
segments for the numerical computation of the gain and 

(10)
FFs,n(fi)

∼ exp[K × (1− P+
sR,n(fi)MA@OC/P−

s,n(fi)MA@OC)]

Fig. 4   Calculated and measured output powers as a function the total pump power for a bidirectional, b forward and c backward pumping
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also considering the wavelength dependence of the absorp-
tion and emission cross sections. The inclusion of this 
wavelength dependence in the numerical solutions of the 
inversion level and gain in our model results in increased 
accuracy especially for significant spectral broadening.

We have found the form of FFs(fi) is independent of the 
pump power in the investigated domain and independent of 
the fiber length for up to 40 m, while 0 < K < 1.5. How-
ever, the exact dependence of K on the model parameters is 
still unresolved and needs further research.

We note that a well-established model for spectral 
broadening in Raman fiber lasers exists [6, 7], based on 
four-wave mixing between the large number of longitu-
dinal modes which is described by the wave turbulence 
approach. Adaption and implementation of this method to 
the presented algorithm may allow further improvement in 
the speed of computation which is a component of future 
research.

The slightly asymmetrical broadening of the measured 
spectrum observed in Fig. 5 for the highest power indicates 
stimulated Raman scattering (SRS) similarly to Ref. [19]. 
According to Ref. [20] and considering 11 μm mode field 
diameter and 5  dB/km attenuation of the used fiber, the 
Raman threshold is approximately 1 kW, close to the high-
est output power in the present study. Above the threshold, 
the power scalability of CW fiber lasers and master oscilla-
tor power amplifier setups may be limited by SRS, although 
doped fibers with large mode area are preferentially used 
to suppress this effect [19, 21]. SRS dominates over stimu-
lated Brillouin scattering for spectral bandwidths above 0.5  

GHz [22], which is completely satisfied in the present case. 
Accordingly, SRS has a negligible effect in the investigated 
power domain but needs to be implemented when powers 
above 1 kW are used.

4 � Conclusion

We have introduced a fast numerical method to predict 
nonlinear spectral broadening and output power in bidi-
rectionally pumped high-power CW Yb-doped fiber 
lasers with output powers of several hundred watts. Cal-
culation results were obtained within few minutes using 
a commercial desktop computer and show very good 
agreement with experiments for up to 708  W output 
power. The method can be considered as an adaption of 
Frosz’s spectrally filtered phase diffusion concept [14] 
into high-power Yb-doped fiber lasers. The developed 
method makes possible to predict output spectral proper-
ties of high-power CW fiber lasers in a reasonable time 
without the need of extreme computational capacity.
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