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Abstract:  This paper presents a simulation technique developed to 
concurrently model the pump and laser power evolution in a cladding 
pumped rare-earth doped fiber.  The simulation technique uses a series of 
scaling factors to dramatically decrease simulation run-times, while 
maintaining accuracy.  This approach differs from previous methods in that 
it can simulate arbitrary pump cladding shapes.  The results of the 
simulation are validated using a decagon-shaped cladding pumped, 
ytterbium doped fiber. Good correlation is found between the simulated and 
experimental pump evolution and conversion efficiency. 
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1. Introduction 

In 1988, a solution was found for the problem of producing fiber lasers and amplifiers that 
produce output powers in the >1 W range.  Instead of concentrating on coupling pump energy 
only into the rare-earth doped single-mode core of the fiber, a cladding pumped configuration 
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was used [1].  This approach allowed coupling of a high power multi-mode pump source, such 
as a laser diode array, into the first clad which has a diameter >100µm, a factor of 10 or 
greater larger in diameter than the single-mode core.  In cylindrical clad optical fiber, only the 
HE1m [2] modes have energy at the center of the waveguide, once the rare-earth doped core 
absorbs this energy, only outer skew modes will exist.  These skew modes can be perturbed 
by unintended index variations, stresses, and core-clad interface defects which scatter or 
refract the skew modes, increasing the probability of interaction with the core.  Such 
perturbations can also cause leakage of the single-mode laser light, given the rare-earth doped 
core typically has a weaker guiding condition than the pump clad.  With modern fiber 
manufacturing processes, most undesirable fiber defects such as point defects, unintended 
index variations, etc., that could scatter higher order mode energy towards the rare-earth 
doped core are avoided, creating the need for a intentional, controllable scattering mechanism.  
Solutions to this problem included rectangular shaped pump clads [3], hexagons [4] and 
concave polygons [5].  The last two shapes help to maximize the useful surface area being 
pumped, ease coupling to standard fibers, and simplify the fiber manufacturing process. 

Propagation modeling of double-clad fibers can be done using ray trace techniques [7], 
which are effective for modeling the propagation in the clad where the physical dimensions 
are substantially larger than the wavelength of light being propagated.  Ray trace techniques 
are not well suited for calculating propagation in the single-mode core of a cladding pumped 
fiber, instead, single-mode propagation is often handled by beam propagation methods (BPM) 
[8].  BPM techniques, which are generally used for modeling diffractive/refractive 
phenomenon, can be expanded to handle non-linear events via the split-step Fourier transform 
(SSFT) technique [9] which treats the propagation of the beam and the nonlinearity in the 
propagation material as two or more discrete steps.  The use of the SSFT in fiber models has 
largely focused on understanding the influence of nonlinear index variations in the core of 
single mode fibers during transmission.  Other methods utilizing approximate images [10] and 
using perturbation theory by use of an analogy with quantum mechanics [11] have been 
explored.  

This paper will describe an SSFT model developed for simulating cladding pumped rare-
earth doped fibers.  This technique simultaneously models the pump propagation in the 
multimode shaped clad, and the pump absorption and lasing buildup in the rare earth doped 
single-mode core.  The developed model describes the intensity and phase profiles of the 
multimode pump energy in arbitrary shaped pump claddings.  This is unique compared to 
previous models developed for analytically tractable shapes [12, 13].  An overview of the 
model development will be followed by simulation results for a decagon-shaped double-clad 
ytterbium doped fiber.  The results from the model will then be compared against the 
measured performance of a cladding pumped fiber with a novel decagon-shaped pump clad. 

 

2. Model Development 
 
In order to model the propagation and laser dynamics in the cladding-pumped rare-earth 
doped fiber, Maxwell’s equation, as shown in Eq. (1) is solved numerically. 
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Our model uses SSFT methods for propagation in the arbitrarily shaped cladding region 

as well as the core.  This consists of reducing the square of the gradient of the electric field 
component of Eq. (1) to the vector components perpendicular to the direction of propagation 
through the Fresnel approximation, then propagating a sampled version of the wave front 
through a series of small steps via two-dimensional Fourier transforms.  This model, as 
developed, concurrently solves the second-half of Eq. (1) to obtain the material dynamics.  
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This is done through the polarization of the material, and it’s relationship to the electric field 
via: 

 

0 atP Eε χ=
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Where atχv is given by [14]: 
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Where γ rad,2 →1 is the radiative decay rate from the upper to the lower lasing levels, ∆ωa is 

the atomic linewidth, ωa is the material resonance frequency, and g1 and g2 are the levels of 
degeneracy for the lower and upper lasing state energy levels.  N1 and N2, the populations of 
the lower and upper levels of the lasing transition, are a function of the energy density of the 
pump in the rare -earth doped core, as well as the laser energy evolution of the length of the 
fiber.  The susceptibility can be separated into atomic phase shift and amplitude components 
through χat=χ′+jχ″, χ″ is responsible for either loss or gain in the material.  The mid-band 
value of the susceptibility is given by [14]: 
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The values for N1 and N2 as a function of length along the fiber are calculated at each 
sampled point using solutions to the laser rate equations, which include the signal intensity in 
the rare-earth doped core and the pump intensity in the core.  The rate equations used in this 
model are for a three-level lasing system, this allows the behavior of ytterbium, which in silica 
exhibits both quas i-three level behavior dependant on the lasing transition, to be modeled.  
The propagation and material dynamics are calculated in a stepwise manner that assumes that 
the propagation and material dynamics can be treated separately given small (sub-wavelength) 
step sizes.  Two elements must be considered, the change in amplitude distribution and phase 
as a function of propagation, and the change in amplitude as a function of absorption (pump 
energy) or emission (core energy).   The propagation technique used assumed that the paraxial 
condition holds – which is the case for the fiber modeled. The Fresnel approximation, which 
simplifies the description of the field, and the slowly varying envelope approximation are 
used to reduce the propagation equation to: 
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Where x0, y0, and z0 are the initial coordinate of the array point being propagated, and x, y, 
and z is the array point coordinate post-propagation – this reduced form is related to the 
electric field through E(x,y,z)=u(x,y,z)exp(-jkz).  This equation has the form of a convolution 
between the complex field and the exponential term [14], thus propagation is be done by 
Fourier transforming the initial field and the exponential term, multiplying them, then inverse 
Fourier transforming to get the propagated field description.  If the array spacing and 
propagation distance are invariant, then the exponential term need only by Fourier 
transformed once, then saved, reducing the simulation time. 

The material kinetics, which are described by the second part of Eq. (1), are simulated in 
part by calculating the difference in the upper and lower lasing states – as the model is for a 
three level system, it is assumed that the decay rate from the upper pump energy level to the 
upper lasing energy level is fast, thus the population of this state can be ignored.  The pump 
rate, R13, for each array point must be calculated – the pump rate for any given array point is 
given by σpIp/hνp, where σp is the pump absorption cross section in the core, Ip is the pump 
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intensity at any array point, and νp is the frequency of the pump light.  For the “signal” in the 
rare-earth doped core, the emission cross section probability, We, is given by σeIs/hνs, and the 
absorption cross section probability, Wa, is given by σaIs/hνs, where the σa,e is the signal 
absorption/emission cross section in the core, Is is the signal intensity at any array point, and 
νs is the frequency of the signal light.  The measured material properties were used in the 
model.  The value used for σp was 1.5×10-21 cm2, σe=1.3×10-20 cm2, and σa=5.8×10-21 cm2. 
Given these terms, the population difference, ∆N, for a degenerate transition is given by: 

( ) ( )0 2

21
2

13

13

1
1 e a

a e

N g
N W W R

gW W R τ
τ

∆ = + − +
+ + +

 
         

                (6) 

The degeneracy levels for ytterbium in silica are g1=4, g2=3.  N0 is the ion density in the 
doped core, which was set at 4.4×1019 cm-3. From [14], χ″ at mid-band is given by 
χ″=∆Nσeλ/2π, where σe is given by (1/2π)(γrad/∆ωa)λ2.  Stepping a small distance ∆z=z-z0, the 
change in the magnitude of the input electric field, Ein as a function of material dynamics can 
now be given by; 
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One problem with simulating with multiple optical waveguides concurrently is the 
different spatial frequency of the sampling points required by the different sizes of the 
waveguides.  The spatial frequency used in modeling a double-clad fiber is driven by the 
requirement to model the single-mode core accurately.  In this model, the core and the 
cladding wave front arrays are of equal spatial frequency – this was done to ensure that the 
calculation of the pump energy in the rare-earth doped core was accurate. This led to a very 
large number of sampled points to model both a core and cladding where the diameter ratio is 
20:1, or greater.  In order to limit the number of points used in the simulation wave front 
arrays, the size of both the pump clad and the core were scaled down proportionately.  Using 
Eq. (4) [6], the overall small-signal cladding pumped fiber absorption αfiber can be scaled by 
varying the small-signal core absorption αcore as well as the core and cladding area. 

core

fiber core

clad

A

A
α α=  (8) 

By reducing the cladding diameter, thus the area, while maintaining the Acore/Aclad ratio, 
the size of the arrays being propagated can be decreased, reducing the overall simulation time.  
Reduction of the core and cladding diameter must be accompanied by a reduction of the pump 
and lasing wavelength in the model in order to preserve the modal behavior of the 
waveguides.  The number of modes in the clad, thus the modal distribution is directly 
proportional to the ratio of the square of the clad radius and the wavelength of light being 
propagated.  As the core radius decreases, the wavelength of light in the core must also be 
decreased in order to maintain the single-mode guiding condition.  The model uses Fourier 
transform techniques for propagating the wave front – as the point density goes as 2n, it 
becomes important to carefully pick the array size – a 256 x 256 array requires 65,536 Fourier 
transforms per step, while the next density, 512x512, requires 262,144 Fourier transforms.  
The fiber being modeled is nominally 230 microns in diameter, with an 8-micron diameter 
core.  At the Nyquist limit, it would require over 4 million Fourier transforms per step to 
properly propagate the field in both the core and clad.  Using the scaling of the core/clad ratio, 
combined with scaling of the core absorption coefficient allowed for much shorter simulation 
times.  In the simulation results shown below, a device with scale lengths up to 80 meters in 
length was simulated in less than 12 hours of run time on a current Pentium class personal 
computer. 
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3. Model results 

 
The physical parameters required for running the simulation were measured on a sample of 
the fiber being used to test the accuracy of the model.  The measurement equipment used a 
multi-stripe laser diode with a nominal center wavelength of 918 nm.  For the model, the core 
absorption coefficient at this wavelength was set to be 0.7 cm-1.  As was mentioned in Section 
2, a scaling factor, based on Eq. (8) was used to scale the model results to the experimental 
fiber.  For the simulation a cladding diameter (circle inscribed into the decagon) of 18.4 µm 
was used.  The core diameter was reduced to 0.64 µm to maintain the same core to cladding 
area ratio.    In order to maintain the same capture area of the core, the pump and lasing 
wavelengths were scaled down to maintain the single-mode condition in the rare-earth doped 
core.  The pump clad numerical aperture was set to 0.48.  In the experimental measurements, 
the pump beam from a fiber coupled laser diode with a 600 um 0.22 NA fiber was coupled 
into a 230 um 0.48 NA fiber, which was run through a Newport mode scrambler to assure 
proper mode mixing.  The output of this fiber was collimated, and then launched into the 
double-clad fiber using a 0.45 NA molded aspherical lens – the fiber was positioned until the 
laser power out was maximized.  In the model a flattop beam that filled the aperture was used.  
In this model, the fiber shape is used to randomize the modes to increase the cladding pumped 
absorption per unit length – this randomization effect also acted to minimize any difference 
between simulation and model depending on fiber launch conditions. The core absorption rate 
in the model was also increased, once again to use the scaling described in Eq. (8).  The total 
scaling factor for the core and cladding areas, and the core absorption rate was 500.  Figure 1 
shows the simulated evolution of the pump power and lasing power over the lengths modeled. 
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Fig. 1.  Pump and laser (signal) power evolution as a function of length for 
the simulated decagon-shaped fiber.  In this case a pump power of 2 watts 
was used.  The simulation length was 16 cm. 

4. Experimental fiber 

The fiber that was developed for this work was a double clad, ytterbium doped fiber.  The 
fiber was unique to fibers previously reported in the literature as its pump clad has a 
decagonal shape – an end micrograph of this fiber is shown in Fig. 2.  The ytterbium was 
incorporated into the core using the solution-doping technique.  The second clad was a UV-
cured hard polymer, which against the pure silica pump clad yielded an NA of 0.48.  The 
construction process for both the preform and fiber utilizes standard manufacturing 
techniques; the only major difference being a machining step to produce the shaped preform.  
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This shape is similar to standard round fibers, which simplifies fusion splicing and decreases 
pump loss at the splice.  The decagon also has a larger surface area than other shaped fibers 
previously discussed in the literature – this allows for greater convective cooling in high 
power applications.  The core absorption was 0.7 cm-1 – this was measured at 918 nm, the 
nominal pump wavelength of the measurement setup used. 

 
Fig. 2. End micrograph of the experimental decagon-shaped 
fiber.  The diameter of the pump clad is nominally 230 µm.  
Cleave damage obscures the upper and lower apices. 

5. Comparison of simulation data to experimental data 

Two metrics will be used to validate the simulation results to the experimental fiber – the 
pump power evolution as a function of device length, and the fiber conversion efficiency as a 
function of length. In the simulation, the laser cavity was defined by a high reflector at the 
lasing wavelength at the pump end, and the Fresnel reflection of the cleaved distal end of the 
fiber.  In order to properly validate the model results, the experimental fiber was tested the 
same way.  The pump power evolution data for the experimental fiber and the simulation are 
shown in Fig. 3.  In this case an initial pump power of 2 watts was used for both the 
experimental and simulation data.  Multiple experimental trials were done to understand the 
variation between multiple fiber lots.  The peak cladding pump absorption from the model 
was 0.25 dB/m, the peak experimentally measured absorption was 0.23 dB/m.  It was noted 
when making the comparison between the simulation and experimental results that the scaling 
technique used is sensitive to the scaling of the small signal absorption of the core.  In heavily 
doped fibers the core attenuation coefficient is difficult to measure, as the cutback lengths 
needed to perform the measurements are fairly small (on the scale of centimeters) in order to 
detect signal at the pump wavelength.  If the cutback length is not carefully measured, then 
the core absorption number will vary significantly.  This variation, compounded with the 
multiplicative scaling of the core absorption described in Eq. (8), can lead to unacceptable 
offsets between simulated and experimental data.  For this work, the core absorption of the 
experimental fiber was measured several times, and the mean value was fed back into the 
simulation in order to determine the accuracy of the simulation technique. 

The range of lengths used in Fig. 3 represent typical device lengths for cladding-pumped 
fibers with pump clad diameters of this size range – shorter lengths result in excessive pump 
loss, longer lengths can lead to reabsorption of laser light in quasi three-level lasing systems 
like ytterbium in silica.  The model data reflects the scaling factor discussed in Section 3.  The 
correlation between the model and experimental data was quite good, with the model results 
showing a slightly higher absorption rate than the experimental data. 
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Fig. 3. Simulated and experimental pump absorption as a function of length for the 
230 µm diameter decagonal fiber.  The length scale chosen reflects a range of 
typical device lengths for cladding pumped devices.   

 
 
The conversion efficiency (CE) of the fiber was also simulated and measured.  The 

conversion efficiency is defined as the ratio of the laser output power and the absorbed pump 
power.  The simulation calculated the build-up of the laser power as a function of length, and 
the absorbed pump power is simply the difference between the launched and the residual 
pump power.  The comparison between the simulation and experiment is shown in Fig. 4. 
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Fig. 4.  Simulated and experimental conversion efficiency as a function of length 
for the 230 µm diameter decagonal fiber. 
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The correlation between the modeled CE and the experimental data was once again quite 
good.  Note that the CE goes down as the length increases.  As the CE goes as the ratio of the 
laser output power to the absorbed pump power, this indicates a re-absorption of the laser 
energy in the core at longer lengths – this action was shown in the model data, and confirmed 
by the experimental data.  Note that the simulated conversion efficiency does not include any 
losses outside of re-absorption of the laser light generated in the core.  The close correlation 
between the simulated and experimental data indicates that the experimental fiber had very 
low extrinsic loss. 

The lasing wavelength in the experimental fiber, with no external control, varied between 
1075 and 1080 nm over the lengths measured.  Given a nominal pump wavelength of 920 nm, 
this yielded an average quantum efficiency of 93%, this indicates a very low degree of excess 
loss. 

 

6. Conclusion 
 

We have developed a modeling technique that can be used to simulate the propagation of 
multimode pump energy in the pump clad of a clad pumped fiber, as well as the propagation 
in the single-mode rare-earth doped core – the model concurrently simulates the lasing action 
in the rare-earth doped core.  The method of scaling, described in Section 2, allows for 
realistic run-times when using SSFT techniques for modeling propagation in the pump clad 
and single mode core, while simulating the lasing build-up in the rare-earth doped core and 
the pump decay in the pump cladding. This results of the model discussed include the pump 
power evolution in the pump clad of the fiber and the laser power evolution in the ytterbium 
doped core.  These results were compared against to a ytterbium doped cladding pumped fiber 
with a decagon shaped clad.  Reasonable correlation exists between the model and 
experimental data.  As was confirmed by both the model and experimental data, this fiber has 
a high absorption coefficient of 0.25 dB/m (modeled), and 0.23 dB/m (experimental) for a 230 
µm diameter fiber pumped at 918 nm.  The conversion efficiency, from both the model and 
experimental fiber, compared favorably with prior work in cladding pumped ytterbium-doped 
fiber lasers [15], typically over 80%.  Additional work exploring the variation in the pump-
clad size of the decagon-shaped fiber, as well as an octagonal shaped pump clad will be 
described in detail in a future paper.  The experimental data from these fibers indicate that the 
high conversion efficiency shown in this sample fiber is likely a function of the fiber 
manufacturing process – initial measurements of the octagonal fiber also show conversion 
efficiencies exceeding 80%. 
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