
Regular Articles

Adaptive shooting method for 4-point side-pumping high power
Yb3+-doped double-clad fiber lasers

Xudong Hu a,b, Tigang Ning a,b, Li Pei a,b,⇑, Qingyan Chen c, Jing Li a,b, Jingjing Zheng a,b, Chuanbiao Zhang a,b

a Institute of Lightwave Technology, Beijing Jiaotong University, Beijing 100044, China
b Key Lab of All Optical Network & Advanced Telecommunication Network of EMC, Beijing Jiaotong University, Beijing 100044, China
c Wuhan Vocational College of Software and Engineering, Wuhan 430205, China

a r t i c l e i n f o

Article history:
Received 27 July 2014
Revised 8 December 2014
Available online 13 January 2015

Keywords:
Shooting method
Simple identification process
Side-pumping
Yb3+-doped fiber
Fiber lasers

a b s t r a c t

An adaptive shooting method for solving 4-point side-pumping high power Yb3+-doped double-clad fiber
lasers (YDCFLs) is developed. The adaptive shooting method combines the simple identification process
and shooting method procedure. Simulation results show that the adaptive shooting method can identify
automatically and easily eight different cases in the 4-point side-pumping YDCFLs with different pump
schemes. The initial estimate values of pump powers as independent variables are given approximate
expressions and the signal powers are set random functions to speed the adaptive shooting method.
The adaptive shooting method can succeed rapidly to get the exact results after average less than eight
iteration steps updating initial guess values.

� 2014 Elsevier Inc. All rights reserved.

1. Introduction

In recent years, high power Yb3+-doped double-clad fiber lasers
(YDCFLs) and related pump technologies have been attracting
increasing attention. A highly efficient cladding-pumped
Yb3+-doped fiber laser generating >2.1 kW of continuous-wave
output power at 1.1 lm has been demonstrated [1]. Compared
with end-pumping scheme, multipoint pump scheme can
overcome the limitation of pump source and thermal effect in
YDCFLs [2,3]. Many pump technologies such as embedded-mirror
side pumping [4], monolithic integrated all-glass combiner [5,6]
and side-pump coupler with refractive index valley configuration
[7] have been developed for multipoint single or bidirectional side
pumping Yb3+-doped fiber lasers.

Many shooting methods have been applied for the solution of
YDCFLs [8–10]. Shooting methods are sensitive to initial guess val-
ues and unsuitable initial guess values may lead shooting methods
to fail. That is, when the guess is too poor for shooting methods, the
backward pump power or backward signal power is lower than 0
which is unable to meet the practical physical problems [8]. A fast
and stable shooting algorithm, using the Newton–Raphson method
to solve the two-point boundary value problem of linear-cavity
YDCFLs, has been demonstrated [9]. However, the initial estimate,
given only several simple data, may bring the shooting method to

fail or unable to converge to the exact solutions. A combined algo-
rithm [10] with shooting method and relaxation method has been
studied for solving the model of YDCFLs. Since both shooting
method and relaxation method need suitable predicted variable
initial value, the combined algorithm is very doubtful to succeed
to converge. Shooting method with simple control strategy suc-
cessfully deal with poor initial guess values of the backward signal
and pump powers by random functions in end pumping YDCFLs
[8]. However, it is very difficult and slow for solving n-point pump-
ing YDCFLs only using random functions adjusting initial guess val-
ues of 2(n � 1) independent variables. In addition, the backward
pump powers cannot be taken as independent variables when
the backward pump powers are nearly to zero, which lead to fail
or convergent to error results in multipoint pump YDCFLs.

An adaptive shooting method is developed for solving the above
problems in multipoint pump YDCFLs. For simplicity, the 4-point
side-pumping YDCFLs is only discussed in this paper.

2. 4-Point side-pumping Yb3+-doped double-clad fiber lasers
model

A typical 4-point side-pumping high power linear cavity
Yb3+-doped fiber laser is described schematically in Fig. 1. For the
4-point side-pumping YDCFLs, pump positions z = L1 and z = L2

divide Yb3+-doped fiber into 3 intervals [0, L1], [L1, L2], [L2, L]. Signal
stimulated emission and absorption, stimulated emission at the
pump wavelength and scattering losses both for the signal and
the pump are considered, but spontaneous emission and excited
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state absorption (ESA) are negligible for strong pumping conditions
in the 4-point side-pumping YDCFLs [11].

The steady-state rate equations in the 4-point side-pumping
YDCFLs are described by the following set of nonlinear coupled
ordinary differential Eqs. (1)–(3) [12].
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where N is the rare earth ion dopant concentration. N2ðzÞ is the
upper lasing level population density. P�p ðzÞ and P�s ðzÞ are the pump
power and laser signal power along the fiber, respectively. The plus
and minus superscripts represent propagation along positive or
negative z-direction, respectively. Cp and Cs represent respectively
the pump and laser signal filling factor in the core. rap and rep are
the pump absorption and emission cross-section, respectively. ras

and res are the laser signal absorption and the emission cross-
section, respectively. kp and ks are the pump and laser signal wave-
lengths, respectively. The scattering losses for the pump and laser
signal powers are given by ap and as, respectively. A, h, c and s is
the effective core area, Planck’s constant, light velocity and
spontaneous lifetime, respectively.

The boundary conditions [13,14] at side pump positions
z ¼ 0; z ¼ L, z = Li (i = 1, 2) are

Pþs ð0Þ ¼ R1ðksÞP�s ð0Þ ð4-aÞ
P�s ðLÞ ¼ R2ðksÞPþs ðLÞ ð4-bÞ
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Fig. 1. Schematic illustration of 4-point side-pumping high power Yb3+-doped
double-cladding fiber lasers (YDCFLs).

Fig. 2. The flow chart of simple identification process in the adaptive shooting method for 4-point side-pumping YDCFLs.
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