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The distribution of pump light and signal light in Yb3T-doped double-cladding fiber laser is analyzed based
on a rate equation model. Numerical simulation results are obtained. The numerical solution of the rate
equation is shown to be in excellent agreement with the experimental data.
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Rare-earth-doped fiber laser has become popular in re-
cent years!!! due to its outstanding advantages, such as
reliable, efficient, compact, and low-cost high power etc..
It was applied in many fields such as measurement, com-
munication, transducer, material processing, medicine,
and so on. The main doped ions in double-cladding
fiber are Nd3t, Yb3+, Ho3*, Tm3*, Pr3t, and Er?t.
Different doped ions make the fiber present different
characteristics for the different energy level structures.
Yb3* ions have drawn much attention for its simple
energy level structure and excellent spectrum character-
istics. In this work, we introduce a method to analyze
the models of pump light and signal light in Yb3+-doped
double-cladding fiber laser. A set of coupled steady-state
equations are introduced, along with the definitions of
relevant parameters. Exact numerical solution of the
rate equation for a certain double-cladding fiber laser is
provided. We compare the exact numerical solution and
the experimental result.

Figure 1 is the configuration of the double-cladding
fiber laser. It consists of a doped fiber section of
length L with rare-earth ions at a constant concen-
tration Ny, independent of position z along the fiber.
The pump power P (z) at wavelength A, is coupled
into the inner cladding of the fiber at z = 0 and
propagated in the positive z-direction. When 2z = L,
the pump light is reflected back into the fiber and
the part of the pump power at wavelength A, propa-
gates in the negative z-direction is P, (z). F;"(z) and
P (z) are the signal powers propagating in the pos-
itive and negative z-direction in the core, respectively.
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Fig. 1. Schematic illustration of the double-cladding fiber
laser.
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The reflectivity of cavity mirror for signal light is R; at
z=0and Ry at z = L. At z = L, the reflectivity of
cavity mirror for pump light is Rj3.

The fraction of the pump power actually coupled into
the active core is represented by the power filling factor
Iy, approximately given by the ratio between the area of
the core and that of the multi-mode inner cladding. The
fiber core is single-mode, so, for the signal, we use the
power filling factor of the lowest order LPy; mode as the

power filling factor I‘E]. For convenience, we assume that
ﬂ[13(]3 spectrum distribution of the laser satisfies function
ol

Under pumping condition, particles on the ground state
E; of Yb?t ions jump to the excited state Es, the stim-
ulated transition probability is Wis. Particles on en-
ergy level Ey jump back to ground level E; with sponta-
neous transition probability As; and radiationless tran-
sition probability Sa;. Under sufficiently strong pump-
ing condition, the pumping rate is high enough to reach
population inversion, the main transition is stimulated
absorption Wi and stimulated emission Wy;. Particle
densities on level Fy and E5 are N7 and Ny, respectively,
and the particle density satisfy

N1+ N3 = Ny, (1)
so the rate equation on level Fs is

dAV:
d—t2 = WiaN1 — Nap(Wa1 + A1 + Sa1). (2)

In respect that W = guN and N = vh%, the pho-
ton density of pump light and signal light are N, =
AP (2)+ By (2)] and Ny = 827 [P (2) + P (2)],
respectively. Here, o is the stimulated emission cross
section for excited state or absorption cross section for
ground state; N and A represent photon density and area
of core cross section, respectively.

Because as S € As1, S21 € Wai, S21 could be ne-
glected. Taking account of As; = L, we can get
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dN, (z) _ (Fpaap> [P;(z) + Pp_ (z)] [No — Ny (z)]

dt hg A

+( saas) [P ( )+Ps_(z)] [NO —N2 (Z)]

hyg A

When keeping the pumping for a long period, the par-
ticle density maintains dynamic equilibrium, dN"‘ 2L =0,

then

Np(z) { [P (2) + Py (2)] 0aplp
NO o hupAm

+

[P (2) + P7 (2)] Uast}
hVSAﬂo

[Py (2) + By (2)] oaplp | 1
/{ hl/pAﬂl +;

[P:" (2) + P77 (2)] (0as + 0es) T's
+ hI/SAHO } ’ (4)

where v, and v, are frequencies of pump light and signal
light, respectively; g,, is the absorption cross section of
pump light; 0,5 and o.s are absorption cross section and
emission cross section of signal light; ny and n; are the
refractive indices of signal and pump light, respectively.

The propagation characteristic of signal power in fiber
could be described byl*]

L4PE(2)

2 = () PE (2) — auPE (2), 5)

where P, (z) is the power of signal light, with the sign
presenting the positive or the negative z-direction; a
and g (z) are loss and gain coefficient of signal light,
respectively. Because g (z) = I'[N3 (2) 0es — N1 (2) 0as),

N; + Ny = Ny, we can get
dPi dF (2)
Cdz
1 ot
= —T |0as No (2) — (0as + 0es) N2 (2) + P P (2)
—asP%(2). (6)

For the same argument, we can get the equation of
propagation characteristic of pump power as

LIBE ()

“dz =-Ip [UapNO (2) =

TaplV2 (2)] P (2)
—oszpi (2). (M)

Equations (4), (6), and (7) make up of a differential

Table 1. Parameters Used for the Example of Yb3t

Ap = 975 nm
Oas = 1.4x107%% cm®
Oep = 2.5 X 107*° cm?
A=8825x10"" cm®

As = 1090 nm
Oes = 2% 102" cm
Tap = 2.5 x 10720 cm?
N =433 x10" ¢cm™3

2

as=5x107° s =0.82
Tp=7.75x10"* ap=3x107°
Rs = 0.04 v=2x10® m/s
R1 =0.98 r=1x10"3s
Ry = 0.04 ni = 1.45
o = 1.452

20

16 \ . P

12

Power (W)

N Py
v
B \\\\\\\\\\\\

0
0 1000 2000 3000 4000 5000
Position (cm)

Fig. 2. Pump and signal power as a function of the position
along the fiber for different fiber length.

equations set. The boundary conditions are

P} (0)=RiP7(0), P (L)=RsF; (L),
Py (L) = RsP; (L). 8)

The parameters we used in the calculation are given in
Table 1.

We can get the numerical solution by MATLAB.

Figure 2 describes the variation of the pump and signal
power with the fiber length of the Yb3*-doped double-
cladding fiber laser. We set the fiber length to the values
of 10, 12, 14, 16, 18, 20, 24, 28, 32, 36, 40, 45, and 50 m.
The pump power is 1nJected at z = 0 and P+ (0)=20 W.

From Fig. 2 we can see that the change ofp fiber length
has little influence on P (z). As the value of Rs is
very small, the pump power propagates in the negative
z-direction is little, so when L > 30 m, this part of power
could be neglected. To get the maximum output power,
there must be an optimum fiber length. When L > 25 m,
the curves of P(z) for different fiber length are almost
of superposition. For the parameter listed in Table 1, we
can get the optimum fiber length L = 35 m.

Corresponding to different fiber length fiber, at the
same point, for example z = 0, as shown in Fig. 3, with
the increase of fiber length L, the values of P;"(z) and
P (z) increase slowly. When the fiber length reaches
the point about L = 35 m, the values get the maxima,
then as the fiber length increases more, the values of
P (z) and P;F(z) decrease slowly.
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Fig. 3. Signal power at z = 0 versus fiber length for different
fiber laser.
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Fig. 4. Output power versus pump power.

In the experiment, the pump power is P, = 25 W, the
wavelength of pump light A, = 975 nm. The fiber used in
the experiment is Yb3*-doped double-cladding fiber and
its inner cladding is D-shape. The length of the fiber is
30 m. The pump power was injected into the fiber at z =
0 and the coupling efficiency is 56%. The reflection in-
dex of cavity mirror for signal light at z = 0 is R; = 0.98.

At z = L the cavity mirror was substituted by the end
face of fiber, so the indices of reflection for pump light
and signal light are decided by the Fresnel reflection, Rs
= R3 = 0.04. The variation of the output power with
pump power is described in Fig. 4. For comparison, we
present the output power of the numerical solution and
experimental data in the same figure. It can be seen
that the two curves are almost of superposition. The
output power increases linearly with the pump power, as
expected, and the slope efficiency is 73.2%. According
to the experiment, with the increase of the pump power,
the power density on the cross-section of coupling end
increases, and the fiber end is apt to be damaged, which
will influence the coupling efficiency. So to achieve high
power laser output, damage at the fiber end is an impor-
tant problem for us to overcome. Changing the value of
R3 could increase the absorption efficiency, it is another
guarantee of high power output.

In this paper, a rate equation model was used to study
the distribution of pump light and signal light in Yb3*-
doped double-cladding fiber laser. Exact numerical so-
lution of the rate equation is shown to be in excellent
agreement with the experimental data. The optimum
fiber length for maximum output power was obtained.
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