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ABSTRACT

Based on the structure of the long fiber laser (YDCFLs) with different pump schemes using high pump power, the
nonlinear coupled and heat dissipation equations are solved numerically. Using the finite-difference method, we have
determined the temperature distribution along the radial and axial directions of the fiber laser (YDCFLs) for the forward
pump schemes of 200 W with reflection R,», backward pump schemes of 200 W with reflection R,,; and for bidirectional
pump scheme of 100 W each side. The results are: the temperature distribution for bidirectional pump mode is more
even than that for forward pump with reflection R, and than that for backward pump with reflection R,,;. The results
show that the maximum temperature difference between different schemes is 57.51°C, and when the air-clad width de-
creases, the temperature in the core regions also decreases and does not affect to the cladding radius regions. We summa-
rize that the temperature in the core and in cladding radius regions decreases when the outer radius cladding increases.
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1. Introduction

The double-clad fiber laser (DCFLs) have several appli-
cations in modern telecommunication, medical instru-
ments, military, defense and material surface processing,
because of some unique advantages including high con-
version efficiency, excellent beam quality, less thermal
effect [1-3]. The continuous wave emission up to kW-
level has been reported [4,5]. A new type of photonic
crystal fibers (PCFs) has opened numerous axes in re-
search; this is due to its unique properties such as end-
lessness.

Thermal effect in Single mode guiding in high-power
fiber laser has attracted much attention in recent days [6,
7]. Also, the developments of cladding-pumped fiber
technology and high brightness semiconductor diode pump
lasers enabled have been used to save energy [8]. The
evolution of the temperature and the influence of the core,
inner-clad, air-clad and outer clad, on the shape of optical
fiber have been studied [9].

Numerically, Shang [8] has investigated the output
power characteristics of YDCFLS with different pump
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schemes, finding the bidirectional pump scheme is com-
patible with the backward with R,; = 0 and forward
pump scheme with R,, = 0. However, the backward
pumped YDCFL with R,; = 0.98 has the highest conver-
sion efficiency; while the forward pumped YDCFL with
R,» = 0.98 has maximum output power per meter.

In this paper, we have investigated numerically the
theoretical and numerical analysis of 2D Temperature
field by solving the transient heat conduction equations
comparing in detail the temperature distributions in the
backward pump schemes with R,;, forward pump schemes
with R,, and bidirectional pump scheme. The results
show that the maximum temperature in the two-end
pump is 96.89°C, in the forward pump is 148.4°C and in
the backward pump is 154.4°C. Thus, the temperature
distributions for two-end pump mode is more even than
that for forward pump with reflection R,, = 0.98 and
backward pump with reflection R,; = 0.98 mode.

2. Theoretical Analysis

Figure 1 demonstrates the schematic of YDCFL. For the
convenience of analysis, the pump light and output laser
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Figure 1. Schematic demonstration of ytterbium-doped dou-
ble-clad fiber laser.

are assumed to be narrow spectra and regarded as single
wavelength, ignoring the non linear effects and influ-
ences of amplified spontancous emission on the inverse
population. Using the rate-equation theory under the steady
state conditions, we can be governed the propagations of
the light wave power in fiber cavity as follows [7]:
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Equations (1)-(3), N,, is the concentration of Y6,
Ny(x,t) is the upper laser level population density,
P; (x,t) and P/ (x,t) represent the power of forward
and backward propagation pump light, respectively.
P’ (x,t) and P (x,t) represent the power of forward
and backward propagation laser power, respectively. I',
and Ty are power filling factors. o, and o, are the laser
absorption and emission cross section, o, and o, are the
pump light absorption and emission cross-section respec-
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tively. 7 is the lifetime of ¥5*" in upper level, a, and o
represent scattering loss coefficients of laser light and
pump light respectively. The above Equations (1)-(3) at
fiber front (x = 0) and fiber rear end (x = L) satisfy the
boundary conditions for the laser as follows:

PT(0)=RyP7(0), P (L)=R,P'(L) (4

Where R;; = 0.98 and Ry, = 0.04 the power laser re-
flectively of the reflector at x = 0 and x = L, respectively.
And the boundary conditions for the pump propagation
equation can be expressed as follows [8]:

Pp+ (O)ZPpm’ P;(L)szsz‘(L) ®)
Pp_ (L) = Pp02’ Pp+ (0) = RPIPP_ (O) (6)
P;(O):Ppm’ F, (L):Ppov )

Where P, the launched pump power into the front
end (x = 0) and P,y the launched pump power into the
back end (x = L). R,; and R, represent the reflectivity at
pump wave length in forward and backward pumped
fiber laser, respectively.

In the YDCEF, heat is generated in the fiber core, and
this heat is transferred from the fiber core to the inner
clad by thermal conduction, and by thermal conduction
and radiation to air-clad, in air clad no convection be-
cause the width air-clad is very small, which justified by
Grashof number G,; in air clad given by [10] and by ther-
mal conduction and radiation to other clad, and dissi-
pated from the fiber surface to ambient air by convective
and radiative heat transfer. Therefore the transverse tem-
perature distributions in the YDCF at room temperature
are governed by following thermal conductive equations
in symmetric cylindrical coordinates [11].

V(—kVT) = Q(x) 8)
Then we find:

lg[ran(r)j:_Q(ﬂ, (0<r<a)

ror\ or ky
%% raT;y)j:o, (a<r<bh) (10)
%% ragfr)jzo, (b <r<b,) amn
%% rar‘a—r(r)}o, (b, <r<b) (12)

Where a, by, b, and b represent the radii of the core,
inner clad, air-clad and outer clad respectively. Ty(r),
T(r), T5(r) and Ty(r) represent the temperature in fiber
core, inner clad, air-clad and outer clad, respectively. O(x)
represents the heat power density along the axial direc-
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tion of the fiber core. Which mainly depends on the scat-
tering and loss of pump light and given by:
() (B} (1) 7 ()
Q(x ) = 2

Ta

(1-8)  (13)

Where a(x) =a, (x)+a,, a,(x) is absorption co-
efficient, and S is the quantum efficiency whose theo-
retical value is 4,/4,. However, it cannot reach the theo-
retical value in practical applications. In Other regions of
the fiber, the value of Q(x) is zero. Supposing perfect
thermal connection among the cladding and inner core,
the temperature and their derivatives are continuous at
the boundary (r = a), therefore, the boundary conditions
can be expressed as follows [12]:

For » = 0 we have:

T,
L), (14)
or
For r=a wehave:
o (r) oT,(r
5(r)=1(r). (;f ) ;f L as)
For r=5b wehave:
—k, 6T2(r):_k2 67;(7)+€O_(];4_7;(r)4),
or ro (16)

T,(b)=T, (bl)
For r=5b, we have:
oT3(r)
or
T (bz ) =1, (bz)

In Figure 2, we have demonstrates the temperature
difference between the ambient air and the fiber surface
is determined by the convective and radiation heat flow,
and thus the boundary condition cross the fiber other
cladding and the ambient air is given by the Newton’s
law and the Stefan-Boltzmann law [13].
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Where £, is the thermal conductivity of air, k; is the
thermal conductivity of material, 7, is the temperature of
ambient air, ¢ is the emissivity, o is the Stefan-Boltzman
constant and /. is the convective coefficient which can be
calculated by [14].
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Figure 2. Heat dissipation model of PCF [9].

h=0.5Nb", 1)

Where N,, P, and Gr are Nusselt, Prandtl numbers and
Grashof, respectively. g and v are the acceleration and
Kinematic viscosity, the temperature in regions core,
inner clad, air-clad and other clad can be derived by us-
ing Equations (9)-(12) subject to the boundary conditions
(14)-(17) as follows:

T,(r):TO—Q(:]):r, if(0<r<a) (22
g Q(x)azln[rj
7(r) =1, - 20X ) i (asr<b,)
4k, 2k,
(23)
Q(x)a2 £0by (4 4
Lm0+ -2 )|
(24)
xln[b—rl], if (b <r<b,)
k, _Q(x)az ﬂbl 4 4
T4(r)_T3(bz) |:71( 2k, k, (Tc T2(bl) )J

_ eob, (T: 7 (b2)4)}xln[bLj,if(b2 <r<b)

2
(25)
Where T represents the temperature of fiber axis (» =
0). Using Equations (22)-(25) subject to boundary condi-
tion (18), the relationship between the temperature of
fiber surface T4(b) and the ambient air 7, is given by
Equations (26):
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Substituting Equation (26) into Equations (22)-(25),
we can obtain the temperature distributions in fiber core
and other regions.

3. Simulation and Discussion

In our simulation, we have used the Common parameters
given in the Table 1. Figure 3 illustrates the output
power as a function of fiber length (YDCL) for different
pump schemes. It is shown that the increasing output
power reaches the maximum value 174.7 W, for length /
=5 m in the forward pump scheme with reflection R, =
0.98. In the backward pump scheme with reflection R,; =
0.98 the value reached is 178.7 W for the length / = 6.4
m, the maximum value 171.7 W, for length / = 7.4 m in
the forward pump scheme with reflection R, = 0, in the
backward pump scheme with reflection R,; = 0, the value

Table 1. Common Parameters Used in the Simulation.

Parameter value
Ny 1.6x10*m™
As 1080 nm
Ay 975 nm
Ay 7.85x 10" m?
Oep 25x 10 m’
Oup 2.5x 107 m?
as 1.6 x 1075 m?
Oes 25x10% m?
T, 0.0016
I, 0.81
T 1 ms
a 5x107
a, 3x107
Ry 0.98
Ry 0.04
o 5.67 x 107 w/(m*k*)
P, 0.701
g 9.8 m/s”
v 1.6 x 107 m%/s
T. 298 K
€ 0.95

Open Access

T4 -

T} -1, (b )“)J—%bz(fz‘ ~T,(b,) )}n[f}j

eob,

(26)

reached is 177.7 W for the length / = 10.1 m and it is
reaches the value 174.7 W for / = 10 m in the bidirec-
tional pump scheme. Therefore, the forward pump with
reflection is in good scheme to minimize the length of
YDCF and the backward pump with reflection is the
most suitable scheme to minimize the pumping energy.

The heat dissipation along axial, calculated by using
Equation (13) and the axial distribution of temperature (»
= 0) for different pump schemes have reported, respec-
tively in Figures4 and 5.

It is shown that the maximum temperature for the
bidirectional pump scheme 7}, = 90.89°C is lower than
that for the forward pump with (reflection R,, = 0.98 and
R,» = 0) as Tax = 148.4°C and than that the backward
with (reflection R,; = 0.98 and R,,; = 0) as T, = 154.4°C.
The maximum difference is 57.51°C.

The difference between the maximum and the mini-
mum is: 40.14°C in the case of bi-directional pumping,
109.19°C in the case of pumping forward with R, = 0.98,
115.38°C in the case forward with R, = 0, 115.19°C in
the case backward with R,; = 0.98 and 121.12°C in the
case back with R, = 0. Therefore, the reflectivity of the
pump has a role crucial is to minimize the temperature
difference.
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Figure 3. Evolution of output powers a function the YDCF
length in different pump schemes for the launched pump
power of 200 W.

OJMetal



68 M. ABOURICHA ET AL.

x 10"
1 T T T T T

Bi-directional pump scheme

Backward pump with R;,=0.98
12.5

— Forward pump with R,,=0.98
"""" Forward pump with R,,=0
Backward pump with R;,,;=0

7.5 \

Heat source Q (w/m?)

2.5 TR

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
x[m]

Figure 4. Evolution of heat power density along the fiber in
forward pump with Ry, = 0.98, backward pump with Ry, =
0.98, forward pump with Ry, = 0, backward pump with Ry
= 0and bi-directional pump mode.
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Figure 5. Temperature distribution along the fiber in for-
ward pump with Ry, = 0.98, forward pump with Ry, = 0,
backward pump with Ry, = 0.98, backward pump with Ry, =
0 and bi-directional pump mode.

The radial distribution of the temperature is reported in
Figures 6-10 as function of core radius for different
pump schemes. Consequently, the effect of the radius
core is negligible and the maximum temperature differ-
ence between a = 5 and ¢ = 10 um does not exceed 1°C
in (r = 0) for different pump schemes Figures (a). But in
Figures (b), we have shown that the temperature distri-
butions at the fiber in (» = 0) increases when the air-clad
increases for different pump schemes. In Figures (c), we
can see another scenario as the temperature of the fiber
increases when the outer cladding radius increases.

4. Conclusion

In this paper, we have compared in detail the heat dissi-

Open Access
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pation and the temperature distribution for different pumps
schemes. The results show that the temperature distribu-
tion for bidirectional pump mode is more even than that
the forward pump with reflection R,, and backward
pump with reflection R,,;. These two latter schemes are in
agreement for saving pump powers and YDCF length.
Moreover, the forward pump with R, = 0.98 and the
backward pump with R, = 0.98 in less length resulting in
high output power are thermally acceptable. Further ex-
perimental and theoretical studies are needed to explain
the temperature distribution of fiber laser with different
pump schemes.
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