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ABSTRACT: Several effects, such as optical nonlinear and thermal effects can change and reduce the 
output power of high-power Fiber Laser. In this paper, the photodarkening effect, as an additional loss 
factor in the high-power Fiber Laser s, was added in the rate equations, and the pump power variation 
relation was rewritten under the new conditions. By considering the complete form of the heat transfer 
function, including conductive and radiative heat transfer, the generated heat in the double clad Fiber 
Laser with the bidirectional pump scheme for different cavity geometry was determined. In this paper, 
the photodarkening loss is added to the rate equations as power decreasing factor, which is suggested 
as a stretched exponential function. The effects of core radius, the first clad size, input power, output 
reflectors coefficient, and laser cavity length in the heat generation were calculated. The contribution of 
each heat production factor including Quantum Defect, photodarkening, and propagation loss were also 
determined in heat generation. It was shown that the share of photodarkening heat caused from pump 
power and propagation loss affected from pump power in heat generation in the Double clad Fiber Laser 
is negligible. However, the photodarkening heat affected from signal power is the main factor in heat 
generation at the central points of Fiber Laser.
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1- Introduction
Use of Yb in the glass host for designing a laser has been 

considered since 1962 [1]. Yb3+ doped fiber glass with Ge 
co-dopant has broadband absorption and emission spectrum 
from 0.97-1.2 μm, hence, different kinds of power source can 
be used in wide choice of wavelength [2, 3].

Kilowatt Fiber Laser (FL) achieved by Yb3+-doped 
fiber, which operating near 1μm [4]. By increasing the 
effective area of the core, the output power of Fiber Lasers 
and amplifiers will be increased. Although in the large Mode 
Field Diameter (MFD) the nonlinear effects to be reduced [5, 
6], in most cases, the large mode area active fibers are used 
for fabrication of high-power Fiber Lasers and amplifiers [7, 
8], which the high-power causes to appear nonlinear effects in 
the environment. Photonic crystal fibers are suitable options 
for designing the large mode area single mode Fiber Lasers [9, 
10]. The optical nonlinear effects such as Stimulated Raman 
Scattering (SRS), Stimulated Brillouin Scattering (SBS), 
and self or cross, phase modulation (SPM or XPM) can be 
used to make several types of equipments such as Raman 
or Brillouin Fiber Lasers and amplifiers, wavelength laser 
tuning, nonlinear spectroscopy, frequency metrology, ultra-
fast laser and emerging technologies that make the quantum 
mechanical effects [11]. Mode Instability (MI) as thermal 
nonlinear phenomena is a disturbing effect that has not been 

introduced an application for it until recently [12]. MI is 
suppressed with different methods to increase the out power 
and beam quality [3, 13], tailoring the Yb-ion distribution, 
shifting of the pump or signal power, using the large first 
clad doped fiber, using different pump configuration [15], or 
coiling of the FL to decrease the higher order mode [14, 15, 
16]. Several factors create heat in the fiber. The most reason 
for the heat creation in the high-power FL is the Quantum 
Defect (QD) [18, 17].

Quantum Defect heat arises from the energy difference 
between pump and signal photons [4]. Photo-darkening 
(PD) loss is another heat source which depends on the pump 
and signal wavelengths, seed power, and the fiber core size 
[4, 18, 19]. PD effect, which is also called photochromic 
damage or Photo-Induced Absorption, occurs when they are 
irradiated with light at certain wavelengths [20]. PD in Yb-
doped Fiber Lasers is observed as a degradation in output 
laser power over time, limiting the operational lifetime. 
The material aspects of PD have been given considerable 
attention during the last two decades [21]. The PD takes 
place when the YDF is pumped at the Yb absorption band 
(916 nm/ 976 nm) or irradiated under visible wavelength 
of 488 nm [22]. PD increases the background loss from 
Ultraviolet to near infrared band and causes the absorption of 
pump light [23]. Additionally, PD-induced thermal load can 
cause a series of issues. It could change the refractive index 
of the optical fiber by the thermo-optic effect, and affecting 
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the waveguide structure and thereby altering the bending 
loss of different modes [24]. More seriously, the thermal 
load induced by PD could distort the phase of the beam and 
aggravate thermally induced refractive index grating, which 
could eventually trigger the occurrence of Mode Instability 
(MI) [24]. The mechanism of PD has not been determined 
yet; however, researchers have made great efforts to suppress 
PD [24]. The PD problem is typically overcome by using 
Large-Mode-Area (LMA) fibers; but even with these fibers, 
Photo-Induced Absorption (PIA) has been observed [25]. The 
absorption occurs in the visible and near infrared originating 
from the creation of color centers in the silica network 
[25]. Different mechanisms have been proposed to explain 
the formation of color centers. This could be due to charge 
transfer, non-bridging Oxygen Holes, Oxygen Deficiency 
Centers (ODC), Yb2+ ions, or even Yb2+-Yb3+ pairs [26]. 
Some dopant such as aluminum with high concentration or 
Aluminum-phosphor can Suppress PD effect [24, 27-28]. 
Optimizing the doping composition by co-doping with Ce, 
P, Al, and Na ions into the fiber could inhibit PD to a certain 
extent [24]. Recently, a new method is proposed to reduce the 
PD in Fiber Laser and amplifiers [24, 29-30]. In this way, O2 
or H2 loaded fiber exhibits excellent thermal performance in 
Fiber Lasers [24]. Propagation loss in the pump and signal 
wavelengths also increase the temperature at the Fiber Lasers 
and amplifiers [18, 31]. The physical description of the PD 
effect is interpreted with the creation or existence of the color 
centers [32, 33, 34]. The color centers have the absorption 
bands spread from Ultraviolet (UV) to visible, and have 
tails the near-infra-red [32, 35], where the pump and signal 
wavelengths are acted in the FL. In many doped fibers with the 
rare earth, such as Tm3+, Ce3+, Pr3+, Er3+, Tb3+, Yb3+, the 
PD effect has been reported [33, 34]. Different factors effect 
on the PD phenomena, claustration of Yb ions increases the 
PD effect [32]. Although the Yb/Al co-doped fiber have large 
absorption and emission cross-section and properly thermal 
property, the level of PD is high [36]. Some co-dopant such 

as cerium (Ce) or Phosphorus (P) in Yb/Al co-doped fiber can 
be useful to decrease the PD effects [36, 37]. In both cases, 
the emission and absorption cross-section of the doped fiber 
will be reduced the Yb concentration must be increased and 
to achieve the high gain, which causes the PD-loss, so the co-
dopant concentration must be carefully selected to have lower 
MI in high power FL [37].

In the previous works, different definitions of the heat 
source at Fiber Lasers were classified and their simulation 
results were compared with each other [17]. In this work, the 
PD loss is added to the rate equations as a power decreasing 
factor. Under these changes, the effect of cavity parameters, 
such as core and first clad sizes, laser length, and the reflectors 
at the end of FL are investigated in the same bidirectional 
pump scheme in heat distribution.

2- Rating the Equations by Considering the Photo-
darkening Loss in Fiber Lasers 

The PD effect reduces the power of the signal (lasing) and 
pumps [34, 18]. Therefore, in the high-power Fiber Laser and 
amplifiers which the PD effect was sighted, the additional 
loss coefficient as PD loss can be inserted as power consumer 
at the rate equation. In the low pump power, the PD loss is 
negligible or near zero, but at the high-power FLs, this excess 
loss will be important. Therefore, we expect that the PD loss 
coefficient depends on the beam power; hence, the coefficient 
value rapidly increases in the certain power value. Since the 
number of color centers in the sample should be limited, 
after the special power value, the PD loss coefficient must be 
reached to a constant limit.

In Ref. [38], the experimental results of the Photo-
Bleaching (PB) loss variation with respect to the incidence 
power at the 633 nm for different dopant concentration was 
represented, which is reshown in Fig. (1). As shown in Fig. 
(1-a), by increasing the pump power, PD loss increased in 
the sample, and in a 4 mW pump power, the loss approached 
the constant value. In Fig. (1-b), the variation of the bleached 
loss with respect to time is depicted. As seen in Fig. (1), the 

 

Fig. 1. a) Percentage of the photodarkening bleached loss as the function of laser power, b) Bleaching of 1.1 wt%, 

Yb3+ doped fiber for different at 633 nm [38]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. a) Percentage of the photodarkening bleached loss as the function of laser power, b) Bleaching 
of 1.1 wt%, Yb3+ doped fiber for different at 633 nm [38].
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trend of PD loss with respect to time and power are the same. 
In Ref. [24]; PD-induced excess loss with and without H2-
loaded in the fiber is depicted. The PD loss occurs in low 
level pump power between 16-86 mW. in Yb doped fiber 
[22]. As shown in Fig. (1), the experimental results show 
the PD loss variation with respect to the input power have 
stretched exponential function.

In Ref. [24, 53], a classical stretched exponential function 
used to fit the time variation of the PD effect. By comparing the 
two diagrams of Fig. (1 a,b), it is observed that they have the 
same trend. Therefore, in this paper the stretched exponential 
function in the form of ( ) ( )( )1 expPD I A Iλ λ λα ε− = − −  for 
the PD loss with respect to the input power is suggested; 
where, PD λα −  is PD attenuation at selected wavelength λ ,
Iλ is the input pump power, and the e , A are constants with 
the positive values. The results of the PB loss were fitted on 
the stretched exponential function. If the PD loss has a similar 
trend to the PB loss, the suggested function for the excess 
loss can be matched on the experimental reality. Nonetheless, 
the value of the aPD-l   can be considered as a constant value 
in the small increments of power. In this paper, it is assumed 
that the value of PD loss is constant at the considered pump 
value. The numerical solving of rate equations is the common 
method to investigate FL power variations [39], the rate 
equations are present by [17]:
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Up to now, the effect of PD were created in rate equations 
with a PDα  as a constant PD loss coefficient [18]. The equation 
is always used when the pump power is high enough to start 
the PD effect.  Therefore, to use the inclusion of the PD loss 
in the rate equation in any power, we must use the relation 
that changes the PD with power. The stretched exponential 
function can achieve the desired results in the Rate equations. 
In Relations (2 and 3), pP± , and P±



are the + (forward) and  - 
(backward) of the pump and lasing power, respectively. pυ  

, and υ


 are the frequency of the pump and lasing,. eσ


 , 
aσ


, and a
pσ  are the emission and absorption cross-section 

of lasing, and absorption cross-section of the pump power, 
respectively. h is the Planck’s constant, and τ is the steady-
state lifetime. N is the dopant concentration in ion/m3, and z 
is position along the fiber length. pΓ  , Γ



 are the overlap 
factor at the pump and lasing wavelength, respectively. 
The overlap factor of the pump power in double-clad FL is 
estimated as 1p co clA AΓ ≈ [40, 41]. The overlap factor at the 
lasing wavelength is ( )2 21 exp 2 cor ωΓ = − −



, where cor  is 
the radius of the Fiber Laser core, and w is the spot size. For 
the Gaussian pulse shape, with number V in the range of 0.8-
2.8, the experimental relation approximate of the spot size in 
the doped fiber can be used as follows [17]:
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pα  and α


 are the background loss at the pump and laser 
wavelength, respectively. PD pα − and PDα − are photodarkening 
loss at the pump and laser wavelength [18, 42] ,which is 
not considered at the rate equations for conventional FL. 
The photodarkening loss coefficient depends on the dopant 
concentration and determines from [18]:
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AFF is the area filling factor. Since the experimental 
results of PD loss is present in visible region [32, 35, 
42] and the details of this loss in the pump and signal 
wavelength are not available, it is assumed in this paper 
that 1 mPD PD p PD µα α α− −≈ ≈



, because there are not enough 
experimental results to replace the real values.

The pump variations can be determined independent of 
the signal (lasing) beam specifications [2].
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In Eq. (6), pφ  is the pump quantum efficiency, which for 
Yb3+, 1pφ 

[2]. 
By combining Eq. (1) and (6) and the integration of the 

equation, the pump power variations along the fiber length 
obtain as follows:
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3- Complete Heat Distribution Equation in Active Fibers
The heat distribution equation in the core and clads 

region of the Double-clad FL can be described by the thermal 
conduction equation in the cylindrical coordinate [43, 44].
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where Q(r, z) , is the heat density per unit of volume (W/
m3). It is assumed in this paper that the generated heat from 
QD, PD, and background loss is as follows [18]:
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In the above equations, coreT  and cladT  are the temperature 
variation at the core and clad, respectively.  QDQ , P

PDQ , PDQ

, p
PLQ , and PLQ  are the heat produced from Quantum Defects 

(QD), photodarkening in pump power, photodarkening in 
laser (signal) power, propagation loss in pump wavelength, 
and propagation loss in laser (signal) wavelength. S  is the 

quantum or optical conversion efficiency, which is pλ λ


. 
There is no heat source for the cladding regions a £ r £ c, and 
in Q(z) = 0, r, is the radial coordinate, z, is the longitudinal 
coordinate along the fiber, and K1, is the thermal conductivity 
of silica. The thermal conductivity can have different 
coefficients for the core, and first and second clad of fiber. 
Heat is only created in the doped core region of the FL. 

coreT  , and cladsT are the temperature at the core and cladding 
regions, respectively. The temperature and its derivatives 
must be continuous across the inner boundaries. Moreover, 
at the outer cladding-air interface, heat is transferred by 
convective and radiative heat flux [45, 46]. Thus, the 
following conditions are confirmed at the boundaries [17]:
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where h, is the heat transfer coefficient. The value of h 
depends on the environment temperature [47]. By assuming a 
constant value for the environment temperature in this paper, 
a constant value is considered for heat transfer coefficient. 
The values of K1, K2, and K3, are the conductive heat transfer 
coefficients at the core, and first and second clads, respectively. 
Kh is the conductive heat transfer coefficients of the air. Tcore, 

1cladT , and 2cladT are the temperature variation in the core, and 
first and second clads, respectively. Tc, is the environment 
temperature or the temperature that FL sustained. sb is the 
Stefan-Boltzmann constant, e is the surface emissivity. Both 
Equations (10), and (11) consist of two boundary conditions 
(the temperature and its derivative are continuous at the 
boundaries); hence, there are six boundary conditions that 
determine all the constant values. By solving Eqs. (23), and 
(24) using boundary condition, the value of 2cladT at the radial 
point r = c obtained as follows [17]:
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Thus, the temperature changes in the core and clads as 
follows [17]:
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In the previous work, the heat distribution of double-
clad Fiber Laser with the bidirectional pump scheme was 
simulated by considering different definitions of the heat 
source at FL, and the share of each factor in heat generation 
at double-clad FL with the relatively large first clad size was 
determined [17].

4- Simulation Results and Discussions
Using Eq. (6), the refractive index of the glass with 6% 

mole of GeO2 (x =6%) is determined as 1.4583 for the signal 
wavelength of 1090 nm. For fibers with the a 10 μm core 
size, the value of the V number is 2.3248. On the other hand, 
the laser operates single mode around 1090 nm. The overlap 
factor at the laser wavelength is about 0.813 from Eq. (7). 
The pump power must be calculated from Eq. (6) in order to 
calculate the signal (laser) output from the rate equation. Eq. 
(6) was numerically solved using the bisectional method [49]. 
By determining the pump power value at all fiber length, only 
Eq. (1) should be solved as a Boundary Value Problem (BVP) 
with the boundary conditions of 1P R P+ −=

 

and 2P R P− +=
 

 
in the iterative algorithm. The fast and stable algorithm was 
used to get the numerical answers [50].

In this paper, only the bidirectional pump configuration 
is considered. The pump and lasing wavelengths are 

925p nmλ =  and 1090nmλ =


, respectively. The 
Fiber Laser length is L = 20 m, and the grating reflection 
coefficients at the ends of the fiber R1 and R2 are 0.99 and 
0.05, respectively. It is assumed in the present paper that 
there is no Bragg reflector at the pump wavelength; on the 
other hand, R3=0, [51, 52]. The other parameter values such 
as cross-sections, first and second clad radiuses, steady-state 
lifetime, background losses, input pump power and etc., are 
given in table (1).

The variations of the upper state level with respect to the 
position along FL for different first clad radiuses are depicted 
in Fig. (2a). As shown in Fig. (2a), for the smaller first clad 
radius, the upper state level density at the middle points of 
the fiber has the lower values. The reason is the pump power 
consumption at the initial regions of the FL elevates the 
electrons at the higher state level in the both ends of FL.

In comparison to the upper state density for the different 
first clad radius, the density has a larger value for the smaller 
first clad at the input region of FL, as shown in Fig. (2a). 
However, in the middle points from 3-17 m of FL, the upper 
state density decreases rapidly. By reducing the first clad 
radius from 200 to 100 μm, the density of the second level 
increases more than the twofold in the inputs of FL. For all 
of the first clad sizes, the density of higher state level has 
larger values at the input of FL. In Fig. (2b), the variation of 
the generated heat in FL with respect to the FL position for 
the different first clad radius is depicted. For small size of the 
first clad, the overlap factor of pump power with the doped 
region is higher, hence more power absorbed in the core and 
the laser power increases in the output. In this condition, the 
heat generation increases in FL. For all sizes of the first clad, 
the generated heat is higher at the end of FL; this issue is 
more obvious in the smaller first clad sizes in Fig. (2b). The 
reason is the presence of the reflector with a higher reflection 
coefficient at the input of FL and returning the laser power 
into the output end of FL. Therefore, the laser (signal) power 
is greater at the output respect to the input of FL (see Fig. 
(5a)). Thus, we expect the temperature to be higher at the 
output end of FL. By increasing the first clad size, the value of 
the generated heat significantly degrades in FL. According to 
Ref. [15-34], the MI decreases at the FL with large first clad, 
because of decreasing the pump absorption and consequently 
the temperature degrade at large first clad size. In Fig. (2c), 
the contribution of each factor in heat production for different 
first clad size is depicted. As shown in Fig. (2c), the QQD have 
the lower values at the middle points of FL for smaller first 
clad size. According to Eq. (12), the QD heat depends on the 
pump overlap factor. The value of Gp has a larger amount for 
the smaller size of the first clad, so the greater value of the 
pump power absorbed in the input points of FL and the level 
of the pump power decreases in the middle points in smaller 
size of first clad. Therefore, the values of QD heat have a 
larger value in the input ends of FL and lower amount at the 
middle points. The values of PDQ −  for different value of the 
first clad size are almost equal. According to Eq. (11), the 
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Table 1. Parameter values used in the of Heat distribution simulation at Yb DDCFL.
Table 1: Parameter values used in the of Heat distribution simulation at Yb DDCFL. 

Parameters Values (unit) 

Emissivity  =0.85 

Stefan-Boltzmann constant b =5.67×10-8 W/(m²·K4) 

Ambient temperature cT = 290 K 

Core conductive heat transfer coefficient 1K =1.38 

First clad conductive heat transfer coefficient 2K =1.38 

Second clad conductive heat transfer coefficient 3K =0.2 

Air conductive heat transfer coefficients hK =0.025 1 1Wm K 

 

Convective heat transfer coefficient h=100 2 1Wm K   

laser wavelength (λι) λs=1090 nm 

laser absorption cross-section [17]  σsa=1.2310-28 m2 

laser emission cross-section [17]  σse=1.2410-25 m2 

Signal background loss  S=5 dB/km 

Pump wavelength λp= 925 nm 

Pump absorption cross-section [17]  σpa=6.6410-25 m2 

Pump emission cross-section [17]  σpe=410-26 m2 

Input pump power, FWP, BDP Pp=500, 250 mW 
Input pump power, BWP, BDP Pp=500, 250 mW 
Pump background loss [17] P=3 dB/km 

power filling factor  0.0025 

Steady-state lifetime Τ=0.84 s 

dopant concentration Nt=4×1025 ion/m3 

Active fiber length L=20 m 

Front Bragg reflector R1=0.98 at 1090 nm 
back Bragg reflector R2=0.4 at 1090 nm 
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Fig. 2. variation of a) Upper state population, b) Total generated heat, c) share of QD, PD-ℓ, and PL-ℓ in heat 

generation with respect to fiber position for different first clad radius, d) 3D variation of total heat generation with 

respect to fiber position and first clad size. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. variation of a) Upper state population, b) Total generated heat, c) share of QD, PD-ℓ, and 
PL-ℓ in heat generation with respect to fiber position for different first clad radius, d) 3D variation 

of total heat generation with respect to fiber position and first clad size.

PD heat in the signal or pump wavelengths depends on the 
overlap factor in each wavelength. In double clad Fiber Laser, 
the overlap factor fraction at the signal to pump power is about 

( )( )2
1100 100s p clad cor rΓ Γ =  . So 100PD PD pQ Q− −


and 

PD-P heat can be ignored in the calculation. As shown in Fig. 
(4a), the value of PDQ −  is larger because the pump absorption 
and consequently the signal power is larger at that first clad 
size for the smaller first clad radius.

The PDQ −  have larger values at the output end of FL 
since it has the maximum value of signal (laser) power. 
For each size of the first clad, the QD has more share in 
heat generation at the input and output end of FL than other 
factors. In the middle points of the FL, the PD is the main 
reason for increases in the FL temperature. Fig. (2d) shows 
the three-diminution variation of the total heat with respect 
to the FL position and first clad size. It should be noted that 
the variation of the PL PQ −  and PD PQ − for heat generation is 
low and negligible, which was shown in Ref. [17] that the 
percentage of PL PQ −  and PD PQ − for respectively large first clad 

can be ignored.
The research results show that the total heat and 

sequentially temperature decrease along with the Fiber Laser. 
The results of Ref [55, 17] show that the central axes of Fiber 
Laser have the maximum temperature that is compatible with 
the results of the present paper.

Effects of core size on heat generation in FL is investigated 
in Fig. (3). The dopant density is assumed to be constant in 
each core size. On the other hand, the number of dopants in 
the bigger core size is larger. Thus, to have a constant value 
for density in the calculations, the value of N is multiplied by 

2 2
1co cladr r . As shown in Fig. (3a), by increasing the core size, 

the value of PD generated heat PLQ −  increased. In other words, 
the PD heat is the main reason for increasing FL temperature 
in the larger core size. According to Eq. (12), the QD heat 
is inversely proportional to the core area. In comparison to 
two FL with different core sizes and equal pump power, the 
pump power was rapidly absorbed in the input ends of FL 
with the larger core area. Hence, it is expected that the middle 
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points of FL in the FL with the larger core have lower pump 
level and consequently lower heat generation from QD effect, 
which is confirmed in Fig. (3a).

According to Eq. (10), the PL heat generation is inversely 
proportional to mode area and depends directly on the signal 
(laser) power. In FL, the signal (laser) output is directly 
related to the pump power value. Thus, the laser output 
cannot grow from a certain level in FLs with the equal pump 
power. The mode area increases by increasing the core radius. 
As shown in Fig. (3a), by increasing the core size the value 
of PL, the generated heat is reduced but the magnitude of this 
change is negligible. Fig. (3b) shows the evolution of total 
heat generation Vs. core size. By increasing the core radius, 
the more heat is generated at the ends of FL; hence, the 
probability of FL damage is higher at the output of the FL due 
to the higher temperature in the FL with the larger core size.

Fig. (4); shows the three-dimensional variation of the total 
heat contribution in FL with respect to the FL position and 
the core radius. As shown in Fig. (4a), the generated heat at 
the input and output of the FL is greater and in the central 
points of FL is lower in the FL with the larger core size. The 
reason is the equal input pump power at the FLs with the 
different core size the pump power absorbed completely in 
the input points of FL with the larger core and the central 
points of FL do not sense the pump power. It should be noted 
that by increasing the core size, the optical nonlinear effect is 
reduced; however, the thermal nonlinear effect is added in the 
FL with larger core radius.

Fig. (4b) shows the PD generated heat with respect to the 
FL position and the FL core size. As observed, by increasing 

the core size, the PDQ −  increases at all areas of FL. However, 
this increment is slightly a higher value at the end put of FL. 
According to the existence of the reflector with the higher 
reflection coefficient at the input end of FL, the signal (lasing) 
at the output of FL have higher power and cause increasing 
of the heat generation at that point. As shown in Fig. (4c), by 
increasing the core size, the PLQ − decreases due to Eq. (10) 
because the PLQ −  has an inverse relationship with the doped 
area. As seen in Fig. (4d), by duplicating of core radius from 
10 to 20 mm, the generated heat increases up to threefold; on 
the other hand, the heat generation has a nonlinear relationship 
with the core size.

In Fig. (5a), the variation of P+


  and P−


 with respect 
to the FL position for the different value of the reflection 
coefficient of the input reflector (R1) is shown. By increasing 
the R1 coefficient value, P+



  increases and P−


 decreases. As 
shown in Fig. (5a), the variation of P−



 is relatively low. In 
Fig. (5b), the value of PDα − is calculated from Eq. (5), and 
is depicted with respect to the FL position for the different 
R1 values. As shown in this figure, by increasing the input 
mirror reflector coefficient, the value of PDα − decreases since 
by increasing the input reflector coefficient the signal power 
increases and the upper state level population decreases; 
therefore, according to Eq. (5), the value of PDα −  decreases 
as well.

So far, variation of the reflection coefficient endpoint 
mirrors of the doped Fiber Laser in the thermal distribution 
of these devices has not been investigated. In Ref [54], the 
effect of the reflection coefficient of the mirrors in solid-

 

 
Fig. 3. Heat variation along the fiber position (a) Share of QD, PD-ℓ, and PL-ℓ in heat generation for different core 

size, b) Total heat variation vs. FL position for the different core size. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Heat variation along the fiber position (a) Share of QD, PD-ℓ, and PL-ℓ in heat generation for differ-
ent core size, b) Total heat variation vs. FL position for the different core size.
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Fig. 5. a) FW and BW signal power variation along the FL position (b) variation of 1 mPD  vs. the FL position for the 

different R1 values. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. a) FW and BW signal power variation along the FL position (b) variation of 1 mPD µα  vs. the FL position 
for the different R1 values.

 

 

Fig. 4. 3D variation of a) QDQ  b) PDQ   c) PLQ   d) total heat, with respect to FL position a FL core radius. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. 3D variation of a) QDQ   b) PDQ −  c) PLQ −  d) total heat, with respect to FL position a FL core 
radius.
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state resonator is investigated. It is shown that an increase 
in the reflection coefficient of the mirrors causes increase 
in the temperature of the resonator. Additionally, it has been 
demonstrated that getting away from the center of the mirror 
causes in decreasing the temperature in the longitudinal 
distance. In the present paper, the simulation shows a 
reduction in total heat, and therefore reduction in temperature 
in the longitudinal direction of Fiber Laser [47, 54-58].

From Fig. (6) to (9), the effects of the end put reflector on 
the heat distribution of FL are considered. In Figs. (6) and (7), 
the core and clad sizes are 10 and 200 mm, respectively. In 
Figs. (8) and (9), they are 10 and 150 mm, respectively. For 
different input reflector coefficient, the total heat variation 

with respect to fiber position is depicted in Fig. (6a). Using 
the higher reflection coefficient R1 in designing FL causes 
in increasing the heat generated in FL. In the FL with the 
higher reflection coefficient, the value of the signal power 
increases at the output end of FL in compression to the lower 
input reflection coefficient (see Fig. (5a)). For different input 
reflector coefficients, the contribution of each factor in QDQ , 

PDQ −  , and PLQ − for the heat distribution was presented in Fig 
(6b). Increasing the first reflector coefficient does not have an 
effect on Q QD agent because R1 is a reflector at signal (laser) 
wavelength. In Eq. (13), QDQ  associated only with pump 
power. By varying the R1 value, the pump power will be no 
change. However, in this condition, by increasing the signal 

 
Fig. 6. (a) Total heat variation along the FL position (b) the share of QD, PD-ℓ, PL-ℓ in heat generation along the FL 

for different input refractive indices (R1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. (a) Total heat variation along the FL position (b) the share of QD, PD-ℓ, PL-ℓ in heat generation along 
the FL for different input refractive indices (R1).

 
Fig. 7. (a) Total heat variation along the fiber position (b) the share of QD, PD-ℓ, PL-ℓ in heat generation along the 

FL for different output refractive indices (R2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. (a) Total heat variation along the fiber position (b) the share of QD, PD-ℓ, PL-ℓ in heat generation 
along the FL for different output refractive indices (R2).
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power, the value of the PLQ − , and PDQ − have increased.
In Fig. (7a), the variation of the generated heat with 

respect to FL position for different value of R2 coefficient 
is depicted. As shown in this figure, the variation of R2 
coefficient has a large effect on the generated heat in the 
input and middle points of FL. In comparison to Fig. (6a), 
the effect of the reflector coefficient is clearer on the opposite 
direction of FL. In Fig. (7b), the contribution of each factor 
in heat generation with respect to FL position for different 
R2 coefficient was depicted. In this case, the effect of the R2 
coefficient at the QDQ  factor is negligible; but by increasing 
the R2 coefficient, it cause increases to the PDQ −  , and PLQ −

with a large magnitude.
Fig. (8a) shows the variation of the generated heat with 

respect to R1 for different FL positions. As shown in Fig. 
(8a), the total generated heat has a weak dependency on the 
input reflector coefficient at any FL length, which can be 
ignored. In comparing the end point of FL (z=20 m) to the 
length of z=10 or 5 m, the generated heat is approximately 
twofold. Fig. (8b) shows the 3D dimension variation of the 
heat generation with respect to R1 and FL position.

Fig. (9a), shows the generated heat variation with 
respect to the R2 coefficient for different FL positions. In 
the comparison of Figs (8a) and (9a), the results show that 
the effect of the second mirror reflection coefficient on heat 

 

 
Fig. 8. (a) Heat variation vs. input reflector coefficient-R1, (b) 3D variation of total generated heat with respect to 

FL position and R1. 

 

 

 

 

 

 

 

 

 

 

Fig. 8. ((a) Heat variation vs. input reflector coefficient-R1, (b) 3D variation of total generated heat with 
respect to FL position and R1.

 
Fig 9. (a) Heat variation vs. input reflector coefficient-R2, (b) 3D variation of total heat generation with respect to 

FL position and R2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. (a) Heat variation vs. input reflector coefficient-R2, (b) 3D variation of total heat generation with respect to 
FL position and R2.
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generation in FL is greater. The increase of about 0.05 in the 
second mirror reflection, causes increment of about 0.5×108 
W/m3 in the heat generation, while for an increase about 
0.5 in the first mirror reflection, causes increment of about 
0.5×108 W/m3 in the heat generation. Fig. (9b) shows a 3D 
variation of the heat generation with respect to R2 and the FL 
position.

In Fig. (10), the total generated heat in FLs with different 
cavity lengths is investigated. As shown in Fig. (10a), the heat 
(Temperature) variations are significant at any FL length. In 
the FLs with longer length than that of 25 m. This variation 
has a moderate form. The filled black curve shows the envelop 
temperature variation in FLs with different lengths, which 
shows that in the FL with the longer active area, the FL has the 
lower temperature at the end point. Therefore, it is expected 
that the MI is more observed in FLs with the shorter cavity 
length. The MI threshold must be lower on it. In FLs with the 
longer cavity length, the temperature decreases rapidly in the 
midpoint of FL. Fig. (10b), shows the 3D variation of the heat 
generation in FLs with different length and position in the FL. 
By solving the quartic functions of Eq. (17) and replacing the 
obtained results in Eq. (18), it causes determination of T 0. 
Using Eq. (19-21), the temperature can be determined at all 
FL regions.

The result of temperature variations with respect to the FL 
position, for different FL radius is depicted in Fig. (11a). As 
shown in this figure, the temperature has the minimum value 
at the central points of FL, and the temperature decreases by 
moving toward the FL surface. In Fig. (11b), the isothermal 
curves in FL in terms of the fiber radius and the FL position 
are shown. It should be noted that the optical nonlinear effect 
increases in the long length of FL, but the thermal effect and 
Mode Instability decreases in the long length of the FL. Thus, 
there must be a compromise between these two effects in 
designing of high-power FL.

5- Conclusion
This phenomenon occurs at a low pump level at the 

ordinary fibers (without dopant load). In practice, this 
phenomenon is usually not considered in the low-power Fiber 
Laser due to its small effect. In the present paper, PD induced 
loss in high power Yb doped fiber is considered.

The additional attenuation effect from PD phenomena 
has been considered in the rate equation. Although the 
author suggests the stretched exponential function for the 
PD effect with the variable of power, the author has used a 
constant value for the excess loss of PD effect because of the 
unavailability of the experimental values of the constants for 
suggested function to insert at this paper.

It was shown that the share of P
PDQ , P

PLQ in heat generation 
in the Double clad FL is negligible. In FLs with the small first 
clad size, the QD is the main factor in heat generation at the 
input and output points of FL. However, the PD-ℓ is the main 
factor in heat generation at the central points of FL.

The effect of cavity characters on heat distribution in FL 
was investigated using the complete form of the heat transfer 
function.

In FLs with the small core size, the PD-ℓ is the main 
factor in heat generation. In the FLs with the larger core size, 
the were more generated heat at the FL due to the presence of 
more dopant population in the core.

The effect of the input reflector at the P+


 , P−


 , and PDα −

were investigated and shown that by increasing the reflector 
coefficient, the P+



  increased and P−


  decreased. The value 
of PDα − was calculated and showed that by increasing the 
input reflector coefficient, the value of PDα − increases.

The effect of the input reflector at heat generation is 
determined and showed that at the output points of the FL, 
the input reflector coefficient has the negligible effect of the 
heat or temperature variation. Additionally, the input reflector 
coefficient effect on each part of the heat generation element 

 

 

 
Fig. 10: a) Total heat variation with respect to the FL position in the FLs with the different length b) 3D variation of 

the total heat with respect to the laser length and the FL position. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10. a) Total heat variation with respect to the FL position in the FLs with the different length b) 3D varia-
tion of the total heat with respect to the laser length and the FL position.
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is verified and shows that the first reflector has no effect on 
QDQ . The effect of the output reflector in the heat generation 

is more significant than the input reflector, especially by 
increasing the second reflector coefficient the generated 
heat from the PD factor in the input points of FL increased 
rapidly. However, the generated heat from the QD agent is 
also negligible in this case.

In the FL with the short cavity length, the temperature was 
quickly increased and therefore the possibility of MI creation 
in the short FLs is higher than long FLs, and it is expected 
that the MI threshold be lower at the short FLs.
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