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Abstract. The three important factors that affect the output power and temperature of fiber
lasers (FLs) were investigated in a large mode area step-index FL under a high-power operation.
Photodarkening (PD), quantum defect (QD), and background loss cause increases in the FLs
temperature and reductions in beam quality, stability, and power. PD and background loss coef-
ficients have different values for the signal (laser) or pump wavelength. But QD depends on the
difference between the pump and the laser wavelength. By considering the PD attenuation in
the rate equations, the effects of forward, backward, and bidirectional pump schemes on heat
distribution agents were investigated. FL characters, including core and clad sizes, both side
reflectors, and FL lengths in each heat generation agent, were studied in detail. © 2022
Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.OE.61.11.110902]
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1 Introduction

High-power lasers with a kW-level output have been developed over the past 30 years and have a
wide range of applications in medicine, industry, and defense.1 The use of ytterbium (Yb) in the
glass host for designing a laser has been considered since 1962.2 Yb3þ-doped fiberglass with a
Ge codopant has broadband absorption and emission spectrum from 0.97 to 1.2 μm, so different
kinds of power sources can be used in a wide choice of wavelengths.3,4

Kilowatt fiber laser (FL) is achieved by Yb3þ-doped fiber, which operates near 1 μm.5 By
increasing the effective area of the core, the output power of FLs and amplifiers is increased.
Although the nonlinear effects are reduced in the large mode field diameter,6,7 the large mode
area (LMA) active fibers are used for the fabrication of high-power FLs and amplifiers in most
cases,8,9 with high-power causing nonlinear effects to appear in the environment. Using high-
power laser diodes (LDs) and doping concentrations, the length of FL can be reduced, which is
suitable for suppressing nonlinear effects. Commercial LMAs with 20-μm core and 400-μm clad
are widely used in kW-level FL products, and increasing the core or cladding results in poor
beam quality or connection problems, respectively. Photonic crystal fibers are suitable options
for designing the LMA single-mode FLs.10,11 The optical nonlinear effects, such as stimulated
Raman scattering, stimulated Brillouin scattering, and self- or cross-phase modulation, can be
used to make several types of equipment, such as Raman FLs (RFLs) or Brillouin FLs and
amplifiers, wavelength laser tuning, nonlinear spectroscopy, frequency metrology, ultra-FLs, and
emerging technologies that make quantum mechanical effects.12 Mode instability (MI) as a ther-
mal nonlinear phenomenon is a disturbing effect that has not been introduced in any application
until now.13 MI is suppressed with different methods to increase the output power and beam
quality,4,14 tailoring the Yb-ion distribution, shifting the pump or signal power, using the large
first clad doped fiber, using different pump configurations,15 or coiling the FL to decrease the
higher-order mode.15–17 Thermo-optic effects are an important factor for MI and lead to long-
term running instability. When Yb-doped optical fiber (YDF) is pumped, the intrinsic quantum
defect (QD) combined with color center absorption caused by photodarkening (PD) is doomed to
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generate considerable redundant heat.18 Different techniques can mitigate thermal effects, such
as water cooling, thermoelectric cooling, and anti-Stokes fluorescence cooling.19 Using RFLs
instead of doped FLs reduces QD up to 95%.20

In previous works, different definitions of the heat source in FLs were classified, and their
simulation results were compared with each other.21 In this work, the PD loss is added to the rate
equations as a power decreasing factor, and 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 in heat dis-
tribution, is investigated in the same bidirectional pump scheme. Also, in Ref. 22, the stretched
exponential function was considered for PD phenomena to be the new attenuation phenomena in
the rate equation. In previous works, the effect of some fiber laser characteristics on FL output
has not been determined. This will be done in this article.

2 Background of Heat Source in FLs

Three main factors create heat in the fiber. Background loss, QD, and PD are the main reasons for
the temperature enhancement discussed in this paper.

2.1 Attenuation (Background Loss)

Fiber absorption involves the direct transfer of energy from the propagating light to the fiber
material, resulting in excitation, especially the dopant active center to a higher energy state. The
fiber loss mainly includes absorption loss caused by the fiber itself or by impurities in the fiber,
scattering loss caused by the interaction of the photons with the glass itself, and bending loss
induced by physical stress on the fiber. Two main contributions to optical absorption in fiber
optic glasses are intrinsic absorption of the base glass and extrinsic absorption from the impu-
rities within the glass.

Fiber loss is often measured by the cut-back method. For the measurement, white light is
often used as the broadband source.23 The measurement of very high attenuation in optical fibers
requires the handling of correspondingly short fiber samples. Fluorescence properties cause chal-
lenges in measuring the true value of attenuation in the doped optical fibers.24 Various techniques
are proposed to measure the attenuation in doped fiber optics, for example, the conventional
cut-back method can measure Rayleigh loss besides absorption from the ground state.23 So,
in the conventional cut-back method, the absorption cross-section must be evaluated by the direct
method.25 Double or triple cut back can also characterize the main doped fiber parameters simul-
taneously using pseudoparameters.26,27 Another technique is the twice perpendicular measure-
ment method with strict time management.24 From any mentioned techniques, the background
loss must be determined in the pump and signal (laser) wavelength separately.

2.2 Quantum Defect

The QD is the energy difference between the pump and signal photons converted to heat.28

The QD is defined as the difference in photon energies:29

EQ-TARGET;temp:intralink-;e001;116;223QQDðzÞ ¼ hυpðzÞ − hυlðzÞ ¼ hυpðzÞ
�
1 −

λp
λl

�
: (1)

The value of 1 − λp∕λl is the figure-of-merit that quantifies heat generation in an active fiber,
where λp and λl are the pump and lasing wavelengths, respectively. The QD takes on a value
between 0 and 1 and represents the fraction of pump power (in the quantum limit) lost to heat.30

It is also often specified as a percentage of the pump photon energy, effectively using only the
parentheses in the equation above. The QD is converted into heat through nonradiative
relaxation.19 The QD is one of the most important heat sources in gain fibers, which could result
in serious thermal effects on FLs, such as the thermal lens effect, thermal MI, and additional
noise.20 The QD limits the conversion efficiency, but more importantly, it is the main source of
thermal load in FLs.31
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The Yb3þ-doped FL has fewer QDs and an energy depletion mechanism. Depending on the
pumping scheme chosen, the output efficiency of an FL may be in the range 60% to 80%, with
8% to 12% lost in QDs, 5% to 10% in excess pump loss, 5% to 10% in excess signal loss, and
0.5% to 1% for nonoptimized cavity design.32 In the Er3þ-doped laser devices, there has been a
serious problem because of large QDs and thermal management.32

Several techniques have been proposed to decrease the QD in FLs. First, judicious selection
of host glass in FLs, phosphorus (P)-doped fiber, reduces the QD.30 Also, phosphosilicate fiber-
based RFL has great potential in achieving ultralow QD high-power laser output.31 Tandem
pumping brings the pump and signal wavelengths closer together and reduces the QD.30

Another option is using the RFLs. It has half the QD of the common LD-pumped Yb-doped
FL.20 Research shows that cladding-pumped RFL would be a promising solution for high-power
FLs because it combines the advantages of RFLs, cladding pumping, and low heat production.20

2.3 Photodarkening

The PD loss is another heat source that depends on the pump and signal wavelengths, seed
power, fiber core size, etc.5,33,34 The PD effect, which is also called photochromic damage
or photoinduced absorption (PIA), occurs when color centers are irradiated with light at certain
wavelengths.35 To measure PD, two common methods are proposed: (1) measuring the loss
in situ of the transmission light during ion excitation18 and (2) examining the long-term laser
output power stability.18

PD in Yb-doped FLs is observed as degradation in output laser power over time, which limits
the operational lifetime. The material aspects of PD have been given considerable attention dur-
ing the last two decades.36 PD takes place when the YDF is pumped at the Yb absorption band
(916/976 nm) or irradiated under a visible wavelength of 488 nm.37 PD increases the background
loss from the ultraviolet (UV) to the near-infrared bands and causes the absorption of pump
light.38 Also, the PD-induced thermal load can cause a series of issues. It could change the refrac-
tive index of the optical fiber via the thermooptic effect, affecting the waveguide structure and
thereby altering the bending loss of different modes.39 More seriously, the thermal load induced
by PD could distort the phase of the beam and aggravate the thermally induced refractive index
grating, which could eventually trigger the occurrence of MI.39 The mechanism of PD has not
been determined yet; however, researchers have made great efforts to suppress PD.39 The PD
problem is typically overcome using LMA fibers, but even with these fibers, PIA has been
observed.40 The absorption occurs in the visible and near-infrared, originating from the creation
of color centers in the silica network.40 The rare earth (RE) ions doping technique, RE concen-
tration, homogeneity, host material composition, defects, and impurities in YDF were widely
accepted as the main causes of color centers and thus the PD effect.18 Dopant high concentration
cause to stimulate in ion-clustering, increases PD possibility. 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, Yb2þ ions, or even Yb2þ − Yb3þ pairs.41

Some dopants, such as aluminum with high concentration or aluminum–phosphor, can suppress
the PD effect.18,39,42 Optimizing the doping composition by codoping with cerium (Ce), P, Al,
and Na ions into the fiber could inhibit PD to a certain extent.39 Recently, a new method has been
proposed to reduce the PD in FLs and amplifiers.39,43,44 In this way, O2- or H2-loaded fiber
exhibits excellent thermal performance in FLs.39 Propagation loss (PL) in the pump and signal
wavelengths also increases the temperature in the FLs and amplifiers.33,45 The physical descrip-
tion of the PD effect is interpreted as the creation or existence of the color centers.46–48 The color
centers introduce additional absorption bands spread from UV to visible and have tailed the near-
infrared,46,49 where the pump and signal wavelengths are acted in the FL. In many doped fibers
with the RE ions, such as Tm3þ, Ce3þ, Pr3þ, Er3þ, Tb3þ, and Yb3þ, the PD effect has been
reported.47,48 Different factors affect the PD phenomena. Claustration of Yb ions increases the
PD effect.46 Although Yb/Al codoped fiber has large absorption and emission cross-sections and
proper thermal property, the level of PD is high.50 Some codopants, such as Ce or P, in Yb/Al
codoped fiber can be useful for decreasing the PD effects.50,51 In both cases, the emission and
absorption cross-sections of the doped fiber are reduced. To achieve the high gain, the Yb
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concentration must be increased, which increases the PD loss, so the codopant concentration
must be carefully selected to have a lower MI at high-power FL.51

3 Modeling of Heat Distribution in FL

The PD effect reduces the power of the signal (lasing) and pumps.33,48 So, in high-power FLs and
FAs where the PD effect is seen, an additional loss coefficient, such as PD loss, can be inserted as
the power consumer at the rate equation. At low pump powers, the PD loss is negligible or near
zero, but at high-power FLs, this excess loss is significant. Therefore, we expect that the PD loss
coefficient depends on the beam power, so the coefficient value rapidly increases at a certain
power value. Because the number of color centers in the sample should be limited, after the
special power value, the PD loss coefficient must be reached at a constant limit.

The experimental results of the photobleaching (PB) loss variation with respect to the inci-
dence power at 633 nm for different dopant concentration were represented.38 Increasing the
pump power causes an increase in PD loss in the sample. At 4 mW pump power, the loss
approaches a constant value. In Ref. 39, PD-induced excess loss with and without H2-loaded
in the fiber is depicted. The PD loss occurs in the low-level pump power between 16 and 86 mW
in the Yb-doped fiber.37 In Refs. 39 and 52, a classical stretched exponential function is used to
fit the time variation of the PD effect. The stretched exponential function in the form of
αPD−λðIλÞ ¼ Að1 − expð−εIλÞÞ was considered for the PD loss with respect to input power,27,53

where αPD−λ is the PD attenuation at a selected wavelength λ, Iλ is the input pump power, and the
ε and A are constants with 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 to the experimental reality. Nonetheless, the value of the αPD−λ
can be considered to be a constant value in the small increments of power. In this paper, it was
assumed that the value of the PD loss is constant at the considered pump value. The numerical
solving of rate equations is the common method to investigate FL power variations,54 and the rate
equations are present in Ref. 21 and given as

EQ-TARGET;temp:intralink-;e002;116;393� dP�
l ðzÞ
dz

¼ Γl½ðσel þ σalÞN2ðzÞ − σalN�P�
l ðzÞ − αlP�

l ðzÞ; (2)

EQ-TARGET;temp:intralink-;e003;116;337� dP�
p ðzÞ
dz

¼ −Γp½σapN − ðσep þ σapÞN2ðzÞ�P�
p ðzÞ − αpP�

p ðzÞ; (3)

EQ-TARGET;temp:intralink-;e004;116;302

N2ðzÞ
N

¼
½Pþ

p ðzÞþP−
pðzÞ�σapΓp

hυpAco
þ ½Pþ

l ðzÞþP−
l ðzÞ�σalΓl

hυlAco

½Pþ
p ðzÞþP−

pðzÞ�ðσapþσepÞΓp

hυpAco
þ 1

τ þ
½Pþ

l ðzÞþP−
l ðzÞ�ðσalþσelÞΓl

hυlAco

: (4)

It should be noted that, in the normal case, the addition of αPD in the equations is incorrect.
The relationship is valid when the pump power is high enough that the PD effect is started. P�

p

and P�
l are the (+, forward; −, backward) of the pump and lasing power, respectively. υp and υl

are the frequencies of the pump and lasing, respectively. σel, σ
a
l, and σ

a
p are emission and absorp-

tion cross-sections of the lasing and absorption cross-section of the pump power, respectively. h
is 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. Γp and Γl are the overlap factors at the pump and lasing
wavelength, respectively. The overlap factor of the pump power in double-clad FL is estimated
as Γp ≈ Aco∕Acl1.

55,56 The overlap factor at the lasing wavelength is Γl ¼ 1 − expð−2r2co∕ω2Þ,
where rco is the radius of the FL core and ω is the spot size. For the Gaussian pulse shape with the
V number in the range in the range of 0.8 to 2.8, the experimental relation approximate of the
spot size in the doped fiber is used as follows:21

EQ-TARGET;temp:intralink-;e005;116;113ω ¼ ρ

�
0.616þ 1.66

V1.5
þ 0.987

V6

�
: (5)
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αp and αl are background losses at the pump and laser wavelength, respectively. αPD−p and
αPD−l are PD losses at the pump and laser wavelength, respectively,23,57 for which conventional
FL is not considered in the rate equations. The PD loss coefficient depends on the dopant
concentration and is determined as23

EQ-TARGET;temp:intralink-;e006;116;687

αPD633 nm ðdB∕mÞ ≈ 175

�
N

8.74 × 1025

�
2.09

·
N2∕N
0.46

;

αPD1 μm ðdB∕mÞ ≈ 175

�
N

AFF × 8.74 × 1025

�
2.09

·
N2∕N
0.46

·
AFF

γ
;

γ ¼ 24.5; PD633 ¼ PD1 μm

γ

�
dB

m

�
; (6)

where AFF is the area filling factor because the experimental results of PD loss are present in the
visible region46,49,57 and details of this loss in the pump and signal wavelength are not available.
So, in this paper, it is assumed that αPD−l ≈ αPD−p ≈ αPD1 μm because there are not enough
experimental results to replace the real values.

The pump variations are determined independent of the signal (lasing) beam specifica-
tions as3

EQ-TARGET;temp:intralink-;e007;116;511

dPpðzÞ
dz

¼ −
Ahυp
ϕpτ

N2ðzÞ: (7)

In Eq. (7), ϕp is the pump quantum efficiency, for which Yb3þ and ϕp ∼ 1.3

By combining Eqs. (2) and (7) and the integration of the equation, the pump power variations
along the fiber length are expressed as follows:

EQ-TARGET;temp:intralink-;e008;116;427

ln
P�
p ðzÞ

P�
p ð0Þ

þ ϕpτ

Ahυp

�
ðσep þ σapÞ −

ln 10

10

C
N

�
ðP�

p ðzÞ − P�
p ð0ÞÞ þ ðσapNΓp þ αpÞz ¼ 0;

C ¼ 175 ·

�
N

AFF × 8.74 × 1025

�
2.09

·
AFF

0.46γ
: (8)

The heat distribution equation in the core and clads region of the double-clad FL are
described by the thermal conduction equation in the cylindrical coordinates58,59

EQ-TARGET;temp:intralink-;e009;116;326

1

r
∂
∂r

�
r
∂Tcoreðr; zÞ

∂r

�
¼ −

QðzÞ
K1

; ð0 ≤ r ≤∈ aÞ; (9)

EQ-TARGET;temp:intralink-;e010;116;270

1

r
∂
∂r

�
r
∂Tcladsðr; zÞ

∂r

�
¼ 0; ða ≤ r ≤ cÞ; (10)

where Qðr; zÞ is the heat density per unit of volume (W∕m3). In this paper, it is assumed that the
generated heat from the QD, PD, and background loss vary as follows:23

EQ-TARGET;temp:intralink-;e011;116;221QTðzÞ ¼ QQDðzÞ þQP
PDðzÞ þQl

PDðzÞ þQp
PLðzÞ þQl

PLðzÞ; (11)

EQ-TARGET;temp:intralink-;e012;116;177

QPL−iðzÞ ¼
αi
Ai
m
ðPþ

i ðzÞ þ P−
i ðzÞÞ; i ¼ ðs; pÞ;

Ai
m∶ mode area of the light ðpump or signalÞ

αi∶ propagation of loss due to absorption and not scattering (12)

EQ-TARGET;temp:intralink-;e013;116;112Qi
PDðzÞ ¼

ΓiLnð10ÞPD1 μm

10Aco

ðPþ
i ðzÞ þ P−

i ðzÞÞ; (13)

EQ-TARGET;temp:intralink-;e014;116;77QQDðzÞ ¼ ð1 − SÞ ΓpðσapN1ðzÞ − σepN2ðzÞÞðPþ
p ðzÞ þ P−

pðzÞÞ
Aco

; S ¼ λp∕λl: (14)
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where Tcore and Tclad are the temperature variations at the core and clad, respectively. QQD,QP
PD,

Ql
PD, Q

p
PL, and Ql

PL are the heat produced from QDs, PD at pump power, PD at laser (signal)
power, PL at pump wavelength, and PL at laser (signal) wavelength, respectively. S is the quan-
tum efficiency or optical conversion efficiency, which is λp∕λl. For the cladding regions
a ≤ r ≤ c, there is no heat source, and QðzÞ ¼ 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 the first and second clads of the fiber. Heat is only
created in the doped core region of the FL. Tcore and Tclads are the temperatures in 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.60,61 So, at the boundaries, the following conditions are confirmed:21

EQ-TARGET;temp:intralink-;e015;116;600dTcoreðr ¼ 0; zÞ∕dr ¼ 0 → Tcoreðr ¼ 0; zÞ ¼ cte; (15)

EQ-TARGET;temp:intralink-;e016;116;557Tcoreða; zÞ ¼ Tclad1ða; zÞ; K1

dTcoreðr ¼ a; zÞ
dr

¼ K2

dTclad1ðr ¼ a; zÞ
dr

; (16)

EQ-TARGET;temp:intralink-;e017;116;524Tclad1ðb; zÞ ¼ Tclad2ðb; zÞ; K2

dTclad1ðr ¼ b; zÞ
dr

¼ K3

dTclad2ðr ¼ b; zÞ
dr

; (17)

EQ-TARGET;temp:intralink-;e018;116;491

dTclad2ðr ¼ c; zÞ
dr

¼ h
Kh

ðTcðr; zÞ − Tclad2ðr ¼ c; zÞÞ þ σbε

Kh
ðT4

cðr; zÞ − T4
clad2ðr ¼ c; zÞÞ; (18)

where h is the heat transfer coefficient, which depends on the environmental temperature.62 In
this paper, by assuming a constant value for the environmental temperature, 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, Tclad1, and Tclad2 are the temperature variations in the core
and first and second clads, respectively. Tc is the environment temperature or the temperature
that the FL sustains. σb is the Stefan–Boltzmann constant, and ε is the surface emissivity.
Equations (11) and (12) both consist of two boundary conditions (the temperature and its deriva-
tive are continuous at the boundaries), so there are six boundary conditions that determine all of
the constant values. By solving Eqs. (9) and (10) using the boundary conditions, the value of
Tclad2 at the radial point r ¼ c is obtained as follows:21

EQ-TARGET;temp:intralink-;e019;116;336

fðTclad2ðr¼ c;zÞÞ ¼ σbε

Kh
T4
clad2ðr¼ c; zÞþ h

Kh
Tclad2ðr¼ c; zÞ− σbε

Kh
T4
c −

h
Kh

Tcþ
QðzÞa2
2K3c

¼ 0:

(19)

So, the temperature changes in the core and clads are as follows:21

EQ-TARGET;temp:intralink-;e020;116;262Tcoreðr; zÞ ¼ T0ðzÞ −
QðzÞr2
4K1

ð0 ≤ r ≤ aÞ; (20)

EQ-TARGET;temp:intralink-;e021;116;205

Tclad1ðr; zÞ ¼ −
QðzÞa2
K2

ln rþQðzÞa2 ln b

�
1

k2
−

1

k3

�

þ Tclad2ðr ¼ c; zÞ þ QðzÞa2
K3

ln c ða ≤ r ≤ bÞ; (21)

EQ-TARGET;temp:intralink-;e022;116;145Tclad2ðr; zÞ ¼ −
QðzÞa2
K3

ln rþ QðzÞa2
K3

ln cþ Tclad2ðr ¼ c; zÞ ðb ≤ r ≤ cÞ. (22)

In previous work, the heat distribution of the double-clad FL with the bidirectional pump
scheme was simulated by considering different definitions of the heat source at the FL, and the
share of each factor in heat generation at the double-clad FL with the relatively large first clad
size was determined.21
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4 Simulation Results and Discussions

In Eq. (7), the refractive index of the glass with 6% mole GeO2 (x ¼ 6%) is determined to be
1.4583 for the signal wavelength 1090 nm. The pump and lasing wavelengths are λp ¼ 925 nm

and λl ¼ 1090 nm, respectively. There is no Bragg reflector at the pump wavelength R3 ¼ 0.
The values of the simulation parameters, such as cross-sections, first and second clad radiuses,
steady-state lifetime, background losses, input pump power, etc., are given in Table 1.

The variations of the pump and signal power with respect to position along the FL for differ-
ent pump schemes are depicted in Figs. 1(a1)–1(c1). As shown in Figs. 1(a1)–1(c1), pump power
is exponentially decreasing, according to Eq. (8), in all pump schemes. The laser output power
depends on the summation of input pump powers.

In Figs. 1(a2)–1(c2), all normalized generated heat with respect to the FL position is shown.
Different heat sources include PD in the pump and signal wavelength, PL or background loss at
the pump and signal wavelength, and the QD. The heat generated by each of the heat generating
agents, along with the FL, has different values as Rco ¼ 15 μm. For the bidirectional pump
scheme, the heat generated by PD (s) and PL (s) has the maximum values in the middle of the
FL and the minimum amount at both sides of the FL, whereas the heat generated by the QD has
the maximum amount at both ends of the FL and the minimum at the midpoint of the FL.

In the side pump schemes (forward and backward), the heat generated by the QD has the
maximum value at the pump entrance regions, and the heat generated by the PL (s) has a mini-
mum value at the pump entrance regions. In general, for all pump schemes, the QQD has the
highest amount, and Ql

PL and Ql
PD have the lowest amounts at the pump entrance regions. In all

pump schemes, Qp
PL and QP

PD have negligible values and can be ignored.
Figures 1(a1)–1(c1) show the mean values of different heat-generated factors in three pump

schemes. The mean normalized value of each heating factor in the FL is defined as
P

N
i¼1 Qi∕N.

As shown in Figs. 1(a1)–1(c1), Ql
PD has a higher percentage of the heating agent in the

Table 1 Parameter values used in the heat distribution simulation of Yb double-clad FL.

Parameters Values Parameters Values

Emissivity ε ¼ 0.85 Stefan–Boltzmann constant σb ¼ 5.67 × 10−8 W∕
ðm2 · K4Þ

Ambient temperature Tc ¼ 290 K Core conductive heat transfer
coefficient

K 1 ¼ 1.38

Laser wavelength (λι) λι ¼ 1090 nm First clad conductive heat
transfer coefficient

K 2 ¼ 1.38

Signal background loss αS ¼ 5 dB∕km Second clad conductive heat
transfer coefficient

K 3 ¼ 0.2

Pump wavelength λp ¼ 925 nm Air conductive heat transfer
coefficients

Kh ¼ 0.025 Wm−1 K−1

Pump background loss αP ¼ 3 dB∕km Convective heat transfer
coefficient

H ¼ 100 Wm−2 K−1

Power filling factor 0.0025 Laser absorption cross-section21 σas ¼ 1.23 × 10−28 m2

Steady-state lifetime T ¼ 0.84 s Laser emission cross-section21 σes ¼ 1.24 × 10−25 m2

Dopant concentration Nt ¼ 4 × 1025 ion∕m3 Pump absorption cross-section21 σap ¼ 6.64 × 10−25 m2

Active fiber length L ¼ 20 m Pump emission cross-section21 σep ¼ 4 × 10−26 m2

Front Bragg reflector R1 ¼ 0.98 at
1090 nm

Input pump power, FWP,
and BDP

Pp ¼ 500 and 250 mW

Back Bragg reflector R2 ¼ 0.4 at
1090 nm

Input pump power, BWP,
and BDP

Pp ¼ 500 and 250 mW
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bidirectional and backward pump (BWP) schemes and a lower percentage in the forward ones.
QQD is the main factor of the heating agent in the forward pump (FWP) scheme.

The effect of core size on heat generation in the FL is investigated in Fig. 2. The dopant
density is assumed to be constant in each core size. Therefore, the number of dopants in the
bigger core size is larger. So, to have a constant value for density in the calculations, the value
of N is multiplied by r2co∕r2clad1. As shown in Fig. 2(a), by increasing the core size, the value of
PD-generated heat Ql

PD is increased. In other words, in the larger core sizes, the PD heat is the
main reason for the increase in the FL temperature. According to Eq. (13), the QD heat is
inversely proportional to the core area. In comparison with two FLs with different core sizes
and equal pump power, the pump power is rapidly absorbed in the input ends of the FL with
the larger core area. So, it is expected that, in the FL with the larger core, the middle points of FL
have lower pump levels and consequently lower heat generation from the QD effect, which
Fig. 2(a) confirms.

According to Eq. (11), the PL heat generation is inversely proportional to the mode area and
depends directly on the signal (laser) power. In the FL, the signal (laser) output is directly related

Fig. 1 (a1)–(c1) Pump and signal variations with respect to the position in the FL, (a2)–(c2) nor-
malized generated heat with respect to the position in the FL, and (a3)–(c3) mean value of heat
generated in the FL from different heating factors.

Fig. 2 Heat variation along with the fiber position: (a) share of QD, PD-l, and PL-l in heat gen-
eration for different core sizes and (b) total heat variation versus FL position for different core sizes.
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to the pump power value. So, in the FLs with equal pump power, the laser output cannot grow
from a certain level. By increasing the core radius, the mode area increases. As shown in
Fig. 2(a), by increasing the core size, the value of the Ql

PL is reduced, but the magnitude of
this change is negligible. Figure 2(b) shows the evolution of total heat generation versus core
size. By increasing the core radius, more heat is generated at the ends of FL; so, in the FL with
the larger core size, the probability of FL damage is higher at the output of the FL due to the
higher temperature.

In Fig. 3, the core size effect on heat generation was investigated in the FL with a bidirec-
tional pump scheme. In this paper, it is assumed that the dopant concentration in the FL core is
constant. In other words, by increasing the core size, the value of the “Nt” increases by the square
of the core size. As shown in Fig. 3, for an FL with a small core, the main factor of heat gen-
eration is the QD. So, in the FL with Rco ¼ 10 μm, 68% of the generated heat is created by the
QD agent. By increasing the core size, the share of the QD and the PL decreases in heat gen-
eration. So, in the FL with Rco ¼ 20 μm, 10% of the generated heat is created with the QD agent.
For the FL with a large core, the main heat generation factor is the PD. In the FL with
Rco ¼ 20 μm, 88% of the generated heat is created by the PD agent. In general, by increasing
the core size, Ql

PL and QQD are decreased, and Ql
PD is increased. In Fig. 3, due to the negligible

effect of QP
PD and Qp

PL, both of them are ignored.
In Fig. 4, simultaneously, the effects of the FL core and first clad sizes on each heat-

producing factor in the FL with a backward pump scheme are investigated as a percentage graph.
As shown in Fig. 4, from left to right, the core size changes by 10, 15, and 20 μm.

As shown in Fig. 4, by increasing the core size, the value of the Ql
PD increases and the QQD

and Ql
PL decrease. The variation procedure of the heat generation sources is similar to the

bidirectional pump scheme. Figure 4 shows that, in the backward pump scheme similar to the
bidirectional pump, the effect of the QP

PD and Qp
PL is negligible and can be ignored. The graph’s

variation from up to down shows the heat generation source variations in FLs with the first clads
changing from 100 to 200 μm. The first clad of the FL only affects the pump overlap factor Γp.
Increasing the first clad of the FL causes a decrease in the Γp value. Increasing the first clad is
approximately equivalent to decreasing the pump power. The effect of increasing the first clad
size exactly is opposite the effect of increasing the core size on the heat generation factors. As
shown in Fig. 4, by increasing the first clad of the FL, the QQD and Ql

PL increase, and the Ql
PD

decreases.
The effect of the front Bragg reflector (R1) on the forward and backward signal (laser) power,

different heat generation factors, and value of the αPD−l for different pump schemes are depicted
in Fig. 5. In all pump schemes, increasing the R1 value causes an increase in the forward pump
power value (laser output), but the variation of backward laser power is negligible and can be
ignored. Figures 5(a2)–5(c2) show the variation of the different heat-generating agents with

Fig. 3 (a)–(f) Mean heat generated percentage for different heat sources for various core sizes in
the FL with a bidirectional pump scheme.
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Fig. 4 Heat generated percentage with the different heat sources for various core and first clad
sizes in the FL with backward pump scheme.

Fig. 5 Effect of the front Bragg reflector (R1) on: (a1)–(c1) signal power, (a2)–(c2) different heat
generation factors, and (a3)–(c3) the value of αPD-l with different pump schemes.
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respect to the FL length for different R1 values and pump schemes. By decreasing the R1 value
from 0.99 to 0.54, the values of theQl

PL andQ
l
PD decrease, but theQQD increases. The sensitivity

of the heat-generating factors to the R1 value is small. The variation of the αPD−l in Figs. 5(a3)–
5(c3) shows that maximum changes have been happening on the pump input side. By decreasing
the R1 value, the value of αPD−l increases.

Figures 6(a1)–6(c1) show the total heat generated variation with respect to the FL position for
different values of the back Bragg reflector (R2) in different pump schemes. In all pump
schemes, the maximum variation in the heat generation occurs at the input point of the FL.
In the comparison of Figs. 6(a1)–6(c1), it is clear that, in the forward pump scheme, the varia-
tion of generated heat has a negligible variation with the R2 coefficient. The backward pump
scheme shows significant variation in the heat generation by the R2 variation. In all pump
schemes, increasing R2 values causes an increase in heat generation at all points of the FL.
Figures 6(a2)–6(c2) show different heat-generating agents. As shown in Figs. 6(a2)–6(c2),
in all pump schemes, R2 has maximum effects on Ql

PD. The effect of the R2 variation on the
other heating factors is negligible and can be ignored. In the BWP scheme, the variation in Ql

PD

is relatively considerable by decreasing the R2 value, causing a decrease in the Ql
PD amount.

Figures 6(a3)–6(c3) show the heat generated percentage for different heat sources at R2 ¼ 0.005.
In comparing Fig. 1(a3) with Fig. 6(a3), it is observed that, by decreasing the R2 value, the
QQD does not remarkably change and the value of Ql

PL decreases and Ql
PD increases. In compar-

ing Fig. 1(b3) with Fig. 6(b3), by decreasing the R2 value, the share of Ql
PD in heat generation

decreases to <1%, and the share of QQD increases up to 94%. As shown in Figs. 1(c3) and 6(c3),
decreasing the R2 value causes a decrease in Ql

PD and Ql
PD and an increase in QQD simul-

taneously.
In Fig. 7, the total generated heat in FLs with different cavity lengths and pump schemes is

investigated. In the bisectional pump scheme, the laser pump has 10 W on each side. But, in the
forward or backward pump scheme, only 10 W pump power arrives from one side of the laser.
So, it is expected that, in the bisectional pump scheme the generated heat has a higher value with
respect to the two other schemes. Figure 7(a) confirms this expectation. In the bidirectional and
backward pump schemes, FL has high heat generation, and with an increasing FL length, the
generated heat changes slightly. These small changes are descending on the bidirectional and

Fig. 6 Effect of the back Bragg reflector (R2) on: (a1)–(c1) total generated heat, (a2)–(c2) the
different heat generation sources with respect to fiber position, and (a3)–(c3) the heat generated
percentage with the different heat sources and the different pump schemes.
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ascending on the backward pump schemes. In the forward pump scheme, the input point of the
FL has a maximum temperature that does not depend on the FL length. At the endpoint of the FL
in this scheme, by increasing the FL length, the heat generation decreases. The 3D variations of
heat generation with respect to the FL position and FL length for the bidirectional, backward, and
forward pump schemes are depicted in Figs. 7(b)–7(d), respectively.

5 Conclusion

This paper is dedicated to the continuation of the previous simulation on heat distribution in FLs.
The purpose of this paper is to investigate the effect of FL characters, such as core, clad, and FL
length sizes, and pump schemes on the heat distribution.

It was shown that the pump input points in any pump scheme design generate the highest heat
amount in FL. Also, it was shown that the contribution of QP

PD and Qp
PL in heat generation is

negligible and can be ignored.
In the bidirectional pump scheme,Ql

PD has the highest share, andQl
PL has the lowest share in

heat generation in the FL. In the forward pump scheme, QQD has the highest share, and Ql
PD has

the lowest share in heat generation in the FL. In the backward pump scheme, similar to the
bidirectional one, Ql

PD has the highest share, and Ql
PL has the lowest share in heat generation

in the FL.
In this paper, the effect of core size in the FL with a bidirectional pump scheme on the heat

distribution was investigated. It was shown that, in the FL with a small core, Ql
PD is the most

exothermic factor. By increasing the core size, the share ofQl
PD in heat generation decreases, and

the shares ofQl
PL andQQD increase, so in the FL with the core radius ¼ 10 μm, the share ofQl

PD

in heat generation is 85% and in the FL with core radius ¼ 20 μm, the share is 85%.

Fig. 7 (a) Total heat variation with respect to the FL position in the FLs with the different lengths
and pump schemes, 3D variation of the total heat with respect to the laser length, and the FL
position; (b) bidirectional pump scheme; (c) backward pump scheme; and (d) forward pump
scheme.
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The effect of the first clad size on heat distribution was investigated, and it was shown that by
increasing the first clad size, the share of QQD in heat generation was increased, and the share of
Ql

PD was decreased. The variation of Ql
PL was increasing with a slight slope.

In this paper, the effects of the first and second Bragg reflector coefficients on heat generation
were investigated. The variation of R1 has a negligible effect on the heat distribution. The second
Bragg reflector R2 also has little effect on heat distribution. Simulation shows that this parameter
can change the value of Ql

PD.
The effect of the FL length on heat distribution depends on the pump scheme. In the back-

ward pump scheme, by increasing the FL length, the generated heat value increases at the end of
the FL (pump input) with a slight slope. In the forward and bidirectional pump schemes, the heat
generation, as well as the temperature at the end of the FL, decreases with the FL length.
This variation has a slight slope in the bidirectional pump scheme.
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