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Analysis and Optimization of Dysprosium-Doped
Yellow Fiber Lasers for Ophthalmology Applications

Foroogh Khozeymeh
and Annamaria Cucinotta

Abstract—In this paper, a Forward Time Centered Space (FTCS)
method and an analytical method have been developed to fully
investigate the * Fy /5 to © H 3,/ lasing transition of a dysprosium
Dy—doped ZBLAN fiber which provides the potential of highly
efficient yellow laser direct generation. This light source is of sig-
nificant interest for treating diabetic retinopathy, which can cause
blindness. The developed method’s validity is confirmed through
the comparison with experimental investigations of Dy—doped
ZBLAN fiber lasers in other valid research. A full analysis of
Dy—doped fiber laser including the population of the energy levels,
power evolution of the laser and pump signals, amplified sponta-
neous emission (ASE), excited state absorption (ESA), radiative and
non-radiative time transition rates are presented. The developed
numerical method gives a better understanding of the impact of
ASE and ESA on laser performance. The influence of overlap
integrals, output mirror reflectivity, and active fiber length on laser
performance is investigated. The optimization criteria based on the
different robust configurations of laser cavities are found which
predict the slope efficiencies higher than half of the Stokes limit.

Index Terms—Diabetic retinopathy, fiber laser, FTCS method,
slope efficiency.

1. INTRODUCTION

ELLOW fiber-based lasers emitting around 565-590 nm
Y are of particular interest for their existing and potential
applications in sodium laser guide star [1], ophthalmology [2],
and in particular medical treatment for diabetic retinopathy
(DR) [3], and optical clock [4]. DR is the most common eye
disease among diabetic patients which causes vision impairment
and blindness. In the treatment of DR, experimental investi-
gations on animals and humans, but also numerical analysis,
have confirmed that yellow laser emission is the most suitable
candidate, because it is effective with low power, and presents
good clinical results with minimal collateral effects [3], [5], [6].
So far yellow emission has been possible with several techniques
from copper bromide laser [7], Yb—doped fiber [8], bi — fiber
lasers [9], optically pumped semiconductor lasers [10]. How-
ever, these techniques demand bulky structures with a number
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of free-space alignments, high maintenance, and tight limita-
tions on the pump conditions. For accessing high-efficiency
and simple direct yellow laser emission, particularly Dy —doped
ZBLAN fiber lasers, exploiting transition of 4 Fy /2 to SHy 5 /25
are desirable candidates. Therefore, the design, modeling, and
fabrication of compact and efficient Dy—doped yellow fiber
lasers are critically important.

Dysprosium is a rare earth element that, depending on the
pumping scheme, can be used for the generation of coherent
radiation not only in yellow [11] but also in the mid-infrared
(Mid-IR) range, as it is demonstrated by the Dy-doped chalco-
genide glass high-efficiency master oscillator power amplifier
in [12] or the novel Dy 3*: Gas Geyg Sbyg Sg5 fiber laser in [13].
Very recently a Dy—doped silica fiber has been employed as a
saturable absorber for Mid-IR pulsed all-fiber lasers [14].

Regarding the development path of Dy—doped ZBLAN ma-
terials for yellow emission, in 2001 [11], the first CW yellow
emission in a Dy—doped ZBLAN fiber laser was demonstrated.
Although Dy—doped yellow fiber lasers have been analyzed in
some other research works [15], [16], [17], still the reported
slope efficiencies were less than 13.2%. Indeed, in a considerable
time period, due to the lack of high-performance gain fibers
and high-power GaN blue lasers as the pumping sources, no
significant research progress has been observed in Dy—doped
fiber yellow lasers. In 2020, thanks to the breakthroughs of
both Dy—doped fluoride fibers and high-power blue GaN laser
diodes, the first Dy—doped ZBLAN fiber laser pumped by GaN
laser diode, emitting at 445 nm, was reported [18]. By employ-
ing ZBLAN fluoride fibers for obtaining the yellow emission,
in [18], the maximum laser slope efficiency of 2.3% and 0.9%
was reported in a Dy—doped fiber with lengths of 0.6 m and
5.95 m respectively. In 2021, the same researchers investigated
the potential causes of the low experimental slope efficiency.
They found contributions from the background loss of the fiber
and excited-state absorption (ESA) of the intracavity yellow
light [19]. They measured a maximum slope efficiency of 33%
[19], which is still less than half of the Stokes limit, which is
about 78%. Notice that the Stokes limit (A, /%), is defined as the
ratio of the pump wavelength (), to signal or laser wavelength
(%s). Recently, Dy—doped multi-component phosphate glass
was examined and showed a strong yellow emission which was
due to the high asymmetry and covalency of the local field
and the high phonon energy [20]. In that work, Dy—doped
multi-component phosphate core glass fiber was successfully
drawn by using a rod-in-tube method. Fluoride fibers have been

© 2023 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see
https://creativecommons.org/licenses/by/4.0/


https://orcid.org/0000-0002-8417-7350
https://orcid.org/0000-0003-1479-9119
https://orcid.org/0009-0004-6133-5231
https://orcid.org/0000-0003-1922-0559
mailto:foroogh.khozeymehsarbishe@unipr.it
mailto:foroogh.khozeymehsarbishe@unipr.it
mailto:annamaria.cucinotta@unipr.it

1500108

recently employed to build novel Mid-IR sources as well [21],
[22]. Furthermore, in [23], another Dy—doped NaLa(WOy),
glass ceramic fiber with good uniformity was fabricated using
the molten core method showing that it can be a very promising
material candidate for tunable yellow lasers [23]. Despite these
positive results in the fabrication technology of new glasses,
the most promising commercially available Dy—doped ZBLAN
fiber is the one produced by Le Verre Fluoré, France [24]. On
the other hand, despite the interesting results obtained with this
fiber [18], [19], [25], the maximum reported slope efficiency is
still only about half of the Stokes limit. Until now, few research
works have dealt fully with the causes of the low slope efficiency
in Dy—doped fiber yellow lasers. Therefore, it is necessary
to propose more numerical and analytical methods for further
improvements in the performance of Dy—doped ZBLAN fiber
lasers.

In this paper, we have used a Forward Time Centered Space
(FTCS) method [26] and analytical methods for deep analysis
and further understanding of Dy—doped ZBLAN fiber laser
properties. This has led us to obtain a suitable and comprehen-
sive model which figures out the impact of different physical
parameters such as pump and signal overlap integrals with the
doped region, as well as cavity parameters (active fiber length
and mirror’s reflectivity), on laser output performance. On the
other hand, the developed numerical method has assessed the
impact of both ESA and amplified spontaneous emission (ASE)
on the output power of the laser. Finally, the optimization criteria
providing high slope efficiency (more than half of the Stokes
limit) lasers, have been found. This in turn will pave the way
for design, modeling, and employing the high slope efficiency
Dy—doped ZBLAN fiber lasers in DR treatments.

II. DY—DOPED FIBER LASER

A Dy—doped ZBLAN fiber with the same structural param-
eters as the one made by Le Verre Fluoré, France [24] (doping
concentration of 0.2 mol. %, core diameter of 12.5 pm, and
numerical aperture of 0.16) is considered. The energy level
schematic of Dy>* ion for yellow fluorescence emission is
shown in Fig. 1. As it has been mentioned the 4F9/2 — 6H13/2
energy transition, produces strong yellow fluorescence around
573 nm. This lasing can be obtained by pumping from the ground
state level (°H 5 5) to the 41,55 level by a shorter wavelength
in the blue range (450 nm). Then non-radiative transition (shown
by the rate of Aso = 1/735 in Fig. 1) will produce a population
inversion between the higher lasing level of 4 I, /2 and the lower
lasing level of 6 H;5 /2- Once the yellow emission is produced
by *Fy /2 = SHy /2 energy transition, there is a possibility of
yellow light re-absorption (as shown by the upward dashed line
in Fig. 1). This is due to the comparable lifetime of the lower
laser level which is 0.65 ms and of the upper laser level which
is 1.5 ms. Hence, a massive population accumulates on the
lower laser level, which can subsequently re-absorb the yellow
light. Additionally, Asg = 1/730 shows the spontaneous decay
rate at the pump wavelength. Finally, the amplified spontaneous
emission rate from the upper to the lower lasing level Aaq (As),
has been also taken into account.
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Fig. 1. Simplified Dyt energy level diagram showing ground-state absorp-

tion (GSA) for ~ 450 nm pump wavelength with upward arrows. The emission
in the yellow region in ZBLAN glass is shown by the downward arrows. The
yellow light ESA is shown by the upward dashed line.
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Fig. 2. Emission and signal re-absorption cross-sections of two lasing levels,
4Fy /2 & SHyq /2 for the Dy>* ion, extracted from the literature [19].

The absorption and emission spectra of the Dy—doped fiber
have been obtained starting from the experimental data re-
ported in [18], [19]. In particular, the absorption, emission, and
re-absorption cross-sections were obtained by using a cubic
method [27] initialized in MATLAB. The spectra used in the
simulations are shown in Fig. 2. In the numerical simulations,
the absorption, emission, and re-absorption cross-sections were
considered in the wavelength range of 550-600 nm with a step
of 0.5 nm. The yellow light re-absorption cross-section has been
considered in the simulations to take into account the signal ESA
effect on lasing performance.

As itis well-known, a cavity is needed to have a gain medium
and laser emission. The active fiber between the reflecting
mirrors as shown in Fig. 3, composes the cavity and the mir-
rors on the left and right sides, provide feedback at the lasing
wavelength.

As it has been illustrated in Fig. 3, the pump with an input
power of Pp = 450 mW is launched into the Dy—doped fiber
core with a core diameter d.o.e = 12.5 pm and the numerical
aperture NA = 0.16. These parameters guarantee single-mode
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Fig.3. Schematic of the fiber laser setup. P5" (z) and P; (z) are forward and

backward signal power propagating respectively in the positive and negative Z
direction.

TABLE 1
STRUCTURAL AND PHYSICAL PARAMETERS OF THE INVESTIGATED DY —DOPED
ZBLAN FIBER LASER

Structural and Physical Parameters Value
NA 0.16
dcore 12.5 Hm
doping concentration, N; 3.66 x 102 m™3
fibre length, L 4 m
background loss 0.18 dB/m
Ry 90 %
R» 50 %
A 450 nm
As 573 nm
Oubp 0.64 x 1072 m?
Oubs 0.70 x 10725 m?
Cems 0.90 x 1072 m?
r, 0.70
T 0.65
T3 100 x 107° s
e 15x 1073 s
T30 0.01 s
0 650 x 107 s

operation from 2.6 um, so, the fiber is multi-mode for both the
pump and the lasing wavelengths (450 nm and 573 nm). Higher-
order modes can thus be excited in the fiber core. This also
affects the values of the pump and signal overlap integrals with
the doped region I', and I, respectively. The values of 0.70 and
0.65 chosen here for I', and I'; have been obtained by using a
modal solver based on the Finite Element Method (FEM) [28].
These values are in agreement with the corresponding values
in other works [29]. The radiative lifetime values of 75 and
T10 related to the respective energy levels 4 I /2 and SHyq /2 are
1.5 ms and 0.65 ms [19]. On the other hand the nonradiative
lifetime values of 732 and T3¢ are estimated to be respectively
100 x 107 sand0.01s. Agy = 1 /T30 indicates the spontaneous
decay rate at the pump wavelength. It should be mentioned that
the nonradiative lifetime 735 is much lower than that of 751 one,
related to the long-lived lasing level (* Fy /2)- The parameters of
the system have been reported in Table 1.

As expressed in Table 1, o4p) is the absorption cross sec-
tion at the pump wavelength A, 045 and o, are the re-
absorption and emission cross sections at the signal wavelength
As =573 nm, 732, T21, T30, and 71 are the energy level lifetimes.
The parameters R; and R, are the reflectivities of input and
output mirrors for the signal (laser) wavelength. Both mirrors
are considered to be transparent at the pump wavelength.

III. NUMERICAL ANALYSIS

Developing fiber laser systems relying on only experimen-
tal work can be inefficient. Additionally, the current progress
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of fiber lasers requires accurate numerical modeling of the
system. Choosing the suitable numerical model is advantageous
because it provides not only an understanding of the system
under investigation but one can also conduct a wide range of
experiments to optimize the device’s design and foresee its
limitations. In other words, using a good model helps to predict
the behavior of the characteristics of the fiber laser without
performing experiments, which can sometimes be difficult to
carry out in the laboratory. Analysis and simulation of the fiber
laser systems require the solution of two groups of equations.
The first group is the rate equations of the active medium, which
describes the distributions of population inversion. The second
group of equations is the propagation equations, consisting of
several coupled non-linear first-order ordinary differential equa-
tions (ODEs) which describe the propagation of the optical fields
inside the cavity. The analytical solutions of these equations are
usually complicated to find. Therefore, we have to resort to a
numerical method to solve these equations. Here, the FTCS
technique which is an approach based on the finite-difference
time-domain (FDTD) method is chosen to simulate the system.
This numerical method is particularly convenient for evaluating
transient problems. Additionally, the FDTD is quite versatile,
and given the present computer technology, it has been used
with great success in solving many practical problems [26].
Particularly this method is also applicable in the case of a pulsed
Dy—doped fiber laser.

A. Rate Equations

As can be seen in Fig. 1, a four-level system is considered
with a ground state 5Hy; /2 denoted by 0, the highest state
s /2 labeled 3 (into which energy is pumped), and states
1 (6H13/2) and 2 (4F9/2), which are lower and upper lasing
transition, respectively. The upper lasing level often has a long
lifetime in the case of efficient lasers and amplifiers. Hence, it is
sometimes referred to as the meta-stable level. The populations
of the levels are labeled Ny, N1, No, and N3. Experimental
investigations have demonstrated the existence of ESA from the
lower laser level. In the numerical model, the signal reabsorption
cross-sections are used to assess the impact of ESA. Here we
have considered the transitions that are important for the yellow-
light emission process. To obtain lasing, we need a population
inversion between the involved states 1 and 2. According to
the electronic transition process of the four-level system of
Dy, shown schematically in Fig. 1, the populations of different
energy levels are expressed by the following rate equations

dN,

el —WosNo + (Wsg + Az0) N3 + A1gNy (1)
dN
ditl = (Way + Ag1 + Warp + Wayp)Na — A19 Ny

— (Wia + Wigs + Wigp) Ny (2)
AN,
Tk —(Wa1 + Agi + Warp + Waip)Na + Ao N3

+ (Wig + Ag + Wigp + Wigy) Ny (3)
dN:
ditg = Wo3N3 — (Wsg + Az0) N3 + Az N3 4)
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TABLE I
COEFFICIENTS USED IN THE SYSTEM OF (1)—(6)
Parameter Definition Relation

Wos Pump absorption rate at )Lp %P”

Wso Stimulated emission rate at A, ﬂ%\f”

Az Spontaneous emission rate from level 3 r?%

Ao Spontaneous emission rate from level 1 e

Whi Stimulated emission rate at A Uﬁ{,ﬁ"

Ary Spontaneous emission rate from level 2 %

Waip Stimulated emission rate at Assgp ASETerm(A;, 021)
Waip Stimulated emission rate at Ajszp ASETerm(};, 0»1)

Oi2kbs

hvg
ASETerm (A,,', 612)
ASETerm (A,', o12)

Wi Absorption rate at A
Wiap Absorption rate at Aasgr
Wi Absorption rate at A5z

In a steady-state situation, the time derivatives will all be zero,

dNo _ dNy _ dN; _ dNs

dt dt dt dt )
and the total population /V; is given by
Ny = No+ N1+ Na + N3 (6)

Under these constraints and after algebraic manipulation of
the system of (1)—(6), the population of levels can be written as

ce —bf
'™ 4e —bd 7
af —cd
Ny = ——
27 4e—bd ®

where the coefficients of a, b, ¢, d, e, and f are respectively
(Wig + Wigs + Wiy + Aio), (War + Aor + War + Wayy),
0, (W3”+A3°+A32+W"3)A1° + 1, 1, and 1. Various coefficients
used in the system of (1)—(6) are defined in Table II.

In Table II, P represents the power (for the pump, signal, or
amplified spontaneous emission), o2(21) is the absorption (or
emission) cross-section between energy levels 1 and 2 (2 and 1),
h is the Planck constant and v is the frequency of the radiation.

B. Power Propagation Equations

The power propagation equations describe the evolution of
the pump, signal or laser radiation, and ASE radiations along
the active fiber. For a systematic formulation, the wavelength
spectrum is divided into slots, and in each slot, the evolution of
these quantities along the z-direction is determined by a set of
coupled first-order differential equations as follows:

dd% = —I'po03NoPop + L'poso N3 Pop — aFop ®
d;:s = —T1012N1FRys +T's021No Py s — Py
+ ASETerm(AS)% (10)
dR;% = —1's012N1Paspr+1s021 NoPaspr —aPaser

N,

+ ASETerm(iaser) A
t

an
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Fig. 4. Normalized population distribution (n; = N;/Ny, j = 0-3) as a

function of Dy—doped fiber length, (left) including the signal re-absorption
(ESA on) and, (right) ignoring the ESA (ESA off), under the pump power of
450 mW.

dP,
% = —T15012N1Pasgp+1s021NoPaspp—aPaseB
Ny
+ ASETerm(Aasgp)~— ~ (12)
t

where ASETerm represents the amplification rate for sponta-
neous emission of all wavelengths in the radiation spectrum
(550-600 nm). ASETerm mentioned in Table II as well, is given

2ALT, h
wl\@ Furthermore, I',, and T,

represent the overlap 1ntegrals between pump radiation, signal
or lasing light, and active-ion distribution. A detailed definition
of these parameters can be found in [30].

Having solved (1)—(12) with solutions written in (7)—(8), and
coefficients presented in Table II, the normalized population
distributions (n; = N; /Ny, j = 0-3) for all appropriate yellow
laser levels have been calculated by the FTCS method as a
function of fiber length. Results have been shown in Fig. 4 when
the population inversion between the lasing levels of I, /2 and
SHyq /2, along the fiber length is observable. Notice that the
normalized population of 1F, /2 level that is ny = Na /Ny, in
the case of ESA is slightly higher than the one when ignoring the
ESA. Consequently regarding the coupled transitions among the
other three levels, their population in the case of ESA is slightly
decreased compared with the one ignoring the ESA. Further-
more, since the energy level 41,5 /2 is strongly non-radiatively
coupled to the neighboring lower level of 4 F, /2, the population
is not significant.

Secondly, by solving the system of (1)—(12) by FTCS method,
the pump and signal power evolution considering the impact of
ESA has been computed as shown in Fig. 5. It can be seen
that when ESA is considered, the signal power is amplified
by the Dy—doped yellow fiber and reaches ~ 148 mW from
107 mW. On the other hand, by ignoring the ESA (ESA off in
Fig. 5), further amplification of the signal at the end of the fiber
is observed (reaching ~173 mW from 107 mW at the beginning
of fiber). Additionally, it is evident that pump output power is
partially higher or pump absorption decreases slightly when
ESA is considered. This can be interpreted by analyzing the
population evolution in the long-lived * Fy 5 and ° H 3 levels.
Because of the re-absorption of the intracavity yellow light from
the excited level ° H; 4 /2, the population in the upper 4R, /2 lasing
level increases. This leads to less effective pump absorption and
slightly higher pump power at the end of the fiber.

by the function of
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Fig. 5. Pump and signal power evolution along the Dy—doped fiber for a
forward propagation signal with an input power of 107 mW, (left) considering
the signal re-absorption (ESA on), and (right) without considering the ESA (ESA
off).
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The higher output signal power in case of ignoring the ESA
is due to its role as a source of loss. In other words, ESA occurs
when an ion in the long-lived level is promoted to a higher
energy one by absorbing either a pump or signal photon. The
ion then returns to the long-lived level or ground-state levels
through phonon interactions and spontaneous emission so that
ESA results in an effective loss [31]. It should be mentioned
that the laser output power is calculated by multiplying the
signal output power at the end of the fiber and the output
mirror transmission. Since the output mirror reflectivity at signal
wavelength is 50%, the output laser power in the case of the
first example expressed above is calculated to be ~74 mW and
86.5 mW respectively with and without considering the ESA. It
is worth mentioning that the calculated laser power of 74 mW
here is in good agreement with the experimentally measured
output power for a similar fiber laser investigated in [19].

We further analyzed ASE both in forward and backward
directions. This parameter in the presence and absence of ESA
has been calculated in the wavelength spectrum (550-600 nm).
The results in the case of the signal wavelength of Fig. 5 have
been shown in Fig. 6 which demonstrated that ESA has a partial
effect on ASE power. Both the forward and backward ASE
powers slightly decrease in case of ignoring ESA.

This is interpretable since including the ESA increases the
population in the upper * Fy /2 lasing level. This, in turn, causes
more ions available in the upper lasing level for ASE. In Fig. 6, in
three different positions along the fibre L = 0.5, 2, and 4 m, the
P;{S g and P} ¢, have been compared. Decreasing the powers in
case of ignoring the ESA is observable. In Fig. 7 the distribution
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Fig. 7. Distribution of the pump, signal, and ASE powers in terms of the
wavelength and fiber length considering the ESA.

~ 90 E
2
£
<~ 80| -
v
E
& 70 i
=
=3
5 60 -
(e}
g S0r ESA On A
- ESA off
40 | | | | | | | 1 1
1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Spontanous decay time of the 41;s/, Level (us)
Fig. 8. Output laser power in terms of the spontaneous decay time of the

4115/2 level.

of the ASE, signal, and pump powers along the fiber length in
all the emission wavelength ranges of 550-600 nm, has been
illustrated. It should be mentioned that the signal and pump
power evolution in Fig. 7 is consistent with the one in Fig. 5.
Finally, the FTCS model is employed to evaluate the effect of
lifetime value changes in the four-level system of the Dy 3+ —
fiber laser. Our simulations show that the two most affecting
lifetimes in the laser performance are 73y and 7y¢. Firstly the
spontaneous decay time of the *I;5 /2 level at the pump wave-
length, 730, is changed from 1 ps to 10° us in two different
conditions with and without ESA. The impact of 730 on laser
output power has been illustrated in Fig. 8. It can be seen that
changing 730 from 1 ps to 1000 ps causes an abrupt increase
in the output power (from 52.5 mW to 72.5 mW). This is due
to the decreasing spontaneous decay rate Asy and therefore
the laser output performance improves. It’s worth mentioning
that this power-increasing prediction is just based on theoretical
investigation. However, for 730 higher than 1000 ps, the output
power is slightly increasing. By increasing 739 from 1000 us
to 10000 ws, the output power changes from 72.5 mW to
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74.5 mW. A further increase of 730 to 10° us will cause an
output power increment lower than 0.5 mW. This confirms that
the initial estimation of 739 = 10* s in our previous calculations
is reasonable and reliable. In other words, for 750 > 10% S,
the output power increase is negligible, which means that this
parameter is no longer affecting the laser performance. It should
be mentioned that the observed behavior in output power in
terms of 739 changes, in the case of neglecting ESA is the same
as in the case with ESA. However, by neglecting the ESA, all
the powers are shifted to a higher value.

We also considered the effect of ESA on the laser output power
laser. We decreased the 7 value from 650 pis to 107° ps. Atthe
lowest value of 719 = 10~° us, the highest output laser power of
91.5 mW is obtained. Results have been shown in Fig. 9. Notice
that, by decreasing the lower laser level 5 Hy5 /2 lifetime (710),
a higher output laser power is observed. Indeed, decreasing the
710 value which is equivalent to reducing the impact of the ESA,
will cause a faster depopulation of the lower level of the yellow
laser transition (°H,3 /2)» and consequently a higher pumping
to the 415 /2 level and a higher laser output power. The same
effect of decreasing 719 in real conditions can be obtained by
designing a cascade lasing arrangement in which the lower laser
level of yellow transition is employed as the upper laser level of
the mid-infrared one [19].

IV. OuTPUT EFFICIENCY OF THE LASER

A critical parameter of an optically pumped laser is its slope
efficiency 7, which is defined as the slope of the curve obtained
by plotting the laser output power P, versus the pump power.
To find the efficiency of the laser, first, we need to find the
pump power threshold. At this power, the laser threshold is
just reached, usually assuming steady-state conditions, and the
small signal gain equals the losses of the laser cavity. Finally, the
output power of the laser with threshold pump power Py, can
be calculated for a given pump power P, (above that threshold)
as follows

PLas:n(Pp_Pth)

Finding P;;, can be approximately performed by analytical
expressions. Here for obtaining Py, for the four-level system
of a Dy — fiber laser, we used the analytical method described
in [31]. With this approach Py, is obtained by using the intrinsic
saturation powers, and the cross-saturation powers at the pump
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at different output couplers (left) simulated here, and (right) experimentally
obtained in [19].
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Fig. 11.  (left) Yellow laser output power as a function of launched pump power
at different output mirror reflectivity of 50-80 % and (right) calculated values of
slop efficiency and pump power threshold at reflectivity range of 30-90% [19].

and laser wavelengths. To verify the correctness of this analyt-
ical method, we analyzed output power efficiency and pump
threshold for different R, similar to the experimental research
in [19]. Therefore, different values of output mirror reflectivity
Ry = 50%, 58%, 74%, 86% equivalent to output coupler OC
values respectively OC' = 50%, 42%, 26%, and 14%, have been
chosen. The simulated laser slope efficiencies and thresholds
with the mentioned values of R (as shown in Fig. 10) have been
calculated which are in good agreement with their equivalent
values experimentally obtained in [19].

A. Mirror Reflectivity

To accurately evaluate the impact of different structural and
physical parameters on the performance of the laser, and to
find the configurations providing the maximum possible slope
efficiency, optimization simulations have been performed. In
our simulations, the realistic values reported in Tables I and
II are considered. Firstly we have changed the output mirror
reflectivity from Ry =30% to Ry = 90%, while other parameters
are fixed, thatis I'y = 0.65,I', = 0.70 and L = 4 m. In Fig. 11,
the laser slope efficiency 1 and pump power threshold P;;, versus
the output mirror reflectivity R, are shown. As it is observable in
Fig. 11, the laser efficiency has the maximum values ( ~ 65%),
for the mirror reflectivity Ry = 30%. However, at this value of
Ry, the Py, is relatively high (P, = 357 mW).

B. Overlap Integrals

We also simulated laser slope efficiencies and thresholds
for different values of signal or lasing (I's) and pump (I'))
overlap integrals. Since the fiber simulated here is multimode
for both the laser and pump wavelength, different lasing and
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at different pump overlap integrals of 0.65-0.95 and (right) calculated values of
slop efficiency and pump power threshold at different pump overlap integrals of
0.65-0.95.

pump modes with different values of overlap integrals might
be used in the lasing process. It’s worth mentioning that the
values I'y = 0.65 and I';, = 0.70 used for the simulation have
been obtained by testing different possible sets of I'g and T,
calculated using a finite-difference approach implemented in
python as well as FEM modal solver. The chosen values of 'y
and I', provide the highest matching with experimental results
reported in [29] and [18]. In this analysis, we have examined the
effect of changing I'; or I', and the impact on laser efficiency
and pump power threshold. Results obtained by changing I'; and
T, have been illustrated in Figs. 12 and 13. First, we calculated
slope efficiencies and thresholds at a fixed amount of I, = 0.70
and a changing amount of I'g in the range 0.35-0.65. Second, we
calculated slope efficiencies and thresholds at a fixed amount of
I's = 0.65 and a changing amount of I, in the range 0.65-0.95.
It should be mentioned that in these simulations the parameters
of Ry, Ry, and L are fixed at respectively, 90%, 50%, and 4 m.

C. Active Fiber Length

Finally, we evaluate the impact of different active fiber lengths
being the fiber active cavity medium, on the laser output perfor-
mance. As can be seen in Fig. 14, fiber length is changed from
0.5 m to 4 m while other parameters are fixed at I'y = 0.65,
I', =0.70, Ry = 90%, and Ry = 50%. We figured out that the
maximum achievable slope efficiency is  ~ 78% for the fiber
length L = 8.5 m.

V. DISCUSSION

The performance of a Dy—doped fiber laser with yellow
emission at 573 nm has been analyzed. The Dy—doped fiber
simulated here has the same structural parameters as the
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Fig. 14.  (left) Yellow laser output power as a function of launched pump power
at different active fiber lengths of 0.5-2.5 m and (right) calculated values of slop
efficiency and pump power threshold at active fiber lengths of 1.5-8.5 m.

commercially available Dy—doped fiber made by the Le Verre
Fluoré, France [24]. Two different numerical and analytical ap-
proaches are chosen to fully understand the different transitions
involved in the lasing mechanism of the fiber and their impact
on the laser output performance. Having solved the rate and
propagation equations in a four-level Dy—doped fiber laser by
the FTCS method, the effect of ESA and ASE on the output
power of the laser has been figured out. ESA has a significant
impact on the laser performance. By increasing the transition
rate Ao, the ESA impact on laser output power is decreased.
As can be seen in Fig. 8, decreasing 71 from 650 ps to 1075 s,
provides an increase of the output power from 74.5 mW to
91.5 mW. Then, further possible changes in laser output power
have been predicted by changing the transition rate Aszg in the
fiber laser system. For 73 values higher than 1000 ps, the effect
of the pump spontaneous decay will be negligible. Hence the
output laser power slightly changes.

In Fig. 10-14, pump threshold and laser slope efficiency
changes are examined under the variation of four different pa-
rameters, thatis o, I's, I',, and L. First, the pump threshold and
slope efficiency have been calculated in the Ry range 30-90%
with a step of 10%. Decreasing the output mirror reflectivity
from 50% to 30%, the slope efficiency has increased from 36%
to 65%. However, the pump power threshold has been also
increased from 234 mW to 357 mW which is not desirable.
Secondly, we have calculated the output power of the laser,
slope efficiency, and its threshold by changing the I'; and I',,
in the ranges respectively 0.35-65 and 0.65-0.95 by a step of
0.10. Similar to the impact of Ry, reducing the lasing overlap
integral to 0.35 has provided a high slope efficiency of 75% and
an increased pump threshold of 379 mW. On the other hand,
increasing the I', from 0.70 to 0.95 will increase the slope
efficiency to 63%, and the pump threshold remains as low as
234 mW. Nevertheless, the I'g and I';, parameters for the chosen
parameters of the Dy—doped fiber simulated here, can not be far
apart. In other words, comprise condition of high efficiency and
low pump power threshold, can occur at a range of 0.65-0.85
for both the I'y and I',. Finally by increasing the active fiber
length to 8.5 m, the highest i of 78% is achieved while the
pump threshold is still relatively low (307 mW). It is worth
mentioning that increasing the active fiber length to the range
of 4.5-8.5 m could obtain optimized performance of fiber laser
with a trade-off between the high output efficiency and low pump
power threshold. In this range of fiber length slope efficiencies,
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more than half of the Stokes limit (of 78%) in the range of
40-78% are predicted with low pump power thresholds in the
range of 242-307 mW.

VI. CONCLUSION

The FTCS numerical method and the analytical approach
have been developed to fully evaluate the performance of the
Dy—doped fiber laser. Two sources of loss ESA and ASE have
been taken into account in the model. The influence of the
ESA loss on laser output power can be significantly reduced by
decreasing 71 to 1075 us. Exploiting the developed analytical
approach for the four-level system of Dy—doped fiber laser, the
impact of fiber cavity parameters on the slope efficiency and
pump power threshold was investigated. Optimized criteria for
finding the Dy—doped yellow fiber lasers with high efficiency
have been found. The found criteria are output mirror reflectivi-
ties less than 50%, lasing overlap integrals less than 0.65, pump
overlap integrals higher than 0.75, and finally, fiber length more
than 4.5 m, to obtain 7 > 36%. The value of efficiency reported
here is higher than other reported values for the efficiency of the
same fiber [18], [19]. Additionally, the fiber length parameter is
the most effective in achieving efficient Dy—doped fiber yellow
fiber lasers. Choosing the active fiber length in the range of
4.5-8.5 m could obtain optimized performance of fiber laser
with a trade-off between the high output efficiency and low pump
power threshold. In this range of fiber length, slope efficiencies
more than half of the Stokes limit, in the range of 40-78%
are predicted with low pump power thresholds in the range of
242-307 mW.
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