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c(OpMUPOBAHHBIN BOJOKOHHBIMH OPATTOBCKUMH PELIETKAMH, KOTOPbIE 3alliCaHbl Ha KOHIIAX OTPE3Ka JIETMPOBAHHOTO
BoJIoKHA. C ITOMOIIIBIO MaTeMaTHYECKOTrO MOJICIIMPOBAHNSI BBIITOJTHEHA ONITUMHU3AIHS ITAPAMETPOB JIEMEHTOB Jia3epa st
JIOCTHKEHUS TeHEepalMK Ha OIHOM MPOJI0JIbHOM Mozie Ha JUTMHE BOJIHBI 1550 HM, COOTBETCTBYIOLIEH MUHUMAIBLHBIM 110~
TEPSIM CTAHJAaPTHOTO TEICKOMMYHHUKAIIHOHHOTO BOJOKHA. TeopeTndeckast MOJIETh OCHOBAaHA Ha TIOYYCHUH PEIICHUS IS
CTAIlMOHAPHOTO COCTOSTHUS CHCTEMBI CKOPOCTHBIX YPaBHEHUH TSl ONITHYECKUX ITOJICH C YIETOM B3aHMMOCHCTBUS MEKIY
SHEPreTHYECKNMH YPOBHSIMHE JIerHpoBaHHOTO HoHamu Er' —Yb®'" kBapuesoro Bonmokma. CrcreMa ypaBHEHHi pelneHa
C MCTIOJIb30BaHIEM UTEPAIIMOHHOTO METO/Ia B IPOrpaMMHOM Kozie Matlab, 9To TO3BOIUIIO IPOBECTH aHAJTIN3 3aCEICHHOCTH
SHEPreTHYECKUX YPOBHEH HOHOB 3pOus U UTTepOusL. JIj1st BhrancieHns pyHKINH OTpaXKeHHUs OPITTOBCKUX PEIICTOK IPUMEHEH
pa3paboTaHHBII aBTOpaMH AJITOPUTM Ha OCHOBE MeTo/ia JIMHUH. C MCHONIb30BaHMEM IPOTrpaMMHOT0 rakeTra Optisystem 1po-
HM3BEIICH PACUET JMHAMIKH YCTAHOBICHHS TeHEPAIIH TIPEIOKESHHOTO JIa3epa Ha OCHOBE JIerHpOBaHHOTo HoHamu Er’” — Yb**
OIITHYECKOTO BOJIOKHA. [I0Ka3aHO, YTO MPH ONTHMAIBHBIX MMapaMeTpax 3JIEMEHTOB Jla3epa MOKHO ITOTYYHUTh OTHOYACTOT-
HYIO TEHEepanuIio B HEMPEPHIBHOM peKiMe ¢ MoHOCTEI0 0,67 BT Ha mymmHe BomHbI 1550 HM npu MomHOCTH Hakadku | Bt
¢ nuddepenuansHOl 3P HEeKTUBHOCTHIO (T. €. 3 (HEKTUBHOCTHIO HAKIIOHA KPUBOW 3aBUCHMOCTH MOIIHOCTH CHTHAJIA OT
MOIIIHOCTH HAaKa4YKu), paBHOU 67 %.

Knrouegoie cnoga: BOTOKOHHO-ONTHYIECKUHN JIa3ep; OJHOYACTOTHASI TEHEPALMs]; BOJOKOHHAsI OpP3ITOBCKAsl PEIIETKa;
nerupoBarHOe noHaMu Er — Yb ontrdeckoe BookHO; pe3oHartop @adpu — Ilepo.
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The structure of the compact narrow-band fiber lasers operating in a single longitudinal mode (single-frequency la-
sers) has been considered. The single-frequency fiber lasers are widely used in WDM telecommunication systems, high-
resolution sensors, spectrometers, as well as for lightimaging detection, detection of gravitational waves and creation of
multikilowatt laser systems based on coherent combining of laser beams. The proposed laser is based on the short length
of optical fiber co-doped with Er’* and Yb** ions. For cavity feedback a Fabry — Perot resonator is formed by using fiber
Bragg gratings written on the ends of the doped fiber section. On the base of the numerical simulations the optimisation
of the laser elements parameters has been carried out in order to achieve the single longitudinal mode laser generation at
1550 nm wavelength that corresponds to the minimum loss generated by the telecommunication fibers. The theoretical
model is based on the steady state solutions of the rate equations resulting from the optical fields and ions interaction in-
side the Er* — Yb®" co-doped silica fiber. The mathematical equations are solved using an iterative method by Matlab to
provide an analysis of the energy levels of erbium and ytterbium ions doping the silica fiber. For the calculation of the fiber
Bragg grating reflectivity the original algorithm based on the method of lines has been applied. A series of simulations
have been performed by using the Optisystem software to obtain the modelling of the dynamic behaviour of the proposed
Er’* — Yb*" co-doped fiber laser. The optimised Er’* — Yb** co-doped fiber laser demonstrated a continuous wave power
of 0.67 W at 1550 nm wavelength for a pump power of 1 W with a slope efficiency of 67 %.

Keywords: fiber laser; single-frequency generation; fiber Bragg grating; Er — Yb co-doped fiber; Fabry — Perot resonator.

Introduction

The single-frequency erbium-doped fiber lasers are considered as a key tool due to their high potential ap-
plications in WDM telecommunication systems operating with wavelengths around 1.55 pum, high-resolution
sensors, spectrometers, for lightimaging detection, detection of gravitational waves and creation of multikilowatt
laser systems based on coherent combining of laser beams [1-14]. They are attracting a great deal of interest
and high demand because of their ability to provide fiber compatible laser sources with a narrow linewidth (tens
of kilohertz), low level of optical noise, high output power, low threshold pump power and a high stability of
output parameters. Single-frequency fiber lasers are being actively developed, primarily due to their compact-
ness compared to solid-state counterparts and better output characteristics compared to semiconductor lasers.
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Short fiber lengths and wavelength selective filters such as the fiber grating are desired to maintain the stability
and provide single-frequency operation to avoid the mode hopping issue. However, a few centimeters long fiber
does not provide a satisfactory pump absorption and leads to insufficient and low output power. Although, the
expectation of considering high erbium concentrations contributes to increase the pump absorption and provide
a high desired gain but the ion-ion interactions leads to the waste of energy by exchanging the energy between
the ions of erbium and critically reducing the laser efficiency and deplete the erbium metastable level [15].
In order to provide the solution to these problems the co-doping the gain medium of the fiber with erbium (Er’")
and ytterbium (Yb*") ions has been proposed [2; 11; 12; 16; 17]. By providing the optimal concentrations of the
rare-carth ions, the pair induced energy transfer from Er’* and Yb®" provides the desired pumping requirements
for the erbium and allows to rescale the concentrations of the erbium without a high reduction in the efficiency
due to the cooperative up conversion. The contribution of Yb** sufficiently avoids the formation of Er’* clusters
and allows an effective contrasts of the energy transfer. Additionally, the Yb** allows the extension range of the
acceptable pump wavelengths and the highest absorption cross section is defined at 980 nm. The pumping of
Yb*" at 980 nm provides the best performance and high efficiency to construct a compact fiber lasers.

In this work we propose a theoretical model for the analysis of a compact single-frequency fiber laser based
on Er’" — Yb** co-doped fibers; the continuous wave (CW) operations of single-frequency fiber laser using the
Bragg gratings as wavelength filtering components at the ends of the section of the doped fiber and conside-
ring the principle of the linear cavity configuration of the Fabry — Perot architecture to generate a high light
confinement to satisfy the laser performance requirements. The theoretical work proposed are proved to have
a great agreement with the published experimental results associated with compact single-frequency Er’" — Yb**
co-doped fiber lasers.

The main objective of this work is to analyse the possible design of a compact single-frequency high power
laser on the base of short length of optical fiber co-doped with Er’” and Yb’" ions. The laser cavity is created
by Bragg gratings written on the fiber ends. Short fiber length leads to insufficient pump radiation absorp-
tion. The optimal concentrations of these ions should be established by solving propagation-rate equations.
Additionally, we provided the numerical analysis of the influence of the fiber Bragg grating parameters on its
transmission function. On the base of the analysis the proper selection the parameters will be done to provide
the single-frequency regime of the laser generation.

Making the propagation-rate equations for Er — Yb composition

The system of rate equation resulting from the energy level system between the Er’” and Yb*" ions are con-
sidered as a complex and difficult to solve without any boundary conditions and estimations. Figure 1 shows
a simplified energy level of the system with neglecting some transitions that exhibit the small and less influence
on the characteristics of the laser.

N, 4
Ly
Ay
C
2. Ny L" R A 4I
Fs, ] ] 1172
A l
T N, s
Energy L
r r transfer ”‘; VI‘/‘
I/V56 VV65 13 31 Cup
r
Ags r Ay
T W, W, T
2 N5 \ Y / N] 4
F,, Lisp
Yb3+ Er3+

Fig. 1. Simplified energy level diagram of Yb** and Er** ions

These assumptions didn’t affect significantly the overall results of the laser system performance and cha-
racteristics while maintaining the accuracy of the model. As the gain medium is pumped at 980 nm, the system
of rate equations resulting can be written as [7; 18; 19]

ON.

atl =—W, N, = W3N, + 4, N, + Wy N, + CupN22 = CopaNi Ny + CupN32 — C,.N\Ng,
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JlazepHas ¢pu3nka

Laser Physics
oN, 2
?: WisNy — A, Ny + AjyNy — 2C, N3 + 2C, NN,
ON;
?Z_VVSGNS + AgsNe + WesNg + C,.N N,

N5 + Ng = Ny,

where N,, N,, N; and N, are the populations of *I,s,, *I,5», *I,,, and “I,;, energy levels corresponding to the
Er’" ions, also Ny and N, are the populations of °F,,, and °Fs), energy levels corresponding to the Yb*" ions;
W, represents the stimulated transition probabilities (i represents the transition from i to j); 45, and A4 terms
relats and identifies the spontaneous transition probabilities, also A5, and 4 4; represent the non-radiative relaxation
probabilities; C,,,, C,,14 and C,, are the transformation of the coeficients associated with the increased frequency
and cross-relaxation between the Er’* and Yb*" ions; Ny, and Ny, identify and introduce the concentrations of the
Er’* and Yb*" ions. It should be noted that for this model we neglected the diverse of mechanisms and conditions
that contribute to broaden the energy levels, as well as the associated related temperature instability [7].

Inside of the laser gain medium, the optical field at pump and laser wavelengths propagates in the longi-
tudinal z-direction. Therefore, each of these fields will be described by a differential equations governing by

the spatial variation of the optical power. The variation of the pump power P, (z, vp) and the power of laser
radiation PVi (z, Vy-) over the length specified for the cavity of the laser is described by the system of differential
equations that identified as the propagation equations and can be written as [7; 18; 19]

dP, |z, _ _ _
%:_Fp I:GErBNl ~ OypselVs — GYb65N6:|};7(Z’ Vp)_ lp%(Z, \A ),
dP;(z, v, _ _
% = 4T, [om](vj )N, = GV, )Nl]P;(Z, vy)
£ 21,8V, T O (V) Ny £ 1, P (2, vy ) (1)
Pp(o’ Vp):I;O’

P.(o, v,

(0 )

]

Ry(v; )RS (L. V)= Py (L. v,).
R(v,)P5(0.v,) =P (0.v,),

where j = 1, ..., M (M represents the number of the longitudinal modes that can be produced by the laser);
Vv,, v, and [, [ are the frequencies of the radiation and the losses of the pump wave and the generated wave;

R, ( V; ) and Rz(vj ) are the reflectance of the cavity mirrors; L is the length of the laser cavity; Of,; and Gy,,; are
the absorption and emission cross section of the Er’ and Yb*" ions. The sign «plus» in the notation Pj (z, vsj)

corresponds to the forward propagation of the optical radiation, respectively the sign «minus» represents the op-
tical radiation propagation in the reverse direction [7]. The overlap integrals between the cross section of the
radiation fields and the active region of the waveguided identified as I, and T|; based on the assumption of
considering the Gaussian intensity distribution of the fields of the pump radiation and the signal radiation can
be determined by the following relationship [20]:

2
I,=1-exp a_g ,
mm

where a, is introduced as the active radius of the fiber, and ,, is the transverse size of the radiation field, as
m = p for the pump wave and m = gj for the corresponding signal wave. The term 2Av;Av,IGp,,, (vj )]Vz ex-
pressed in equation (1) provides the description of the input noise equivalent power [7].
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Fiber Bragg grating parameters to provide
the single-frequency regime of the laser generation

We start with the numerical analysis of the uniform periodic Bragg grating with the high-reflection (HR).
The fiber core radius is R, = 2.88 um, the refractive index in the core of the first homogenous region is
n.,, = 1.4500, and the refractive index of the cladding is n, = 1.4125. The number of the grating periods
is N =22 620, the grating period is A = 0.537 82 um, the grating length is L, = 24.442 mm, and the relative
difference between the grating core refractive indices is An,, = 0.000 1. The reflectivity of the uniform periodic
grating with the selected parameters was assigned in Matlab [21; 22] and the simulation result is shown in fig. 2.
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Fig. 2. Reflectivity of a uniform periodic fiber gratings
with number of periods N =22 620 and An,, = 0.0001,
leading to a total reflection 97 % with narrow central peak wavelength 1550 nm

The modelling results of the uniform periodic grating reflection spectra (Bragg wavelength Ay = 1550 nm)
with a reflectivity of 97 % based on the parameters specified in the simulation, and this considered sufficient
for the HR Bragg grating to be implemented and inserted as reflector for the Fabry — Perot cavity feedback.

The second numerical analysis of the uniform periodic grating was performed for the partial reflection (PR)
Bragg grating [21; 22]. The fiber core radius is R, = 2.88 um, the refractive index in the core is n,,, = 1.4500,
and the refractive index of the cladding is n,;, = 1.4125. The number of the grating periods is N = 6610, the
grating period is A = 0.537 82 um, the grating length is Ly, = 7.109 98 nm, and the relative difference between
the core refractive indices is An_, = 0.000 1. The modelling results of the uniform periodic grating reflection
spectra (Bragg wavelength A; = 1550 nm) with a reflectivity of 55 % based on the parameters specified in the
simulation is shown in fig. 3.

100 T T T T T T T
90
80
70
60
50
40

Reflectivity, %

30
20
10

0
1.5480

1.5515

1.5510

L Il
1.5495 1.5500 1.5505
Wavelength, um

1.5490

L
1.5485

Fig. 3. Reflectivity of a uniform periodic fiber gratings
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leading to a total reflection 55 % with narrow central peak wavelength 1550 nm
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Therefore, the results considered are reliable and convenient for the PR Bragg grating and could be imple-
mented and inserted as the partial reflector of the Fabry — Perot cavity for the outcoupling.

Following to the calculations for the Fabry — Perot cavity, the transmittance maxima corresponding to the
Fabry — Perot resonance is observed to overlap with desired reflectivity spectrum based on the physical length
of the cavity [23]. Figure 4 shows the fiber cavity transmittance spectrum using the uniform Bragg grating, the
length of the Fabry — Perot cavity L = 1 cm, and neglecting the absorption associated with the Bragg grating as
reflectors for the proposed configuration. The peak wavelength of the uniform fiber Bragg grating is centered
at 1550 nm. The cavity transmission spectra (see fig. 4) were obtained based on the proposed configuration of
the Fabry — Perot cavity in order to produce the single mode fiber laser generation. The central resonance of the
Fabry — Perot cavity is at the desired Bragg wavelength (A = 1550 nm) of the uniform gratings.
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Fig. 4. Transmittance spectra of the Fabry — Perot fiber cavity formed
by uniform fiber Bragg gratings

Fiber laser setup

The schematic digram of the proposed Er*" — Yb** co-doped fiber laser is shown in fig. 5. The pump source
is the laser diode operating at 980 nm, the beam of this fiber laser system is collimated first and then propaga-
ted through the optical isolator to secure the system from any back reflections from the fiber ends that can damage
the input source identified as the diode laser for the proposed fiber laser optical system. The pump radiation
is focused directly into the Er — Yb fiber through the first HR fiber Bragg grating, which is 97 % reflecting at
1550 nm. The section of the 1 cm length Er — Yb fiber with a numerical aperture of 0.32 and the outcoupling
of the light is based on the output PR fiber Bragg grating, which has 55 % reflecting at 1550 nm.

HR Bragg grating PR Bragg grating

> ouput

> Er -Yb" co-doped fiber

——

. Optical
Diode laser isolator

Fig. 5. Schematic diagram of the Er*" — Yb*" co-doped fiber laser

Fiber laser simulation

The proposed fiber laser setup is modelling by using the Optisystem software to reach the suitable design
that should be implemented. Optisystem software allows to establish the reliable optical design to determine
the fiber laser architecture for the Er’* — Yb*" co-doped fiber laser. Evaluate cost and performance by calcu-
lating the output power, maximum noise figure, maximum gain ripple and minimum pump power depend on
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the optical system specifications such as pump wavelength range, passive component losses, component costs

and so on. The results of the simulation is shown in fig. 6. Er’" — Yb*" fiber laser is excited and pumped by
the laser diode at wavelength of 980 nm. The power of the pump source was swept from 0 to 1 W by the

CW diode laser. The pump radiation was focused into the Er’* — Yb*" co-doped fiber through the HR fiber
Bragg grating. This component is introduced as the bidirectional reflective filter and can be considered as
the fiber Bragg grating for the Optisystem platform. The HR fiber Bragg grating has the 97 % reflecting at
1550 nm and 99 % transmitting at 980 nm. Two optical delays were introduced in the setup of the optical sys-
tem to generate optical signal delay in order to enable the calculations of the simulation. A length of 0.01 m
of Er'" — Yb®" fiber is introduced with a numerical aperture of 0.32, Er’" ions density in 5.0 - 10% ions per
1 m® and Yb*" ions density in 6.25 - 10% jons per 1 m® of the Er’" — Yb*" co-doped fiber optical components
simulates the fiber laser setup when solving the numerically the rate and propagation equations for a steady-
state case and considering the non-linear phase changes by propagating the signal by using the non-linear
Schrodinger equation. The outcoupling of the fiber laser is based on the PR fiber Bragg grating (55 % reflec-
ting at 1550 nm). The buffer selector is used for selecting the signal data associated with a specified iteration
in a series of iterations based on the proposed fiber laser setup. Convert to sampled signals defines the input
signal type to be converted to sampled signals.

Analysis of the simulation results

The CW power of 0.67 W at 1550 nm is demonstrated for a launched power of 1 W with a slope efficiency
of 67 %. Figure 6 shows the optimised design of the optical system for the compact Er** —Yb*" co-doped fiber
laser and the results indicated for the best slope efficiency with the length of 0.01 m. The performance of the
proposed setup will start to degrade as we increase the length of the fiber. Figure 7 shows the results of the ob-
tained output power. The noise power at the output of the optical system by using the built in Optisystem optical
power meter is presented in fig. 8.
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Fig. 6. Optisystem simulation setup for Er** — Yb** co-doped fiber laser
with the optimal length L =0.01 m

Optical Power Meter n
= . = E- W Signal Index: D =

dBm

Fig. 7. Output power measured
by the built in optical power meter (Optisystem software)
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Fig. 8. Noise power at the output measured
by the built in optical power meter (Optisystem software)
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Evaluation of Er’* — Yb** co-doped fiber laser

The demonstrated Er’* — Yb*" co-doped fiber laser for single-frequency operation can be determined as
the function of grating reflectivity and resonator length. In all calculations discussed in this research, we assu-
med the fiber laser having pair of Bragg gratings without loss, the laser wavelength of 1550 nm based on the
uniform Bragg grating reflectivity and the fiber with the core radius R, = 2.88 wm, core refractive index of
n,.,=1.4500 and cladding refractive index of n,; = 1.4125. The cavity length is L = 1 cm. We have considered
the strong pump regime, which results in high lasing power based on the optical system components and
properties. The reflectivity of the Bragg grating reflectors written in a single-mode fiber laser is selected to pro-
vide the single mode operation. The uniform Bragg reflectors are modelled using the method of lines theory.
Uniform Bragg gratings reflectivity of 97 % is demonstrated for the HR fiber Bragg grating and 55 % for the
PR fiber Bragg grating to couple out the light from the end of the fiber laser system. The cavity configuration
for the single-mode operation based on the Fabry — Perot resonator demonstrated a dominant lasing mode at
the central resonance (Bragg wavelength A; = 1550 nm). Analysis of the reflection of uniform Bragg gratings
is treated according to the method of lines theory approach. The proposed configuration of the uniform Bragg
reflectors results in the single-frequency operation of the 1 cm section of the Er'" — Yb’" co-doped fiber laser.
A length of 0.01 m of Er'" — Yb®" fiber is established with the numerical aperture of 0.32, Er’" ion density is
5.0 - 10% ions per 1 m® and Yb>" ions density is 6.25 - 10*® ions per 1 m*. A CW power of 0.67 W at 1550 nm
is demonstrated successfully for a launched power of 1 W with a slope efficiency of 67 %. The laser slope
efficiency is found to be maximum at the proposed compact Er** — Yb**co-doped fiber laser based on the Bragg
gratings. This configuration and design were chosen to achieve the high slope efficiency and reasonable stability
with respect to the desired frequency at 1550 nm. Er'" — Yb*" co-doped fiber laser was designed and tested using
the analysis of the Optisystem software to demonstrate reliable numerical results. All the modeled components
and parameters for the demonstrated Er*" — Yb*" co-doped fiber laser are shown in the table.

Parameters of Er** — Yb** co-doped fiber laser

Parameter Symbol Value
Pump wavelength kp 980 nm
Signal wavelength A 1550 nm
Cavity length L 1 cm
Pump power F, 1w
Core radius R, 2.88 um
Doping radius R, 2.88 um
Core refractive index ng, 1.4500
Cladding refractive index ng 1.4125
Numerical aperture NA 0.32
HR fiber Bragg grating reflectivity FBGyr 97 %
PR fiber Bragg grating reflectivity FBGpy 55%
HR fiber Bragg grating length FBGyp, 24.44 mm
PR fiber Bragg grating length FBGypyg, 7.11 mm
Fiber laser total length FLaser, 4.155 cm
Temperature T 300 K
Bandwidth B, 2 nm
Emission lifetime of Er’* Er, 10 ms
Emission lifetime of Yb** Yb, 1.5 ms
Ko 5.283 - 10** m%/s
Energy transfer coefficient K; 54 5.283 - 10* m’/s
K 365 0.344 - 10** m*/s
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Ending table

Parameter Symbol Value

Anr,, 1-10°s"
Non-radiative transitions

Anr;, 1-10°s™
Total population of Er** Ng, 5.0 - 10* ions per 1 m*
Total population of Yb** Nyy, 6.25 - 10* jons per 1 m’
Sampled signal power S, 0.67 W
Noise threshold Ny -100 dB
Noise dynamic Ny 3dB
Total power losses S, 033 W
Efficiency FLaser, 67 %

Conclusions

A theoretical model of the Er’* — Yb*" co-doped fiber laser device was established and developed. The mo-
del was based on the steady state solutions of the rate equations resulting from the optical fields and ions
interaction inside the Er’" — Yb*" co-doped silica fiber. Initially the steady state rate equations were solved by
Matlab program based on the method of rate equation pair solver. The numerical analysis of the fiber Bragg
gratings configuration to establish a single-frequency fiber laser were computed by applying the method of
lines. The optical resonator considered as a Fabry — Perot resonator configuration bases on the Er*” — Yb**
doped silica fiber to obtain a single longitudinal mode. The simulations and modelling results of the Fabry —
Perot transmission spectrum of the uniform periodic Bragg grating and apodised fiber grating were obtained
with Matlab software. The optimised Er’" — Yb*" co-doped fiber laser demonstrated the CW generation with
the power of 0.67 W at 1550 nm for a launched power of 1 W with a slope efficiency of 67 %.

The theoretical model presented and developed in this research neglects the Bragg gratings reflector losses.
However, as expected there is a very small slight difference between the proposed results and experimental
data discussed in this work. The difference is due to the computing different software and programs that con-
sider different algorithms and parameters associated with the optical system components of executing and
evaluating the performance of Er’" — Yb*" co-doped fiber laser.

In conclusion a sufficient solid theoretical model of Er'” — Yb*" co-doped fiber laser was successfully es-
tablished and developed. The performance of the laser in terms of the obtained sampled power demonstrated
an increase of approximately 16 % efficiency over the previously published and discussed experimental data
presented in this research work.
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