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Based on the rate equations describing the erbium-doped fluoride glass (ZBLAN) fibre lasers with different pumping

configurations being taken into account, this paper presents theoretical calculations related to the dynamic population

density and the operation performance of a high power mid-infrared all-fibre erbium-doped ZBLAN fibre laser. It shows

that the ground-state absorption, excited-state absorption and energy-transfer-upconversion processes co-exist and

produce a population balance, causing the laser to operate stably at a continuous wave state. A good agreement between

the theoretical results and recent experimental measurement is obtained. Furthermore, the laser structure parameters

including fibre length, reflectance of output fibre Bragg grating and pumping configurations are quantitatively optimised

to achieve the best performance. The results show, as expected, that the slope efficiency of the fibre laser can be

improved significantly through optimisation, which then provides an important guide for the design of high-performance

mid-infrared erbium-doped ZBLAN fibre lasers.
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1. Introduction

There is a strong interest in the development of
mid-infrared (IR) fibre lasers mainly because of their
potential applications in laser surgery,? frequency
conversion®! and spectroscopy.!* High-quality cutting
or ablation of biological tissues using erbium-doped
solid state lasers has been demonstrated.® Erbium-
doped fluoride glass (ZBLAN) fibre lasers have many
advantages over bulk solid-state lasers, including bet-
ter beam quality, higher conversion efficiency and ex-
cellent heat dissipation, and thus are promising can-
didates for the construction of compact and efficient
laser sources, which can provide large flexibility and
high laser intensity for surgical applications. A num-
ber of demonstrations of high power ~ 3 pm fibre
lasers based on fluoride glass fibres using active ions
such as erbium,!®7 holmium!®* and dysprosium!!
have been reported.

The lack of commercial high power pump diodes
which emit at the 1100 nm and 1300 nm required
for pumping holmium and dysprosium doped ZBLAN
fibre lasers, respectively, has limited the achievable
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output power. For the 790 nm and 975 nm absorp-
tion bands of erbium, high power diodes are read-
Therefore, erbium-doped ZBLAN fi-
bre lasers are currently the most practical and con-

ily available.

venient high power ~ 3 pum lasers. Even though the
Stokes-efficiency limits at 790 nm and 975 nm pump-
ing are lower than that at 1100 nm and 1300 nm
pumping. There has been significant progress in the
erbium-doped ZBLAN fibre lasers lately, thanks to the
increasing availability of high-quality erbium-doped
ZBLAN fibres. In the year 1999, Jackson et al. re-
ported the first mid-IR fibre laser with 1.7 W out-
put power and 17.3% slope efficiency at 2.71 pm
from a double-clad erbium-doped ZBLAN fibre diode
pumped at 790 nm.M) Based on the same idea, Zhu
and Jain demonstrated an erbium-doped ZBLAN fi-
bre laser with 9 W output power at 2.78 pm diode
pumped at 975 nm.['?l Recently, Faucher et al. re-
ported the first all-fibre erbium-doped ZBLAN fibre
laser with 5.2 W output power at 2.94 pum diode
pumped at 975 nm,*3! which indicates that the prac-
tical application of mid-IR fibre laser will come true
in the near future. Pollnau and Jackson constructed
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the theoretical model of the erbium 3 pm fibre laser
and investigated the fundamental physics in detail,
e.g., ground-state absorption (GSA), excited-state ab-
sorption (ESA), energy-transfer upconversion (ETU),
cascade lasing.'"¥ The energy recycling by ETU from
the lower to the upper laser level can increase the
slope efficiency to values greater than the Stokes ef-
ficiency, which is similar to a number of Er®t-doped
crystal lasers. The transition rate for this ETU pro-
cess increases as the Ert concentration increases
and hence the performance of erbium-doped ZBLAN
fibre lasers is theoretically better at higher Er3t
concentrations.'®! Although the fundamental mech-
anism of erbium 3 pm fibre lasers are well under-
stood, there has been no relevant quantitative analysis
and optimisation concerning the structure of erbium-
doped ZBLAN fibre lasers including fibre length, re-
flectance of output coupler and pumping configura-
tions, which are very important to enable the lasers
to achieve the best performance.

In this paper, we investigate theoretically the pop-
ulation density dynamic characteristics and continu-
ous wave (CW) operation performance for high power
mid-infrared erbium-doped ZBLAN double-clad fibre
lasers according to a rate equation model. Using the
measured ETU and cross relaxation (CR) parameters
relevant to erbium-doped ZBLAN fibre, we obtain a
good agreement between the theoretical results and
recent experimental data in Ref. [13]. Furthermore,
the laser structure parameters, including fibre length,
reflectance of output coupler and pumping configu-
rations are quantitatively analysed and optimised for
the best performance. The results show that the fi-
bre length and output reflectance of output coupler
strongly affect the output power, while the effects of
different pumping configurations including forward,
backward and two-end pumping on laser performance
can be ignored. It is shown that the slope efficiency
of the fibre laser can be increased vastly through op-

timisation.

2. Rate-equation model

Figure 1 shows the energy-level scheme for the
erbium-doped 3 um ZBLAN fibre laser. It is seen that
the GSA of pump-laser radiation at 975 nm excites the
Er®t ions to the *I;;/5 level. The ESA at 975 nm
excites the Er3tT ions from the 4111/2 level to the
iR, /2 level, which is detrimental to lasing and must be

avoided. Fortunately, the ESA is much less important
in the double-clad ZBLAN fibre because the reduced
pump intensity leads to smaller excitation densities.
The relevant laser transition occurs between the 41, /2
and the 4113/2 levels in the ZBLAN glass. The ETU;
process (4113/2, 4113/2)—>(4115/2, 419/2) leads to a fast
depletion of the lower laser level, which enables the
CW operation of laser transition.*) Otherwise, the
laser transition will be self-terming due to the long
lower-level lifetime of 9.0 ms. Half of the ions are up-
converted to the %I, /2 level by ETU; and are recycled
to the 434 /2 upper laser level by subsequent multi-
phonon relaxation, from which they can each emit a
second laser photon. This process can increase the
quantum efficiency nq = m/np of pump photons n,
converted to laser photons 7 and provide the poten-

(16] The pop-

tiality for obtaining high output power.
ulation density in the *I;; /2 upper laser level may be
decreased by ETU; process (‘I11/2, “Ii1/2)—(*F7)2,

445 /2), resulting in the reduction of slope efficiency.

Ne “Fr)2 x T=05us
2Hi1/2
N 4S3/2 Y 7 =580 us
pump gy,
ESA
Ny *Fg /s ¥— 7=10ps
ETU;l i
N3 g3 ¥
No 4111/2 _ L ,; T = 6.9 ms
1
laser i !
294 um i
N1 Hy3/0 o : 7 =9.0 ms
1
o
pump o
GSA T
o
1 1
o
No 159 v 3
ZBLAN:Er3+

Fig. 1. Schematic diagram of erbium-doped ZBLAN fibre
showing the GSA, the ESA, the ETU and the CR.

A schematic diagram of the layout of a typical all-
fibre double-clad erbium-doped ZBLAN fibre laser is
shown in Fig. 2. The light from the diode pump laser
at 976 nm is coupled into the inner cladding of the
double-clad fibre by the butt coupling method. The
high-reflector (HR) and the low-reflector (LR) fibre
Bragg gratings (FBGs) are written in the double-clad
ZBLAN fibre by using high energy femtosecond pulses,
constructing the Fabry-Perot cavity.
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Fig. 2. Schematic demonstration of an all-fibre double-clad erbium-doped ZBLAN fibre laser.

To quantitatively understand the behaviour of the
erbium-doped ZBLAN fibre laser and to explore po-
tential ways of power scaling, the laser system is in-
vestigated theoretically using rate equations. We have
modified the equation describing the operation of the
erbium-doped ZBLAN fibre laser in Ref. [15] to take
into account different pumping configurations. The lo-
cal absorption coefficient within the longitudinal spa-
tial element of width Al(z) is given by

a(z) = ogsaNo(z) + orsa Na(2), (1)

where N; are the local population densities, cgsa and
OoEsA represent the cross-sections for 4115/2 — 4111/2
ground-state absorption (GSA) and *I;1/5 — *F7/s
ESA processes, respectively. The effective absorption
coefficient of the fibre is given by

aeff(z) = Oé(Z)7.(-Tgore/14‘31ad7 (2)

where reore and Aglaq are the core radius and the
cladding area, respectively. The launched pump power
into an individual longitudinal spatial element for the
forward, backward and two end pumping configura-
tions, respectively, are calculated from

Pa(z) = nnPan [] {epl-Alaee ]} ()

Pu(2) = P[] {expl-Alaar()]}, ()
z'=n—1

Priwol(2) = Pa(z) + Pui(2), (5)

where Pgs, and P, are the incident pump powers
for the forward and backward pumping, respectively.
The ng, and npiy, are the launch efficiency coefficients
for the forward and backward pumping, respectively.
With Egs. (1)-(5), the equations for the local GSA
and ESA pump rates are

Rasasesa(z) = [oasa/epsalNoj2(2)/a(2)]
x {1 — exp[—Al(z) e (2)]}
X )‘P/(hCAZWrgore)B(z>7 (6)

where h and ¢ denote the Planck’s constant and the
speed of light in vacuum, respectively. According to
the rate equation model shown in Fig. 1, the rate equa-

tions for the population densities N;(z) are given by

W) — Resa(=) — 75 Nol2) + WaaN3(2), (7)
d]\gt(Z) = Bos7s  No(2) — 75 ' N3(2)
— Ws0N5(2)No(2), (8)
d]\&t(Z) = > [Bur 'Ni(2)] =7 ' Nu(z),  (9)
i=5,6
d]\gt(Z) = Y [Biam 'Ni(2)] — 75 N3 (2)
i=4,..,6
+ WsoN5(2)No(2) + W11 Ni(2),  (10)
+ >0 [Bar Ni(z)] — 75 ' Na(2)
i=3,...,6
—2Wa2 N3 (2) — Rsg(2), (11)
dN1(Z) o o . — T
e iZ;ﬁ (Bt ' Ni(z)] — 77 ' N1 (2)
+ WioNs(2)No(2) — 2W11 N2 (2)
+ Rsr(2), (12)
NEr = Ni’ (13)
1=0,...,6

where 7; represents the intrinsic lifetimes of the sys-
tem at low dopant concentration and takes into accont
radiative as well as multiphonon relaxation. The 3;;
represents the branching ration for decay from level
¢ into lower level j. The values of 7; and (;; can be
found in Ref. [15]. The Wi and Wass represent the
ETU parameters for ETU from the 4113/2 and 4111/2
energy levels, respectively. The Wiy represents the CR
parameter from the thermally coupled 483/2, 2H11/2
energy levels. The rate equation of the photon den-
sity ¢ for the laser transition between the *I;; /2 level

and the *I;3/5 level (at 2.94 pm) is given by
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dg/dt = (I/lopt) > Rsg(2)

z=1
— {—In(R1R2) + 2kl} cp/(2opt), (14)

where [, is the optical fibre length. The R; and
Ry are the reflectivities of the HR FBG and the LR
FBG for the 2.94 pm emission, respectively. The
stimulated-emission rates Rgg for the 2.94 pym emis-

sion is
Rsg(2) = [b2N2(2) — (92/91)b1 N1(2)] osged, (15)

where the Boltzmann factors b; (i = 1, 2) for 4113/2
and *I;, /2 laser levels are taken from Ref. [17]. The
Stark levels in Er®t are Kramer degenerate, i.e., the
degeneracies are g; = 2. The ogg is the stimulated-
emission cross-section for laser emission. The output

power is given by
Pout = C¢(hc/)‘21)7r7agore(1 - R2) (16)

The rate equations can be solved using a Runge—
Kutta calculation of the fourth order with a longitu-
dinal equal length discretization of the active medium
of elements.

3. Results and discussions

In the simulation, the parameters used are the
The
fibre specific parameters are: length [ of 6.6 m, prop-
agation loss k of 400 dB/km. The D-shaped pump
cladding is of 165x135 pm with a core diameter of

same as those in the experiment of Ref. [13].

8 pm and a numerical aperture (NA) of 0.24. The
GSA and the ESA cross-sections ogga and ogsa
are 2.1x1072! e¢m? and 1.1x1072' c¢m?2,'8) respec-
tively. The measured overall pump absorption is
~ 95% and the absorption coefficient can be calcu-
lated to be 0.454 dB/m. According to the equa-

tion Ny = QeffAclad/0GsAAcore (Without taking the
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effects of ESA into account), the Er** doping con-
centration Ny, can be approximately calculated to
be 1.0x102! cm™3. According to Refs. [14] and [19],
the ETU parameters Wy; and Wy as well as the CR
Wiso for the concentration of 1.0x10%! cm™3 are es-
timated to be 2.8x10717 em3-s71, 1x107!7 cm3-s7!
and 2.7x10717 ecm?3-s7!, respectively. The laser tran-
sition at 2.94 pm is assumed to originate in the lowest
Stark level of %I, 2 and terminate on the fifth Stark
level of 4Iy4 s2 With an emission cross-section a1 of
5.7%x1072! ¢cm?. The reflection coefficients R; and Ry
for 2.94 ym radiation are assumed to be 90% and 15%,
respectively. The simulation is performed with a lon-
gitudinal resolution of 8 finite elements which is suf-
ficient for giving the effective absorption coefficient of
0.454 dB/m.

First, the dynamic characteristic of population
density in each level is investigated. Figures 3(a)-
3(g), respectively, show the variations of population
densities Ny — Ng versus time ¢ at the front end of
fibre (the first longitudinal element of the simulation,
where the pump absorption is the strongest) under
the forward pump power of 10 W. The initial values
of Ng — Ng are all set to be zero. It can be seen that
Ny — Ng reach the steady state in about 2 ms, which
shows that the fibre laser system can enter the stable
state very quickly. The higher population densities in
4113/2 and 4111/2 levels than those in the other levels
show that the GSA and laser transition are the dom-
inant processes. In addition, the relative high pop-
ulation density N3 in I /2 level show that ETU; is
also very strong, which can lead to a fast depletion of
N7 and recycle the energy. Owing to the fast quench-
ing of ions in *Fy /2 and 4F7/2 levels resulting from
their short lifetimes of 5 us and 10 us, respectively,

the population densities Ng and N4 are very low.

12
o
|
g
D
o
S 8t
=
Z
72}
o
[
gl
o 4}
.S
Xe
g
Z (b)
SE ,
0 1 2 3 4 5

034205-4



Chin. Phys. B Vol. 20, No. 3 (2011) 034205

Excitation density/102%> m—3
Excitation density/10%4 m—3
no

0
2 3 4 5 0 1 2 3 4 5
t/ms t/ms
16 - = — T T 2.5
7 7
\
: F 20}
a 12 Q
o) o
= =
B z o
g 8 2
g Q
< ° 10}
g g
2 4l =
g 2 05t "
S . 5
0 0
0 1 2 3 4 5 0 1 2 3 4 5
t/ms t/ms
3
T
g
]
=)
i
~
2
n
a
Q
ge]
=]
RS
5
=
Q
»
3 (2)
2 3 4 5

t/ms

Fig. 3. Variation of Ng — Ng versus time ¢ at fibre front end under forward pump power of 10 W. (a) No, (b) Ny,
(c) N2, (d) Ns, (e) Na, (f) N5, (g) Ne.

From the same simulation, the population den- 10
sities Ny, N1 and Ny versus launched pump power 7 gl
are shown in Fig. 4. It can be seen that the popula- ; . Ny
tion density Ny decreases with the increasing launched i 6 I %;
pump power, as more ions are excited from the ground é n
state to the 4111/2 level by the process of GSA under ﬁi
higher pump power. Meanwhile, the population den- E 27 T
sity difference between the lasing Stark levels *I;3/- 0 W

0 4 8 12 16 20

and 41y, /2 increases with the increasing pump power,
Launched pump power/W

since the laser threshold inversion between the lasing
Fig. 4. Calculated population densities Ny, N1 and Na

Stark levels has to be maintained. versus launched pump power.
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The output laser power calculated from the rate
equations versus launched pump power is compared
with the experimental data of the fibre laser in
Ref. [13],
pump threshold and slope efficiency is obtained, which

as shown in Fig. 5. Good agreement of

proves the validity of our theoretical model and the
parameters used in the simulation.

6

Output laser power/W
w

0 4 8 12 16 20
Launched pump power/W

Fig. 5. Input-output characteristics of the all-fibre Er3+-
doped ZBLAN fibre laser. Experimental values () and
calculated values (—).

Figure 6 shows the transition rates of GSA, ESA,
surface-emitting (SE), ETU; and ETU; with the con-
stant population densities versus the launched pump
power at the fibre front end, where the other parame-
ters are the same as those in Fig. 3. It can be seen that
the transition rates of SE, GSA and ETU; continue to
linearly and quickly increase with the launched pump
power, and no saturation of the output power occurs.
The rate of laser transition SE is the highest, GSA and
ETU; have similar rates, which show that the laser
operates at a stable state with a significantly reduced
lifetime for the lower laser level due to ETU;. In
addition, ESA and ETU; have rates which are lower
than 5% of SE rate due to the fast quenching of the
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2 8} -+ ETU2
|
g
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[en)
Z gl
2
<
=
0 P Oy o i S S S

0 4 8 12 16 20
Launched pump power/W

Fig. 6. Transition rates of GSA, ESA, SE, ETU; and
ETU; at fibre front end versus launched pump power.

population density in the 4I;; /2 upper laser level re-
sulting from the high rate of laser transition ETU;.

Due to the relative high fabrication cost of double-
clad ZBLAN fibre and FBGs, it is necessary to the-
oretically optimise the laser system parameters, i.e.,
fibre length, reflectance of FBG and pumping configu-
rations, to reduce the experimental number and obtain
the best performance. Figure 7 shows the calculated
output laser powers versus the fibre length for Ry of
5%, 15% and 25%, respectively, for a launched pump
power of 20 W. It can be seen that the output laser
powers for different Ry all increase first and then de-
crease with the increasing fibre length; the maximum
output power occurs at a fibre length of ~5 m. It also
can be seen that the maximum output laser powers
for different Ry are different, which shows that the re-
flectance of LR FBG strongly affects the laser perfor-
mance. Figure 8 shows the calculated absorption rate
of pump power versus the fibre length for a launched
pump power of 20 W. Comparing with Fig. 7, we ob-
serve that the maximum output power does not occur
at the highest absorption rate but occurs at 83% of
the highest absorption rate, which is due to the high
propagation loss coefficient of the fibre.

6

—Rs = 5%
Ry = 15%
—— Ry = 25%

Output laser power/W
N

0 2 4 6 8 10
Fibre length/m

Fig. 7. Calculated output laser power versus fibre length

for Ro of 5%, 15% and 25%, respectively, where the

launched pump power is 20 W.

100

801

601

401

Absorption rate/%

20

0 2 4 6 8 10
Fibre length/m

Fig. 8. Calculated absorption rate of pump power versus

fibre length for the launched pump power of 20 W.
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Figure 9 shows the variation of output laser power
versus Rs, where the launched pump power is set at
20 W and the fibre length is set to the optimised value
of 5 m. It can be seen that the output laser power
first increases and then decreases with the increas-
ing Ro, and attains the maximum value of 5.89 W
at Ry = 30%. This maximum output laser power is
~1 W higher than the experimental result in Ref. [13]
for a pump power of 20 W. To show further the
difference of the optimised and the experimental re-
sults, the calculated output laser power versus the
launched pump power using the optimised parameters
(R2 = 30%, L = 5 m) and experimental parameters
(R2 = 15%, L = 6.6 m) are shown in Fig. 10. It is
observed that the slope efficiency with optimised pa-
rameters is ~ 4% higher than that with experimental
parameters.

6

IS

Output laser power/W
0o

0 0.2 0.4 0.6 0.8 1.0
Ry

Fig. 9. Variation of output laser power versus R2, where
the launched pump power is 20 W and the fibre length is

5 m.

Output laser power/W

0 4 8 12 16 20
Launched pump power/W

Fig. 10. Calculated output laser power versus launched
pump power with the optimised parameters (R2 = 30%,
L = 5 m) and with the experimental parameters (Ry =
15 %, L = 6.6 m).

Then, we investigate the effect of pumping con-
figurations on the laser performance. Figure 11 shows
the calculated output laser power versus launched

pump power for forward, backward and two-end
pumping (half pump power at each side), respectively,
where the fibre length and Rs are set to be 5 m and
30%, respectively. It is observed that the differences
of slope efficiency among above three pumping config-
urations are very small. The slope efficiency for for-
ward pumping is calculated to be 29.2%, which is only
0.09% and 0.53% higher than that for two-end pump-
Although
the slope efficiency for forward pumping is the high-

ing and backward pumping, respectively.

est, the two-end pumping configuration is suggested
since it can evenly distribute the heat along the fibre
and decrease the maximum temperature at the fibre
end.

—a forward pumping
6 [ ——two-end pumping
—— backward pumping

Output laser power/W

0 4 8 12 16 20
Launched pump power/W

Fig. 11. Calculated output laser power versus launched
pump power for forward, backward and two-end pumping
configuration, respectively, where the fibre length is 5 m
and Rg is 30%.

4. Conclusion

Based on the rate equations describing the sin-
gle erbium-doped ZBLAN fibre laser with different
pumping configurations being taken into account,
we have investigated the population mechanism and
the operation performance of the all-fibre erbium-
doped ZBLAN double-clad fibre laser demonstrated in
Ref. [13]. Tt is shown that the GSA, ESA, SE and ETU
processes can co-exist and construct a population bal-
ance, making the laser operate at a stable CW state.
The calculation results also show a good agreement
with the experimental measurements. In addition, we
theoretically optimise the laser structure parameters
including fibre length, reflectance of output FBG and
pumping configurations. By using the optimised re-
sults, the laser slope efficiency can be improved. We
expect a high slope efficiency all-fibre mid-IR erbium
ZBLAN fibre laser with output powers exceeding 20 W
at 2.94 pym can be obtained in the near future.
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