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A strongly pumped Yb-doped large-mode-area photonic crystal fiber (LMA-PCF) laser is analyzed. The
lasing characteristics of an improved Fabry-Perot (F-P) cavity fiber laser using LMA-PCF are studied
theoretically based on a rate equation model and the exact numerical solution of the rate equations is in

excellent agreement with the experimental result.
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Strongly pumped fiber lasers with highly bright beam
output impose a number of requirement on double-clad
fiber with the properties of single mode, large mode
areas, and large pump cladding with large numerical
aperture (NA) which have difficulties in standard fiber
technology. Photonic crystal fiber (PCF) represents a
technology to solve these problems. Recently even an
Yb-doped double-clad PCF with a core diameter of 60
pm and mode-field-area (MFA) of ~ 2000 pm? of the
emitted fundamental mode has been reported!). With
the development of PCF technology, high power fiber
lasers based on Yb-doped large-mode-area PCF (LMA-

PCF) have been the focus of considerable researches? 5.
Output power up to 1.53 kW of the fiber laser based on
LMA-PCF has been obtained®!, which can be compared
with the 1.36-kW output power of the fiber laser based
on conventional Yb-doped double-clad fibersl%. Previ-
ously published works about the high power LMA-PCF
laser concentrate mostly on the experimental studies2~4.
Some other studies of modeling fiber lasers are interested
in the low-power fiber lasers which ignore scattering
losses or the effect of laser parameters!”—10. As for
a modeling of strongly pumped fiber laser, Kelson et
al.112] have studied the approximate analytical and
quasi analytical expressions of the rate equations with
some assumptions, which cannot analyze the character-
istics of inner cavity such as the gain and power distribu-
tion along the fiber. Moreover, few studies are involved
with the modeling of the strongly pumped fiber laser
based on LMA-PCF.

In this letter, we study the lasing characteristics of
strongly pumped Yb-doped LMA-PCF laser using a rate
equation model in which polarization effects and inter-
actions between neighboring ions are ignored. Using
LMA-PCEF in this model we find that the exact numeri-
cal solutions of a set of coupled differential equations are
in excellent agreement with the experimental data.

Yb-doped LMA-PCFs provided by crystal fiber A/S
was used in our model and experiments. For the fiber
of LMA-PCF-40, the Yb-doped core is formed by seven
missing air holes resulting in a hexagonal shaped core
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and has a diameter of 40 pm as shown in Fig. 1(a). The
core is surrounded by four rings of air holes, d is about
1.1 pm and A is 12.3 pm (d/A = 0.09). The effective
core NA is 0.03 at 1060 nm and the fundamental mode
field diameter (MFD) is about 35 pum (MFA ~ 1000
pm?). The V parameter for a PCF is given by Ref.
[13], Vpcr = 2m3NA(A), where NA()) is NA of the
wavelength dependent effective core of the fundamen-
tal mode. Therefore, using the LMA-PCF parameters
stated above we can calculate the Vpcp parameter ap-
proximately.

A typical fiber laser with single-end cladding-pump
which does not include pump power reflection is illus-
trated in Fig. 2. For continuous wave (CW) lasers, the
time-independent steady-state rate equations are given
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Fig. 1. (a) Scanning electron micrographs of the core area
of LMA-PCF-40; (b) measured intensity distribution of the
emitted beam of fiber laser with the fiber of LMA-PCF-40.
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by Ref. [11]. The propagation of the pump and signal intensities in the LMA-PCF can be described by the following

set of coupled differential equations:
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P3(z) and P(z) are the pump and signal powers, re-
spectively, propagating in the fiber. The plus and mi-
nus superscripts represent propagation along the positive
and negative z-directions, respectively, the p and s super-
scripts represent pump and signal lights, respectively. In
our model, we do not consider P (z) because the posi-
tive pump power is absorbed almost entirely then pump
power reflections are ignored. A is the cross-section area
of the core and the positive coefficients s and a, repre-
sent the scattering losses for the signal and pump, re-
spectively. The upper lasing level population density
is given by Nj(z) with spontaneous lifetime of 7 and
N = Ni(z) + Na(z) is the concentration density of Yb
ions, v, and vs are the pump and signal frequencies, re-
spectively. Py()s) = 2hc? /A3 represents the contribution
of the spontaneous emission into the propagating laser
mode. 0,(A\) and o.(A) are the absorption and emission
cross section, respectively. The rate equations are to be
solved subject under the boundary conditions:

P(0) = Rs(0)P;(0), P;(L)=Rs(L)PS(L), (4)
where Rs(0) and Rg(L) are the effective reflectivities of
signal lights at Z = 0 and Z = L, respectively.

In our rate equations, we include amplified sponta-
neous emission (ASE) and consider scattering losses both
for the signal and pump light. However, we ignore non-
linear effects such as dipole-dipole interaction, clustering,
and quenching which are significant only in much higher
dopant concentrations'¥. As already stated, it is conve-
nient to make use of double-clad fibers with a very large
multimode pump cladding area S and NA in order to
achieve a good coupling efficiency of pump power. This
means that the V parameter for the beam propagat-
ing in the multimode pump cladding is very large. For
V > 20 the pump intensity distribution can be assumed
constant in the pump cladding™®. As for LMA-PCF-40,
the pump power filling factor which means the fraction
of the pump power actually coupled to the active core
can be given by the simple expression of I', =2 A/S. The
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Fig. 2. Schematic of the single-end cladding-pump fiber laser
without pump power reflection.

fraction of the signal amplified in the core is described
by the signal power filling factors I's. The core areas
of LMA-PCF-40 do not have the circular cross section
strictly and the experimental laser beam profiles shown
in Fig. 1(b) exhibit the hexagonal shape respectively,
however, the center part of beam profiles, where most
of the power is located, possesses a nearly round and
Gaussian like intensity distribution. In order to obtain
the suitable value of I'y in LMA-PCF-40 we use an ap-
proximation of circular cross section for core area of the
two fibers in the weakly waveguide. Using the crucial
parameter Vporp and the approximation defined above
we can give the value of I'y for the lowest order LPg;
mode of LMA-PCF laser by Ref. [16].

In our experiment configuration shown in Fig. 3, a
dichotic mirror having high transmission of 95% at the
pump wavelength (970-—980 nm) and high reflectivity R,
of 99.5% at the signal wavelength (1020—1080 nm) are
placed into the coupler directly. Moreover, the dichroic
mirror can be adjusted conveniently and does not make
an impact on the coupling of the pump lights. The
laser output coupler is formed by dichroic mirrors with
reflectivity Ry at the signal wavelength (1020-—1080
nm), such as 4%, 10%, 20% and 40%, instead of 4%
Fresnel reflections which have the strict requirement for
the planeness of the fiber end facet. Both end sections
of LMA-PCF-40 are sealed by thermally collapsing the
cladding holes over about 400-pm-long section starting
from each fiber end. The sealed regions act as non-
guiding endcaps in which the beam can freely expand
before reaching the silica-air interface, which prevents
facet damages. A ~ 6° angle polish is performed to re-
duce the pump reflection back to the pump power source
at the fiber facet, and to avoid the 4% Fresnel reflections
which will bring compound cavity in the fiber laser sys-
tem. In order to observe the mode field characteristics,
the output beam is finally detected with a charge cou-
pled device (CCD) camera connected to a mode profiling
system.
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Fig. 3. Scheme of the experimental setup, R; and Ry are
the reflectivities of high reflection dichotic mirror and output
coupling dichroic mirror at the signal wavelength, respec-
tively.
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Fig. 4. Calculated distribution of pump and signal power
along the fiber of LMA-PCF-40.

Table 1. Parameters for Numerical Analysis

Yb3t Parameter Fiber Parameter

Ap 976 nm LMA-PCF-40
As 1060 nm A 125 x 10710 m?
T 0.84 N 5% 10*® m~?
gap 26 x107%* m?  a 0.005 m™*
Tep 26 x 107 m? 0.005 m™*
ga (Xs) 26x107%m? T, 0.0440
oe (As)  6x107"m? T, 0.7851
h 6.626 x 1073 L 2 m

The variations of pump and signal light power along
LMA-PCFs without pump reflections, which are calcu-
lated from Eqs. (1)—(4), are shown in Fig. 4. The value
of Rs(0) and Rs(L) are 95% and 3.8%, respectively. Ta-
ble 1 shows the parameters used for the rate equation
model. As we can see from Fig. 4, laser power densities
grow rapidly at first 1.5 meters in LMA-PCF-40 as a re-
sult of the strong pump absorption along fiber near the
pumping end then trend to gentleness. We can easily
calculate the laser output power and slope efficiency by

Pout = (1 - RS(L))PS+(L)5 (5)

n:Pout/Pm (6)

where P, is the launched pump power. In Fig. 4, 2-
m-long LMA-PCF-40 is used and the calculated output
power is about 105 W at a launched pump power of 120
W.

Figure 5 shows the Py, of the fiber laser based on
LMA-PCF-40 as a function of launched pump power
P,. The values of P, are measured by cutting back
method in our experiments. The solid lines calculated
from Egs. (1)—(6) in Fig. 5 represent the variation of
Pou as a function of P, with Rs(0) of 96% and different
Rs(L). We need to point out that the value of Rs(L)
used in our model is about 95% of the value of Rs for
the feedback signal light loss in transmission through the
coupling lens. While the dichroic mirrors with Ry of 4%,
10%, 20%, and 40% are used, the values of Rs(L) used
are about 3.8%, 9.5%, 19%, and 38%, then the calcu-
lated values of i are about 85.24%, 77.96%, 70.71%, and
55.79%, respectively. In Fig. 6, we show the variation of
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Fig. 5. Output power of the fiber laser with the fiber of
LMA-PCF-40 as a function of the launched pump power.
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Fig. 6. Output power P,y and slope efficiency n as functions

of Ry in the fiber laser with the fiber of LMA-PCF-40 at the
launched pump power of 120 W.

P,y and 7 as a function of Ry in the fiber laser with the
fiber of LMA-PCF-40, where the value of Ry is 99.5%
and the launched pump power is 120 W. While we use
the dichroic mirrors with different values of R, in the
experiments, the values of P,,; and 7 are obtained and
shown to be in excellent agreement with the calculated
results from Egs. (1)—(6). Moreover, 103-W single fun-
damental mode CW output power with a slope efficiency
71 of 83.2% is achieved when the whole pump power is up
to 210 W with Rgof 4%, and the corresponding optical-
to-optical conversion efficiency is more than 49%.

In conclusion, we studied the lasing characteristics of
a strongly pumped Yb-doped LMA-PCF laser with an
improved F-P cavity using a rate equation model. Some
effects of dipole-dipole interaction, clustering, quenching,
and Rayleigh back scattering are ignored and an approxi-
mation of circular cross section for the core area of LMA-
PCF in the weakly waveguide is used to introduce some
parameters in our model. The exact numerical solutions
of Egs. (1)—(6) are shown to be in excellent coincident
with the experimental data. Furthermore, 103-W sin-
gle fundamental mode CW output power with a slope
efficiency of 83.2% is obtained based on LMA-PCF-40,
and we find the lengths of LMA-PCF in our experiments
are not long enough to absorb the pump lights, which has
been predicted in our model.
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