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Preparation of the Large-Mode-Area Ytterbium-Doped
Microstructure Fibre and Laser Performance
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Abstract The waveguide structure of the large-mode microstructure fiber is designed in view of the efficient
coupling and laser output quality during the practical application of the high-power fiber laser. It employs the bundle
drawing technology to prepare the ytterbium-doped microstructure fibre with the core diameter of 41 pm, inner-
cladding numerical aperture of 0.62, core numerical aperture of 0.05 and effective mode area of 530 um”. The output
power of the single-mode laser is 19.1 W, the slope efficiency is 55.2% and the beam quality factor of M? is less than
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1.01, on the condition that the pump power is 35.0 W.
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1 Introduction
Ordered microstructure fibre, which has the
performances of the large-mode-area and single endless
mode operation, can overcome the nonlinear optical
effect caused by the high-power laser and implement the
low-loss single-mode transmission” *'. The excellent
characteristics of the ordered microstructure fibre
provide the new techonology paths to the high-power
high-brilliance fibre lasers and have become one of the
most vibrant research fields and a current hot topic™ *'.
At present, there is hysteresis in the research of the
rare earth doped microstructure fibre materials in
China, which shows in preparation of the small-mode-
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area of photon crystal fibre (PCF) and its testing
techonology, the research of the high-performance rare
earth doped microtructure fibre 1is still in its
infancy-® ®. Therefore, it's of important theoretical
and practical meaning for improving high-power fibre
laser technology to develop the large-mode-area high-
transmission power microstructure fibre materials with
intellectual property rights.

The paper proposes the  ytterbium-doped
microstructure fibre of larger mode area with the
improved ion vapor deposition technology and bundle
drawing method. It also analyse and evaluates the end
structure,  spectrum  characteristics and laser
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performance with the detection methods by scanning
electron microscope and spectrophotometer.

2 Structure design of the large-mode-area
microstructure fibre

2.1 Design principle

The microstructure fiber is numerically analyzed with
the full-vector effective index method and the cutoff
wavelength of the single-mode operation is
investigated, which provides a solution to the structure
design of the large-mode-area microstructure fibre™ "'.
For the microstructure fiber, the normalized transmission
frequency of Vper can be presented as ? ™'

Vi (O = 288G, — ), (D

where, n.. and n. identify the equivalent refractive
index of the core and cladding respectively, and A is the
wavelength, A is the air hole distance in the cladding.
When A converges towards zero, the mode distribution
of the transmitted light is nearly fixed. Which is not
dependent on the A and A, and will be determined by the
relative dimension of the hole aperture in the cladding
or the ratio of the A to A.
transmission frequency of Ve is less than the constant
of n, the single-mode transmission will be maintained.
2.2 Structure design and numerical simulation of
the microstructure fibre
The designed microstructure fibre consists of the
ytterbium-doped core, inner cladding with ordered
array of micro air hole and the outer cladding with
closed array of large air hole. It is numerically
simulated as the formula (1). According to the
different ratio of the d to A, where d is the
diameter of the inner cladding air hole. Fig.1 shows
the relationship between the normalized cut-off
frequency of Vpe and the wavelength of A. The
refractive index of the core and inner cladding are
1.4580 and 1.4397 respectively when wavelength is
1.03 pon. When the ratio of d to A does not exceed
0.3, the second-order normalized transmission
frequency of the Vper will be less than 7 and the single-
6

When the normalized
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Fig.1 Relationship between the Vi and wavelength

mode transmission in the microstructure fiber can be
implemented.

3 Preparation of the ytterbium-doped
microstructure fibre and its performance
experiment

3.1 Preparation of the ytterbium-doped microstructure

fibre

In the first place, the improved rare earth ion vapor
deposition technology is employed to prepare the
ytterbium-doped quartz fibre preform with large core
radium. It is implemented at the temperature of about
850 C. Ytterbium choloride vapor is channeled to the
deposition system and reacts with the oxygen to produce
the rare earth material. Simultaneously, high
concentration ytterbium ion is doped evenly as a certain
proportion mixed air with the gas flow control method to
solve the high concertation cluster problem of the rare
earth ion solution doped technology, which improves the
laser performance of the ytterbium-doped
microstructure fibre.

In the second place, silica capillary and the
ytterbium-doped fibre core with different sizes are
bundled as the cladding size to form the microstructure
fibre preform.

Finally, one end of the microstructure fibre which
preforms assembled is fixed on the drawing machine and
the other end is heated in the tube electric furnace to
implement drawing by the bundle drawing technique.
The temperature field is evenly distributed in the
furnace and its temperature is higher than 100 C,
which can soften the glass. During the drawing, the
other end of the fibre is extracted the positive pressure
to selectively control the air hole collapsing by adjusting
the air pressure inside the air hole. which ensures the
cladding air hole roundness and integrity of the
geometric accuracy and prevents the silica capillary
from deforming or collapsing.

3.2 Performance testing

The end structural configuration of the ytterbium-
doped microstructure fibre is observed under the
scanning electron microscope of JSA-840 type. The
absorption and emission spectrum of the sample are
measured under the temperature with the
spectrophotometer of UV360 type made by the Japanese
Shimadzu company. The fluorescence spectrum of the
sample is measured with model WEFY-28 fluorescence
spectrophotometer in the room temperature and the
excitation wavelength range is between 800 nm and
1200 nm. The high-power laser diode (LD) module
with collimated output is employed as the pumping
source and the pump wavelength is about 980 nm. The
laser’s structure is typical Fabry-Perot cavity and the
laser output power is measured when the high-power
pumped laser is injected in the ytterbium-doped
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microstructure fibre of 6 m length.

4 Analysis and discussion
4.1 Analysis of the end surface structure shape
The picture under the scanning electron microscope
( SEM ) of the large-mode-area ytterbium-doped
microstructure fibre end surface is shown in Fig.2. The
core diameter is 41 pm, the diameter of the inner
cladding is 176 pm, the ratio of the d to Ais 0.3, where
dis 3.06 pm and A is 10.2 pm, the diameter of the
outer cladding is 278 pm, the aperture of the large air
hole is about 20 pm, the thickness of the quartz glass
bridge among the air holes is about 0.25 pm, the
numerical aperture of the inner cladding is 0.62 and the
numerical aperture of the core is 0. 05. Fig. 2 shows
that the structure of the ytterbium-doped microstructure
fibre is even and stable, there is no distortion and the
ratio of the d to A meets the requirements for the
single-mode transmission.

AccV Spot Magn Det WD F———— 100 um
200kv 40 200x  SE 142

Fig.2 SEM picture of the ytterbium-doped microstructure
fibre end surface

4.2 Analysis of the spectrum performance
4.2.1
The absorption and emission spectrum of the

Absorption and emission spectrum

ytterbium-doped microstructure fibre is shown in Fig. 3.
The curve of the absorption shows that the range of the
Yb** -absorbed wavelength range is between 850 nm and
1050 nm and the two main absorption peaks occur at the
wavelength of 915 nm and 975 nm respectively. The
absorption peak is wider at the wavelength of 915 nm
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Fig.3 Absorption and emission section of the ytterbium-
doped microstructure fibre

and the absorption peak is narrow and sharp at the
wavelength of 975 nm. The wide absorption spectrum
provides more flexibility for selecting the pumping light
source. According to the J-O theory. the absorption
section of the Yb*" -doped microstructure fiber is shown
below :
O (A) = ﬁln IIO((;)) s
where, N is the concentration of the ytterbium ion,
L is the length of the measured sample, I,(A) is the
initial incoming light intensity and I(A) is the light
intensity through the measured sample. From the
formula (2) and Fig. 3, it can be seen that the second-
highest absorption peak lies in the central wavelength of
915 nm and its absorption section is 5.65 X 10 *' cm®
and the highest absorption peak lies in the wavelength of
975 nm with the absorption section of 2.72 X 10™* c¢m*.
In addition, the emission curve in the Fig. 3 shows
that the emission spectrum of Yb*" in the glass base
covers from 900 nm to 1100 nm and there are two
emission peaks at wavelength of 975 nm and 1030 nm.
The emission peak is steeper at the wavelength of
975 nm and the energy level transition corresponds to
three-energy-level system, from a to d and e. The
emission peak is wider at the wavelength of 1030 nm

(2)

and the energy level transition corresponds to four-
energy-level system, from a to b, d and e. According to
McCumber theory. the excited emission section of s, is
shown below:

Gemi = O * exp (E— hc/X)/KT], 3)
where, E is the energy difference between *F,, and
’F,,, T is the temperature, h 1is the Planck's
constant, ¢ is the light velocity through vacuum and k
is the Boltzmann constant. According to the formula (3)
and Fig.3., we can get that the emission section peak for
the central wavelength of 975 nm is 3.36 X 10~ cm” and
the emission section of the wavelength of 1030 nm is
smaller, that is only 1. 25 X 10™* cm®, while its
covered spectrum range is very wide. The emission
peak and transmission peak coincides at the wavelength
of 975 nm, which will decrease the pumping efficiency
of the laser for 975 nm-wavelength. If laser of 980 nm-
wavelength is employed. the pumping efficiency will be
changed markedly with the wavelength and the
amplified spontaneous 975 nm-
wavelength will be restrained effectively.

emission of the

4.2.2 Fluorescence spectrum

The fluorescence spectrum of the ytterbium-doped
microstructure fibre is shown in Fig.4. There are two
fluorescence peaks which are located in 975 nm-
wavelength and 1030 nm-wavelength, corresponding to
the energy level transition from °F;, to °F,, in the
wavelength range between 900nm and 1100nm. From
Fig.3 and Fig.4, it is found that the fluorescence peak
coincides with the absorption peak and the transmission
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peak at the wavelength of 975 nm. Therefore, the
fluorescence capture effect will occur in the wave band
and the laser cannot output. The laser can output only
at the wave band of 1030 nm, where its transmission
spectrum is extend to the wavelength of 1100 nm, the
effective fluorescence line width is 69. 88 nm and the
fluorescence lifetime is 950 ms.
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Fig.4 Fluorescence spectrum of the ytterbium-doped
microstructure fibre

4.3 Analysis of the laser characteristic
4.3.1 Energy distribution of the laser beam

Fig.5 shows the laser beam energy distribution at the
wavelength of 1030 nm for the large-mode-area
ytterbium-doped microstructure fibre. According to the
Fig.5, the spot approximates to the hexagon. the light
field is limited in the core field and in the Gaussian
distribution, the effective mode area is 530 pm’ and the
quality factor of M? is less than 1.01. Consequently,
the ytterbium-doped microstructure fibre has excellent
single-mode characteristics when the core diameter is
41 pm and the hole-pitch is 10. 2 pm.
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Fig.5 Energy distribution of the laser beam section

4.3.2 Laser output power analysis and evaluation

The output characteristic of the ytterbium-doped
cladding-pumping  microstructure fibre laser is
researched in the Febry-Perot cavity composed of the
dichroscope and the fibre end. The relationship between
the laser output power and the input pumping power is
shown in Fig. 6. The experiment results show that the
laser can output when the input pumping power is

higher than 2. 13 W. The maximum output power is
19.1 W, the slope efficiency is 55. 2% and the
spectrum peak of the output laser is near the 1030 nm-
wavelength when the pumping power is 35. 0 W. The
output power has a good linear relation with the input
pumping power. There is no saturation when the output
power gets the maximum of 19. 1 W and the laser
spectrum is narrow line width single mode laser.
Therefore, we can conclude that the fibre laser has
excellent properties.
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Fig.6 Output power curve of the ytterbium-doped
photonic crystal fibre laser

5 Conclusion

1) The waveguide structure of the large-mode-area
ytterbium-doped microstructure fibre with the duty rate
of 0.3 is designed due to microstructure fibre's
characteristic of single endless mode operation. The
large-mode-area ytterbium-doped microstructure fibre
with the core diameter of 41 pm and the inner cladding
numerical aperture of 0.62 is prepared with the bundle
drawing technique.

2) The spectrum performance of the large-mode-area
ytterbium-doped microstructure fibre sample is tested.
The absorption section is 2. 72 X 10°* c¢m®* when the
main absorption peak is 975 nm-wavelength. The
absorption efficiency will be improved with such large
absorption section. At the wavelength of 1030 nm, the
emission section is 1.25 X 107* cm® and the effective
width is 69.88 nm and the
fluorescence lifetime is 950 ms. The wavelength tuning
with 100 nm-wide can be implemented due to the wide
emission spectrum range of the wave band.

3) The laser characteristic of the large-mode-area
ytterbium-doped microstructure fiber sample with 6 m-
length is researched. When the pumping power is 35.0 W,
the single-mode output power is 19. 1 W, the slope
efficiency is 55.2 % and the light beam quality factor of M*
is less than 1.01 at the wavelength of near 1030 nm.

fluorescence line
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