% 43 5% 8 bk A2 2014 % 8 A
Vol.43 No.8 Infrared and Laser Engineering Aug.2014

Dispersion measurement of large mode area Yb-doped
double-clad fiber

Guo Liang, Wang Zefeng, Jin Aijun, Hou Jing, Chen Jinbao
(College of Optoelectronic Science and Engineering, National University of Defense Technology, Changsha 410073, China)

Abstract: Dispersion properties play a key role in high power supercontinuum generation in large mode
area Yb-doped double-clad fiber. In this paper, an improved ultra-broadband and high resolution dispersion
measurement system, based on a Mach-Zehnder interferometer and supercontinuum, was set up. The test
arm of the interferometer was inserted with the fiber under test, and the reference arm of adjustable optical
path length was tuned by a computer-controlled stepper motor with high resolution. The accurate dispersion
characteristics of large mode area Yb-doped double-clad fiber was measured with a very short length of
27.2 cm. A series of interferometric fringes of different wavelengths, over a wide spectral range from 700 nm
to 1600 nm, were recorded to calculate the dispersion curve. Numerical calculation of the dispersion by
finite element method was also made. The test results are in great agreement with numerical calculation,
which shows good performance of the method and experimental system.
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0 Inroduction

Yb -doped fiber is regarded as one of the most
attractive active medium for fiber lasers and amplifiers
due to its broad gain bandwidth, high output power,
and excellent power conversion efficiency™. However,
the scalability of output power of Yb -doped fiber
lasers and amplifiers are limited mainly by amplified
stimulated emission (ASE), nonlinear effects such as
(SBS),
Raman scattering (SRS), and fiber damage. All these

stimulated Brillouin  scattering stimulated

limitations can be overcome with low numerical
aperture (NA) large -mode -area (LMA) double -clad
fiber, in which the amount of fluorescence captured
by the core is limited and the thresholds of nonlinear
effects and damage are increased®. Therefore LMA
Yb-doped double-clad fibers are widely used in high
power casel-sl,

Dispersion is one of the most significant
parameters of fibers. The dispersion properties of
LMA Yb -doped double -clad fibers will affect the
output characteristics of lasers and amplifierst®-71,
Recently, supercontinuum (SC) generation in nonlinear
fiber amplifier based on LMA Yb-doped double-clad
fiber are reported®. As we know, supercontinuum
generation involves the interplay between nonlinear
effects and dispersion. So it is of great significance to
obtain the detail and accurate dispersion characteristics
of the LMA Yb-doped double-clad fiber.

The time -of -flight method, phase shift method
and interferometric method are the three widely used
conventional dispersion measurement methods™. The
time -of -flight method measures relative temporal
delays for pulses at different wavelengths and is
particularly useful to determine the ZDW. But it
requires fast pulse detection and its resolution is
restricted to ~50 ps by the temporal resolution of the
detector. The phase shift technique measures the phase
delay of a modulated signal as a function of

wavelength, which demands a high optical signal-to-

noise ratio to make precise measurements of phase. So
the experimental setup is complicated and expensive
equipments such as a high -speed optical modulator
and an optical tunable filter are required. Its resolution
is approximately 20 ps. Both the time -of -flight and
phase shift techniques were developed for long optical
fiber samplest™. Interferometric technique could measure
the delay spectra with a time resolution of ~0.1 ps
which is more than two orders of magnitudes smaller
than that of time-of-flight method. And moreover, it is
sufficient to characterize fibers shorter than 1 mi#-2,

In this paper, we present an appropriate method
to measure the accurate dispersion of the LMA Yb-
doped double -clad fiber using a white light
interferometer with supercontinuum as the light source.
The zero dispersion wavelength (ZDW) of the fiber is
128 um, and the dispersion curve is ingreat agreement

with numerical calculation.

1 Expreimental method and setup

As the LMA Yb -doped double -clad fiber is
costly and has a strong absorption around 1 pum, we
should experiment with a short piece of fiber while
ensuring a high measurement accuracy at a low cost.
Based on above analyses, we adopt the interferometric
method by the use of an ultra -broadband and high
precision dispersion measurement system to test the
dispersion characteristics of LMA Yb-doped double -
clad fiber. This
interferometer employing a broadband supercontinuum

method utilizes a white -light

source. The schematic experimental setup is depicted
in Fig.1.

In our experimental setup, pulses centered at
1064 nm with duration less than 1 ns emitted from the
microchip laser are coupled into a 15 m long photonic
crystal fiber (air hole diameter d=2.205 um, pitch A=
3.359 wm) by a microscope objective. Due to the
interplay of dispersive and various nonlinear effects,
the spectrum of the pulses is extended into broad -
band supercontinuum from 470 to 1700 nm at the end
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Fig.1 Experimental setup based on Mach-Zehnder interferometer

with supercontinuum as light source

of the PCF. Since this supercontinuum has higher
power and coherence than the conventional white -
light sources such as incandescent lamp and LEDs, it
is helpful in increasing the precision and accuracy of
the measurement.
The generated supercontinuum  pulses are
collimated by a microscope objective and then enter a
Mach-Zehnder interferometer. The beam gets devided
by a beam splitter. One beam is coupled into the
LMA Yb -doped double -clad fiber in the test arm.
Since the size of the fiber is large and the NA is
small, the coupling efficiency is low when using
microscope objective. Thus we select a set of lenses
(effective focal length EFL=8.00 mm, outer diameter
OD =9.94 mm) to improve the coupling efficiency.
Even so, a portion of optical energy is coupled into
the inner cladding. A diaphragm is used to filter out
the light propagated in the inner cladding in order to
obviate its influence on the measurement. The other
beam is injected into the reference arm. The two
lenses in the reference arm are the same with those in
the test arm, which make the dispersion induced by
the two arms of the interferometer in balance. A
computer-controlled stepper motor connected with two
reflectors is used for adjusting the optical path of the
reference arm. The resolution of the stepper motor is
shorter than 8.5 nm, which ensures the measurement
is precise. The two beams converge at the second
beam splitter, pass through a narrow band-pass filter

optical paths. Symbol k denotes the wave number k=
27/ A.

As the stepper motor is running under the control
of computer, the optical path difference between the
two arms changes. The lock —-in amplifier records the
interferometric fringe. The position of the stepper
motor where the interferometric fringe reaches its
peak, indicates the equalization optical path lengths
between the two arms of the interferometer. A series
of positions x are recorded by replacing band -pass
A. The
measured data are fitted to a polynomial function with

filters with different central wavelengths

the experiential format*!

x(\)=A+BA " +CA~+DA +EA’ )
And the group velocity dispersion can be
expressed ast*-*!
_2 dx
D= cL dA (3)

Consequently, the dispersion curve is obtained
through the measured data and numerical interpolation.

2 Experimental result and analysis

The fiber under test in our experiment is a piece
of 27.2 cm long LMA Yb -doped double -clad fiber
The detail
including core diameter d, core numerical aperture

fabricated by Nufern Inc. parameters
NAq, inner-cladding diameter D and numerical aperture
NA,, are listed in Tab.1.

When the stepper motor moves slowly and
precisely, the interferometric intensity varies with the
optical path difference of the two arms. The lock-in amplifier

re cords this variation. So we obtain an interferometric
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Tab.1 Parameters of measured LMA-Yb
double-clad fiber

Type d/pm NA, D/pm NA,
LMA-YDF-
25/400- VI 25.0+2.5 0.060+0.010 400.0+15.0 =0.46

fringe, as shown in Fig.2(a). From the interferometric
fringe we can calculate the accurate position where
the fringe reaches its peak by mathematical method.
different
wavelengths, we have measured 10 such positions for
different wavelengths from 700 to 1 600 nm. Fig.2(b)
shows the measured data and the fitted curve.

Using bandpass filters  with central
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Fig.2 Interferometric fringes for central wavelengths at 1 400 nm
(gray) and 1600 nm (black); and positions of the stepper

motor where the interferometric intensity is maximum

The group velocity dispersion curve is derived
from the differentiation of the position curve. The
result is presented in Fig.3. The zero dispersion
wavelength of the LMA Yb-doped double-clad fiber
can be found at 1.28 um from the figure. We also
made a numerical calculation of the dispersion curve
in Fig.3)

(solid line to be compared with the

experimental result. The numerical calculation is done
utilizing the material and structure parameters listed in
Table 1 by finite element method. When we conduct
the calculation, the numerical aperture NA of the core
is used to compute the refractive index difference
between the core and the inner silica cladding.
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Fig.3 Measured and calculated dispersion curves

From Fig.3, we can find that the measured and
calculated results are in great agreement, which proves
the accuracy of our experiment method. Considering
the high
difference between the two results should be mainly

resolution of our equipments, the little

attributed to the inaccurate fiber parameters, which
would greatly affect the propagating mode as well as
the waveguide dispersion.

3 Conclusion

In  conclusion, we presented a temporal

interferometric technique for measuring the group
velocity dispersion of a short -length of LMA Yb -
doped double -clad fiber. This technique, which is
appropriate for our test fiber in comparison with
other methods and simple in data processing relative
to the spectral interferometric technique ', utilized a
Mach -Zehnder with a broadband

supercontinuum as light source. The dispersion curve

interferometer

is obtained accurately over a wide wavelength range
from 700 to 1600 nm. We also calculated the dispersion
numerically using the infinite element method and
demonstrated good agreement between experiment and
simulation. Our work should serve as a valuable guide
for application of LMA Yb-doped double-clad fibers.
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