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Broad-band dispersion measurement of
ZBLAN, germanate and silica fibers in mid-IR

D. Klimentov, N. Tolstik, V.V. Dvoyrin, V.L. Kalashnikov and I. T. Sorokina

Abstract— We report the first ultra-broad band dispersion
measurements in short-length ZBLAN, germanate and silica-
based optical fibers in the near- and mid-IR wavelength ranges
between 1.7 and 2.0 pm and from 2.3 to 2.45 pum, using two ultra-
broadband light sources: a broadband superluminescent Tm-
doped fiber source and a novel femtosecond pulsed mode-locked
Cr:ZnS oscillator. The measured second order dispersion
characteristics of the fibers correspond to the theoretical
predictions (numerical calculations).

Index Terms—Dispersion, Lasers, Measurement techniques,
Optical fibers.

I. INTRODUCTION

UE to the rapid development of laser technology in the

wavelength region around 2 pm, and in particular,
development of pulsed fiber lasers and laser systems, the
control and compensation of group-velocity dispersion (GVD)
in that wavelength range is an important task. This is
especially essential for development of ultrashort pulse laser
systems in mid-IR. For such systems we have to precisely
control the dispersion effect that requires accurate
measurements of the dispersive properties of optical fibers in a
wide spectral region. Precise knowledge of GVD in novel
nonlinear and various specialty fibers in mid-IR is important to
be able not o'nly to build an ultrafast oscilator, but also to
produce a white-light continuum from these laser sources.
Measurement of dispersion at and especially above 2 um is a
challenging task because of the lack of available commercial
broadband light sources in this wavelength region, required for
measurement. At the moment, there is a growing interest in
dispersion measurements in mid-IR range that is illustrated by
recent publications and conference reports, in particular, the
first measurements of ZBLAN fibers have been reported in
(11, [2].

Due to the chromatic-dispersion effects, or group-velocity
dispersion, different wavelengths propagate with the different
group velocities, causing broadening of short optical pulse and
nonlinear optical distortion. Several techniques have been
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developed to measure the dispersion of optical fibers [3]-[5],
such as: time-of-flight, phase-shift, interferometric, or
degenerate-four-wave-mixing-based techniques. For time-of-
flight methods a source of narrow light pulses covering a wide
spectral region is required. Discrete-wavelength laser diodes
[6] and broadband sources such as fiber Raman lasers [7], [8],
supercontinuum sources [9]-[11], or tunable soliton sources
[12] are commonly used for this. The output of such
broadband sources can cover several hundreds of nanometers
and even more. The phase-shift technique is based on the
phase delay measurements of a pulsed or amplitude modulated
signal as a function of wavelength. But these techniques were
developed for long optical fiber samples and the fiber length of
several kilometers is required. However, it is often difficult to
provide such long fiber lengths for dispersion measurement,
especially in case of new types of specialty fibers.

For the dispersion measurement of short-length fibers,
interferometric technique is normally used [13], where a
sample fiber is placed in one arm of an interferometer, and the
air gap is used as the reference arm.

The broad-band interferometric dispersion measurements in
short-length  fibers were mostly performed with LEDs
producing spectral coverage AL of 50 to 100 nm [14], [15],
which require a wide range of diode sets or diode lines; or
amplified spontaneous emission (ASE) sources producing A\
of 100 to 200 nm [16]; or low-intensity white-light sources
[17]. In the last two cases amplification of the signal is
necessary, but the measurement accuracy is still limited,
because, with the signal amplification, the noise is also
amplified. As a result, these measurements were characterized
by low signal/noise (s/n) ratio.

In this work we present a novel setup for mid-IR
measurements of dispersion parameter in optical fibers in two
wavelength ranges, 1.7 to 2.0 and 2.3 to 2.45 microns; and
results of dispersion measurements of specialty short-length
fibers for infrared applications with a resolution up to 20 nm.
The setup is distinguished from the existing similar
measurement systems [16], [18] by using new broadband light
sources, such as superluminescent Tm-doped fiber based
source and a recently developed in our lab mode-locked
femtosecond Cr:ZnS oscillator [19], [20]. These sources allow
achieving broad spectral coverage with the higher output
power and with a high signal/noise ratio. To the best of our
knowledge, it is the broadest direct dispersion measurement in
mid-IR (above 2 pm) and the broadest with the ASE source.

In this paper, as a demonstration of capabilities of the setup,
we present dispersion measurements of specialty fibers, such
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as: the highly-germanium-doped core fiber co-doped with
thulium, soft glass step-index ZBLAN fiber from IR
Photonics, and standard silica telecommunication fibers of the
SMF-28 type for cross-check.

Il. EXPERIMENTAL SETUP

The interferometric setup (Fig. 1.) was developed for
dispersion measurements in single-mode optical fibers with a
length of 0.6 - 2.5 m. The setup is based on Mach-Zehnder
interferometer. The dispersion of several short-length single-
mode fibers was measured. Namely, we studied the highly-
germanium-doped core fiber co-doped with Thulium [21] with
an approximately 3 pum core diameter, soft glass step-index
ZBLAN fiber with a 10.5 um core and a numerical aperture of
0.17, and standard telecommunication fibers to confirm the
capabilities of our setup.
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Fig. 1. The experimental setup for broad-band dispersion measurements of
short-length fibers.

In order to cover the wavelength ranges of the interest, two
broadband light sources were used for interferometer. For the
first region the fiber ASE source has been specially developed.
For this purpose, a high numerical aperture 5 m long Tm-
doped fiber was pumped at 1.61 um wavelength by CW Er-
doped fiber laser with the power of 400 mW, producing a 300
nm broad (50 nm FHWM) superluminescent emission around
1.82 um. To prevent lasing in Tm-doped fiber, its output end
was cleaved to 7 degrees. The corresponding
superluminescence spectrum is shown below (Fig. 2.).
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Fig. 2. The superluminescence spectrum of 5 m long Tm-doped fiber used for
pumping the experimental setup.

The optical power of the ASE reached 5 mW. This power
level exceeds, to our knowledge, the optical power of the best
commercially available superluminescent semiconductor lasers
in this wavelength range.

For longer wavelength region of 2.3 to 2.45 um, for the first
time, we used the mode-locked femtosecond Cr:ZnS oscillator
[20]. The laser was pumped by the 1.61 um Er-fiber laser from
IPG Photonics produced up to 5 W of optical power. It
produced pulses of about 70 fs at the central wavelength of
2.39 um, with the repetition rate of 150 MHz and output
power up to 550 mW. The emission spectrum of the laser
reached 100 nm FWHM (Fig. 3.). It is the broadest spectrum
obtained from the femtosecond Cr:ZnS laser in this
wavelength range.
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Fig. 3. The emission spectrum of Cr:ZnS laser used for pumping the
experimental setup.

The fiber under test was placed into the sample arm of the
interferometer, and the air arm was used as the reference arm
with variable length. For coupling and decoupling we used
50/50 dielectric beamsplitters. For phase modulation we used
two types of modulators, “M1” and “M2”, depending on type
of the fiber coating (bare fiber or patch cord). For phase
modulation of fiber patch cord we used an ordinary audio
speaker with a glued mirror (“M1”), placed into the reference
arm to periodically change its length. As the phase modulator
“M2” we used the electromagnetic fiber phase modulator.
Modulation of the beam phase in the fiber under test occurred
due to the induced longitudinal tension of the fiber, providing
the change of optical path up to several wavelengths. The
phase modulators, “M1” and “M2”, were connected to the
frequency generator and operated at about 300 and 190 Hz
frequency respectively. The spectral selection and detecting
were performed by double-prism Carl Zeiss monochromator
and a sensitive extended InGaAs Hamamatsu photodetector.

The best interference signal on the photodetector for a fixed
wavelength corresponds to the equal arm lengths alignment. In
the experiment we measured the dependence of the change in
the length of the reference arm required to equalize it with
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beam path in the sample arm on the wavelength. The signal
from the detector was directed to selective amplifier to
distinguish the interference signal from the noise and then to
AC millivoltmeter. The use of such low noise measurement
technique with bright source allows achieving the s/n ratio of
about 7 at 1820 nm wavelength and 2 at the edges of the
spectral range of the superluminescent source. At the same
time, we controlled the shape of the interference signal on the
oscilloscope. Based on these data, the dependence of the path
difference Al on the wavelength A was plotted. Dispersion
parameter D(L) and the path difference Al(A) are related
through (1)[5]:

D(4)= ;_‘W, 1)

where L is the length of the fiber under test, c is the speed of
light.

I1l. RESULTS AND DISCUSSION

For calibration of our setup two different fibers similar to
SMF-28 were studied. The first one — a standard
telecommunication fiber widely available at the market and
other one, silica fiber with the similar chemical composition,
that was drawn at our lab at NTNU. The dispersion parameter
was measured in the range from 1.7 to 2.0 um and from 2.3 to
2.45 pum (Fig. 4.) and compared with calculation of dispersion
performed in Fiber Optics Research Center (FORC), Russian
academy of sciences as well as our own calculations.

The results of measurement and the calculation data showed
a good agreement with each other thus indicating the reliability
of our measurements. This is illustrated in more detail in the
inset (Fig. 4.) for shorter wavelength region. The results
obtained with both fibers were similar, that also indicates a
good quality of the fiber drawn at NTNU.
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Fig.4. The results of dispersion measurements in the silica single-mode fibers
(blue and red lines, red — drawn at NTNU, blue — commercial fiber); in
comparison with the calculation data from FORC (dashed line). The inset
shows shorter wavelength region in more detail.

The results of dispersion measurements in the highly-
germanium-doped core fiber co-doped with thulium are shown
at the Fig. 5. The length of the tested fiber was 80 cm. The
fiber was single-mode with a cut-off at 1.43 um. It showed
anomalous dispersion at our wavelengths of interest in contrast
to the standard silica fibers in Fig. 4.
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Fig. 5. The results of dispersion measurements in highly-Ge-doped fiber co-
doped with Tm.

The results of measurements of dispersion parameter in
ZBLAN fibers were already reported in [2] for the wavelength
range of 0.9 - 1.6 um. In this paper, we present the results of
dispersion measurements and theoretical calculations in such
fibers for the longer wavelength range of 1.6 to 2.45 um (Fig.
6.). The results were obtained with the mirror modulator. The
length of tested fiber was 210 cm. The calculated and
measured zero-dispersion wavelengths are similar; the
measured one equals to 1.70 um and the calculated one equals
to 1.71 pm.
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Fig. 6. The results of the dispersion measurements (green) in comparison with
the theoretical calculation (black dashed) for soft glass
step-index ZBLAN fiber with a 10.5 pm core diameter (a); and theoretical

calculations of dispersion parameter in ZBLAN fiber
with a different core diameters (b).

The calculation of dispersion parameter has been based on
the finite-element vectorial modelling of an effective refractive
index of zero-order mode by the means of the COMSOL
FEMLAB software package in combination with the
Lumerical's MODE Solutions package. The wavelength
dependence of the bulk material refractive index for different
core diameters has been approximated by Sellmeier's formula
in correspondence with [22]. The obtained solutions have been
compared with the analytical results for a step-index ZBLAN
fibers. The corresponding Maple computer algebra
introduction can be found in [23]. The results of the
measurements match theoretical estimation (Fig. 6.) based on
ZBLAN Sellmeier data.

Possible sources of errors in our measurements were:
dispersion of optical objectives and lenses in the sample arm
which supposed to be negligible; presence of water absorption
in the air parts of the interferometer arms which also was not
taken into account. These factors were omitted during the
analysis, because the total thickness of the optical elements
mentioned before was negligible as compared to the optical
path in the interferometer arms; there was no correspondence

between features in the measured spectra and the relevant
spectral absorption lines of water.

IVV. CONCLUSION

In conclusion, in this paper a novel interferometric setup for
measurement of dispersion of specialty short-length fibers for
infrared applications was developed, tested and used for the
investigation of the new fibers in the previously hardly
accessible wavelength range around and above 2 um. The
characteristic feature of the setup is that it is based on the two
novel broadband sources: rather intensive superluminescent
Tm-fiber source and a novel femtosecond pulsed mode-locked
Cr:ZnS oscillator allowing to cover almost the whole
wavelength range of 1.7 to 2.45 pm with the resolution of
measurements up to 20 nm. The similar approach is applicable
for the development of the setup for dispersion measurement
in different spectral ranges, in particular, in the range near 3
pm, which is in progress now.
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