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Abstract: We have fabricated a highly nonlinear complex microstructure
tellurite fiber with a 1.8 micron core surrounded by four rings of holes. The
cane for the fiber was prepared by combining the methods of cast rod in
tube and stacking. In the process of fiber-drawing a positive pressure was
pumped into the holes of cane to overcome the collapse of holes and
reshape the microstructure. The correlations among pump pressure, hole
size, surface tension and temperature gradient were investigated. The
temperature gradient at the bottom of the preform’s neck region was
evaluated quantitatively by an indirect method. The chromatic dispersion of
this fiber was compared with that of a step-index air-clad fiber. It was found
that this fiber has a much more flattened chromatic dispersion. To the best
of our knowledge this is the first report about a soft glass microstructure
fiber which has such a small core together with four rings of holes for the
dispersion engineering. The SC generation from this fiber was investigated
under the pump of a 1557 nm femtosecond fiber laser. Infrared
supercontinuum generation, free of fine structure, together with visible third
harmonic generation was obtained under the pump of a femtosecond fiber
laser with a pulse energy of several hundred pJ.
©2009 Optical Society of America
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1. Introduction
Supercontinuum generation (SC) by photonic crystal fiber has had revolutionary impact on
the development of nonlinear optics [1]. Applications of SC include multi-wavelength optical
source for dense wavelength division multiplexing telecommunications [2], optical coherence
tomography for medical imaging technique [3], pulse compression for ultrashort femtosecond
laser source [4], and optical frequency metrology for the measurements of optical frequencies
with unprecedented accuracy [5]. Highly nonlinear fiber is the prerequisite of a SC source
composed of low-cost and compact devices. So far the rapid development of research on SC
has benefited greatly from the technological maturity of silica glass photonic crystal fiber,
which is characterized by a small core, and a chromatic dispersion which can almost be
tailored freely. However, the nonlinear refractive index n2 of silica glass is only 2.2×10 20
m2/W, which is too low and restricts the further improvement of fiber nonlinearity.
Additionally silica glass photonic crystal fiber is not transparent at the wavelengths longer
than 3 μm, which makes the SC beyond this wavelength difficult. Nonsilica glasses such as
tellurite glass and chalcogenide glass are transparent in the mid-infrared range, and have a n2
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higher than silica glass by at least one order of magnitude. Investigations on SC from these
nonsilica glass microstructure fibers have already been reported in some papers lately [6–11].
Very recently we have fabricated a tellurte microstructure fiber with a 1 μm hexagonal core,
and investigated the SC generated from it by a 1064 nm picosecond laser [12]. Nevertheless,
so far the reported tellurite highly nonlinear small core fibers are the air-clad fibers. They
almost have the similar microstructure, which is characterized by a small core surrounded by
only one ring of air-holes. Such a simple microstructure provides a limited freedom of
dispersion-engineering. Usually the chromatic dispersion of the fiber in this microstructure is
not flattened enough because of the sharp contrast of refractive index between glass core and
air-cladding [13].
For the SC generation pumped by ultrashort pulse, when the pump wavelength locates in
the normal dispersion range, SC spectrum is broadened by self phase modulation (SPM) [14].
In this case a flattened dispersion contributes to the flatness and stability of SC greatly [15].
When the pump wavelength locates in the anomalous dispersion range, SC is mainly
contributed by soliton propagation dynamics. The soliton number is resolved by:
N2

P0T0 2

(1)

2

where γ is the nonlinear coefficient, P0 is the peak power of pump pulse, T 0 is the width of
pulse, and β2 is group velocity dispersion (GVD). A higher value of N benefits the flatness of
SC by eliminating the fine structure of spectrum. To get higher N at low peak power, β2 is
expected to be as low as possible. When the pump wavelength is close to the zero dispersion
wavelength (ZDW), third order dispersion (TOD) has an important influence on the breadth
of SC. A high TOD renders the splitting of pulse and reduces the spectrally broadening [16].
On the whole, a dispersion flattened fiber is preferable for a broad and flattened SC spectrum
generated from a low-cost and compact device.
In order to obtain a flattened dispersion, a complex microstructure with multi-ring holes
other than an air-cladding is necessary for the fiber. However, though dispersion flattened
fibers by soft glass can be designed in various complex microstructures, the fabrication of
them is still a challenge today [17]. By advanced techniques the preforms with complex
microstructures might be prepared [18], but drawing it into fiber which can reproduce the
microstructure is much more difficult. Firstly the viscosity of soft glass is very sensitive to
temperature. It results a narrow temperature range of fiber-drawing. For example the
temperature range of fiber-drawing for the tellurite glass is less than one-tenth that for the
silica glass. In the fiber-drawing process the slightly temperature gradient across the profile of
preform may induce obvious deformation of microstructure. Secondly because the thermal
conductivity of air is less than that of glass by one order of magnitude, the air-holes disturb
the even distribution of temperature field across the profile of the preform. For the highly
nonlinear microstructure fibers the fabrication is even much more difficult. The core
diameters of highly nonlinear fibers are small. It is usually in the size of from sub-micron to a
few microns. For a microstructure fiber with multi-ring holes, such a small core usually is
going with the holes which are also small. Because at fiber-drawing temperature the
additional pressure, arising from surface tension, is converse to the hole size, the holes are
subject to deformation or collapse even they are sealed. Additionally, the glass bridge
between two holes is usually narrow for the small core fiber. Consequently the disturbance of
air-holes to the thermal conduction gets much heavier than that for the large core fiber.
Because of these difficulties, so far the report about soft glass fiber which has a small core
surrounded by multi-ring holes is rare. In reference 10 the core diameter of the tellurite holey
fiber, which has two ring holes, is 80 μm. In this paper, we have fabricated a complex
microstructure fiber by tellurite glass which has a 1.8 μm core surrounded by four-ring holes.
A positive pressure was pumped into the holes of preform in the fiber-drawing process to
#114509 - $15.00 USD

(C) 2009 OSA

Received 20 Jul 2009; revised 1 Aug 2009; accepted 2 Aug 2009; published 17 Aug 2009

31 August 2009 / Vol. 17, No. 18 / OPTICS EXPRESS 15483

overcome the collapse of holes and reshape the microstructure. The temperature gradient of
the profile at the bottom of preform was analyzed. An indirect method was proposed to
evaluate the temperature gradient quantitatively. The chromatic dispersion of this fiber was
compared with that of an air-clad fiber. Furthermore the SC generation from this fiber was
investigated by the pump of a femtosecond fiber laser.
2. Fiber fabrication and characterization

a

d

b

c

e

Fourth ring
Third ring
Second ring

First ring
Fig. 1. The cross-sections of the fibers drawn under different pump pressures and the finial
cane: a. 2.8 kPa; b. 3.6 kPa; c. 8.5 kPa; d. finial cane; e. 8.5 kPa. Inset a-d were taken by an
optical microscope. Inset e was taken by a scanning electron microscope.

Nowadays the fabrication techniques for the preform include extrusion, cast rod in tube,
ultrasonic drilling and stacking. The extrusion method requires equipment with high cost.
Meanwhile the surface of holes is subject to contamination by the die. The cast rod in tube
method is suitable for the simple structure, especially for the air-clad structure. Ultrasonic
drilling requires both expensive equipments and long working time. Stacking method can
manufacture fiber with highly complex microstructure, but it involves high human labor. In
this research, we fabricated the cane by combing the methods of cast rod in tube and stacking.
The composition of tellurite glass was 76.5TeO2-6Bi2O3-6ZnO-11.5Li2O (mol%). The raw
materials were analytic grade. A tellurite glass rod in the shape of hexagon was prepared by
casting the glass melt in an alloy mold and then annealing it at the transition temperature. The
tellurite glass tubes were prepared by the rotational casting method. The rod was inserted into
a tube and then was elongated into the original cane. Tellurite glass capillaries were prepared
by elongating the tubes. Eight capillaries together with the original cane were stacked into
another tellurite glass tube. The original cane was at the center surrounded by other eight
capillaries which formed a ring. The tube stacked by original cane and capillaries was
elongated into the final cane with the diameter of 2.5 mm. The final cane was inserted into
another tellurite jacket tube, and then was fixed at the drawing tower for the fiber-drawing.
The jacket tube was used to decrease the ratio of the core to cladding size. In the fiberdrawing process a positive pressure of nitrogen gas was pumped into the holes of the cane. In
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Fig. 1 the cross sections of the fibers and final cane are shown. Inset a, b and c correspond to
the pump pressures of 2.8, 3.6 and 8.5 kPa respectively. The final cane is shown in inset d.
The fiber shown in inset c is the desired fiber. Its specific characteristics are shown in inset e.
It has a 1.8 μm hexagonal core surrounded by four rings of holes. From the inner ring to the
outer ring, the holes of the first ring derived from the holes of original cane. The holes of the
second ring derived from the gap holes formed by the sidewalls of capillaries and the original
cane. The holes of the third ring derived from the holes of capillaries. The holes of the fourth
ring derived from the gap holes formed by the sidewalls of capillaries and tube.
Without pump pressure the holes disappeared due to the additional pressure pointing to
the center of the hole’s profile. The correlation between additional pressure and surface
tension can be explained according to the Young–Laplace equation [19]:

1
rx

P

1
ry

(2)

where P is the additional pressure, σ is the surface tension, r x and ry are radii of curvature in
each of the axes that are parallel to the surface. For the cylindrical surface, rx is the radius of
fiber hole. Here the radius of the hole which is not circular is represented by the radius of the
circular one which has the same area. ry is infinite. Equation (2) can be revised as:
1
r

P

(3)

In Eq. (3) r is the radius of hole in fiber. For a stable fiber-drawing process, supposed the
proportion among the microstructures of preform could be reproduced accurately by the fiber,
the hole size of fiber should be:

r0

Sp
Sf

R

(4)

In Eq. (4) R is the radius of hole in preform. r0 is the reproductive size of fiber hole. Sf and Sp
are the speeds of fiber-drawing and preform-decline respectively. Consequently Eq. (3) can
be revised as:

P

1 Sf
R Sp

(5)

For a stable fiber-drawing process, σ, Sf and Sp are constants. From Eq. (5) it can be found for
a smaller preform hole, a larger pump pressure is required to counteract P.
In Fig. 1 the third ring in the fiber derived from the ring with the largest holes in the final
cane. When the pump pressure increased gradually, it appeared firstly at a pump pressure of
2.8 kPa. The fourth ring in the fiber corresponded to the ring with the second large holes in
the final cane. It appeared secondly. The first and second rings corresponded to the rings in a
small and similar hole size in the final cane. They appeared almost at the same pressure of 8.5
kPa at last. It is more than three times that of 2.8 kPa. According to Eq. (5) it seems
unreasonable because for the final cane the radius of the third ring is only about two times
that of the first ring. This can be explained by the variation of σ. σ depends on the
temperature and rises with the decrease in temperature. Because the temperature for fiberdrawing was 295 °C, according to Wien's displacement law [20] most of the radiation energy
from the heating elements locates at wavelength out of the transparent range of tellurite glass.
The radiation energy was absorbed by the jacket tube glass and then was conducted to the
center. The temperature gradient was formed along the radius of preform’s profile (the
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preform represents the jacket tube containing the final cane). The emergence of the third and
fourth rings increased the temperature gradient. When the pump pressure increased the holes
were enlarged and the glass bridges became slim, their disturbance to the thermal conduction
increased.
It is inconvenient to measure the temperature gradient directly. Here an indirect method
was proposed to evaluate it quantitatively. According to Eotvos rule the correlation between
surface tension and temperature can be expressed by Eq. (6) [21]:

k (Tc T )
V

(6)

2
3

where V is the molar volume of that substance, Tc is the critical temperature where the surface
tension is zero, and k, which is a constant valid for almost all substances, is 2.1×10 7
J/(K·mol 2/3). According to Eq. (5) and Eq. (6) the temperature difference T between two
rings can be calculated by:
2

T

PR
i i

Pj R j

Sp V 3
Sf k

(7)

In Eq. (7) the subscript means the specific ring. When drawing fiber the preform shrank and a
neck region was formed. Here T corresponds to the cross section at the bottom of neck
region, namely the top cross section of the fiber region.
Because in inset d of Fig. 1 the holes of the first and third rings have a shape more circular
than that of other rings, these two rings were chosen to calculate T between them. R1 was
25 μm and R3 was 52 μm respectively. Sp/Sf was 10000. Accurate value of Pi should be the
pump pressure under which the radius of fiber hole is equal to the reproductive size r0.
However, when the holes in fiber appeared initially, their radii were very sensitive to the
pump pressure. From Eq. (3) it can be seen that when the pump pressure is slightly higher
than the additional pressure, the holes become larger. What’s more, a larger hole corresponds
to a smaller additional pressure. Consequently the holes became larger and larger, until the
superabundant pressure was offset by the tension originated from plastic deformation. In inset
a of Fig. 1 the average radius of holes is about 1.0 μm. In inset e the average radius of holes in
the first ring is about 0.7 μm. Though both of them are higher than their reproductive sizes
respectively, because of the super-sensitivity of hole size to pump pressure, it is reasonable to
believe that the pump pressures, 2.8 kPa for the third ring and 8.5 kPa for the first ring, were
very close to their accurate additional pressures respectively. The calculated T is 3.1 °C.
It is necessary to point out that we could not use the hole radius of each ring shown in
inset e of Fig. 1 to fit Eq. (3), because in this case the pump pressure not only counteracted
the additional pressure but also reshaped the third and fourth rings to a large extant.
The fully vectorial finite difference method (FV-FDM) was used to calculate the
wavelength dependent propagation constants from which the chromatic dispersion of the
fundamental mode was calculated. The simulations were based on scanning electron
microscope images. The results were shown in Fig. 2. The ZDW is 1390 nm. The chromatic
dispersion of the fundamental mode in another step-index air-clad fiber by the same glass was
shown in Fig. 2 for a comparison. Both fibers have the same core diameter of 1.8 μm. The
TODs at ZDW are 0.443 ps/(nm2×km) for the complex microstructure fiber and 1.053
ps/(nm2×km) for the air-clad fiber respectively. On the whole the complex microstructure
fiber has a chromatic dispersion more flattened than that of the air-clad fiber.
The optical loss spectrum for the fiber was measured by using the standard cutback
measurement technique. A homemade femtosecond fiber laser with the peak wavelength at
1557 nm was connected with a single mode fiber (SMF) by a connector. Beam from the SMF
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was collimated into parallel by a lens of 20×0.25 NA. The parallel beam was focused and
coupled into the tellurite microstructure fiber by a lens of 40×0.47 NA. The output end of the
fiber was mechanically spliced with a silica fiber cable with large mode field by using a buttjoint method. The other end of the fiber cable was connected with the optical spectrum
analyzer. After the SC generation measurement, the femtosecond fiber laser was replaced by
a white light source. The measured optical loss spectrum of the fiber is shown in Fig. 3.
Because the raw materials used in fiber fabrication were analytic grade, the losses can be
decreased greatly by improving the purity of them.

Fig. 2. Chromatic dispersion of the fundamental mode in the complex microstructure fiber. The
chromatic dispersion of the fundamental mode in a step-index air-clad fiber is shown for a
comparison.

Fig. 3. Optical loss spectrum of the complex microstructure fiber measured by cut back
method.
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3. Supercontinuum generation

Fig. 4. Pulse energy dependent supercontinuum spectra of the complex microstructure fiber
pumped by a femtosecond fiber laser. The curve is displaced by 20 dB.

Figure 4 shows the pulse energy dependent SC spectra measured by using a homemade
femtosecond fiber laser at 1557 nm. The pulse width was 400 fs and the repetition rate was
16.75 MHz. The length of the microstructure fiber was around 30 cm. The small peaks at
1178 nm, 1245 nm and 1318 nm are CW parasitic multi-wavelength lasers from high power
1480 nm fiber Raman laser which is the pump source of the femtosecond fiber laser. The
launched efficiency, defined as the launched power divided by the incident power on the lens,
was about 10%. The nonlinear length Lnon was calculated by: Lnon=1/(P0×γ). P0 was defined in
Eq. (1). γ is the nonlinear coefficient which can be calculated by:
4

n2 ( x, y ) F ( x, y ) dxdy

2

2

(

(8)

F ( x, y ) dxdy ) 2

In Eq. (8) F(x,y) is the profile of the mode field. n2(x,y) is the distribution of nonlinear
refractive index. It is 5.9×10 19 m2/W for this tellurite glass, and 2.9×10 23 m2/W for air. γ at
1557 nm is 394 km 1W 1. Under the maximal pulse energy the peak power of launched pulse
is 1670 W. The nonlinear length is 1.5 mm which is much shorter than the effective length.
Here we used the complex microstructure fiber in the length of 30 cm because this length was
convenient for the experiment. The fiber length can be reduced greatly if required. The pump
wavelength locates at the anomalous dispersion range. In this case the propagation dynamics
of femtosecond pulse are already a well-known process. The soliton is generated by the
combined effect of SPM and GVD. The order of soliton N calculated by Eq. (1) is 6 for the
maximal pump power. The red-shift of SC ascribes to the soliton self-frequency shift, whose
characteristic is clear for the SC spectra pumped by pulse with low energy.
The blue-shift of SC spectra except for the visible emission is due to the dispersive wave
emitted in the process of fission of high order solitons. The wavelength of dispersive wave
can be predicted by Eq. (9) [22–24]:
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n
n 2

( s)
(
n!

DW

s

)n

Ps
2

(9)

where ωs and Ps are the soliton’s centre frequency and peak power respectively, ω DW is the
frequency of dispersive wave, βn is the n-th order derivative of the frequency-dependent wave
vector. The calculated wavelength of dispersive waves λDW vs. the soliton’s center
wavelength λS are shown in Fig. 5. There is a close match between the SC spectra and the
calculated phase matching condition considering that the practical value of λ DW usually is a
little lower than the calculated one because of the nonlinear phase shift [25].

Fig. 5. Wavelength of dispersive waves λDW vs. the soliton center wavelength λS.

Fig. 6. Experimental peak power of the third harmonic signal as a function of the power of
fundamental wavelength compared with a cubic fit shown by the straight line.

The visible emission peaked at 481 nm is the third harmonic generation (THG) of infrared
emission [26,27]. Unlike the dispersive wave in the near-infrared, the peak wavelength of the
visible emission shows no power dependence. In Fig. 6 it can be found the intensity of visible
emission peak shows cubic power dependence on that of the fundamental wavelength.
According to the simulation for dispersion calculation, the fiber is not single mode at 1557
nm. It can support 4 modes. Probably there was intermodal energy transfer, and high order
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modes might serve to extend the overall SC to the short wavelength [28]. Nevertheless, the
SC spectra were stable, and could be repeated well when they were measured again. Due to
the limitation of experiment conditions we have not observed other obvious evidence of nonsingle mode behavior in the experiment except for the visible harmonic generation.
The flatness and breadth of SC spectra were restrained by the pump power and the pump
wavelength. The pump wavelength is too far away from the ZDW. However, under the
maximal pump power the SC spectrum is already free of fine structure. The high nonlinearity
together with flattened dispersion provides the possibility of broad and flat SC generated by
the pump of all-fiber femtosecond laser. The pump pulse with the energy of several nJ or
even higher is not necessary. Additionally the fiber loss is not a problem in this case because
of the short nonlinear length. The harsh demands for the purity of raw materials and the
fabrication conditions can be reduced greatly.
In reference 12, the tellurite microstructure fibers were pumped by the same femtosecond
fiber laser. Because the normal dispersions in the range of shorter wavelength were too far
from the pump wavelength, the dispersive wave was not observed at the wavelength shorter
than 1557 nm. Additionally, since the nonlinear coefficients of those fibers are much higher
than that of this complex microstructure fiber, the visible third harmonic generation is much
more intense for these fibers except for the fiber SMF, which has a high confinement loss at
the fundamental wavelength. In a word, a well engineered chromatic dispersion is important
for the broad SC generation, and a high nonlinearity is important for the efficient third
harmonic generation.
4. Summary
We have fabricated a complex microstructure tellurite fiber which has a 1.8 μm core
surrounded by four ring holes. The preform was fabricated by the method of cast rod in tube
and stacking. In the fiber-drawing process a positive pressure was pumped into the holes. The
correlations among pump pressure, hole size, surface tension and temperature were
investigated. An indirect method was proposed to evaluate the temperature gradient of the
profile at the bottom of preform’s neck region. It was shown that the design of dispersion
flattened highly nonlinear fiber by soft glass must be a comprehensive work where the surface
tension and thermal conduction in the process of fabrication need to be considered in
advance.
For the soft glass holey fibers, if the hole-radius is in the magnitude of sub-micron, at
fiber-drawing temperature the additional pressure due to surface tension will result in the
deformation of microstructures, even though the holes of preform were sealed before fiberdrawing. So pumping a positive pressure into the holes in the fiber-drawing process is an
important, probably a unique solution to this problem. In this paper the investigations on
pump pressure, hole size and temperature gradient will serve as the guidance for the further
development of this fabrication technique.
The complex microstructure fiber we have fabricated has a chromatic dispersion much
more flattened than that of the step-index air-clad fiber. The SC generation from this fiber
was investigated under the pump of a 1557 nm femtosecond fiber laser. Though the pump
wavelength was far from the ZDW, infrared supercontinuum generation, free of fine
structure, together with visible third harmonic generation was obtained under the pump of
several hundred pJ pulse.
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