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The generation and characterization of the Four-Wave-Mixing (FWM) effect in an Erbium Doped Zirconia-Yttria-Alumino Silicate Fiber (EDZF)
is described. The EZDF is fabricated from a conventional silica preform by Modified Chemical Vapour Deposition (MCVD) and also solution
doping to add glass modifiers and nucleating agents, with the resulting preform annealed and drawn into a fiber strand with a 125 4 0.5 um
diameter. A 4 m long EZDF, ZEr-B with a propagation loss of 0.68 dB/m and an erbium concentration of 3000 ppm is used to investigate the
FWM effect. The FWM power levels are measured to be approximately - 45 dBm at a region of 1565 nm and show good agreement with the
theoretical predicted values. A non-linear coefficient of 14 W—1km~! is also measured, along with chromatic and slope dispersion values
of 28.45 ps/nm.km and 3.63 ps/nm?2.km, which agree with the predicted values. The fabricated ZEr-B fibre has many potential applications

utilizing the FWM effect, including the generation of multi-wavelength outputs.
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1 INTRODUCTION

Fiber Optical Amplifiers (FOAs) are a key component in real-
izing the deployment of long range, high-speed and large ca-
pacity communication networks [1, 2]. FOAs are able to effec-
tively counter the attenuation and distortion of multiple sig-
nals travelling in optical transmission fibers at the same time
[2] and have been widely used in Dense Wavelength Division
Multiplexing (DWDM) and Optical Time Division Multiplex-
ing (OTDM) systems. Furthermore, recent advances in tech-
nology have also opened up new possibilities for FOAs in a
multitude of applications, including the generation of single
and multi-wavelength outputs [3, 4], wavelength conversion
[5] and wide-band spectral sources [6].

The development of in-line optical amplification was necessi-
tated by the need to overcome the switching and processing
limitations of electronic regenerators which were the domi-
nant means of amplification at the time [7, 8]. Initially, re-
search efforts focused on methods such as Raman amplifica-
tion [9, 10] Semiconductor Optical Amplifiers (SOAs) [11, 12]
and Fiber Optic Parametrical Amplifiers (FOPAs) [13, 14] to
amplify optical signals, but the cost and complexity of these
methods made them commercially impractical. It was not un-
til the early 1990s that a low-cost and commercially viable
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alternative was developed in the form of the Erbium Doped
Fiber Amplifier (EDFA) [1]. EDFAs are capable of providing
a wide amplification bandwidth and can be easily spliced to
conventional silica fibers, making them the backbone of many
optical networks worldwide.

Current research efforts have now focused towards the devel-
opment of compact, high performance and low cost EDFAs.
In this regard, new fibres such as thulium, phosphorus, tellu-
rite, bismuth and photonic crystal fibres [15]-[20] have been
explored to increase the erbium ion concentration in the fiber
without detrimental effects such as concentration quenching
[21] and cluster formation [22]. However, these new fibres are
not without their drawbacks, for instance thulium and bis-
muth based fibers that cannot be spliced easily to conven-
tional SMFs. In this regard, Zirconia has been seen as a highly
promising candidate in the development of compact, high er-
bium concentration EDFAs. Zirconia or ZrO, ions co-doped in
silica fibers possess a high index of refraction that has been re-
ported of around 1.45 over the visible and near infrared spec-
trum [23, 24]. As such, ZrO, ions tend to exhibit wide emission
and absorption bandwidths, as predicted by the Fuchtbauer-
Ladenberg relationship [25, 26] and JuddOfelt theory [27, 28]
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and therefore can amplify more DWDM channels than lower
index materials. Furthermore, zirconia has excellent mechan-
ical strength and is chemical corrosion resistance as well as
being non-hygroscopic, is easily spliced to SMFs and exhibits
excellent transmission in the visible and near infrared; giv-
ing the zirconia doped EDFA practical applications in the
real world. The fabrication and characterization of an Erbium
Doped Zirconia-Yttria-Alumino Silicate Fiber (EDZF) is the
focus of the first part of this work.

Additionally, zirconia co-doped fibers have also been shown
to exhibit significant non-linear characteristics. These non-
linear characteristics, which are not seen in conventional
Single-Mode Fibres (SMFs) or EDFAs, [1] have tremendous
potential for the development of various new applications
such as multi-wavelength outputs and also wavelength con-
version. Of particular interest is the Four-Wave Mixing (FWM)
effect. In the absence of significant photo-absorption effects,
FWM is a type of optical Kerr effect, and occurs when light at
two or more different wavelengths is launched into a fiber [1].
The FWM effect is observed when signals at different wave-
lengths are launched into a fiber, and the interaction of these
two signals gives rise to a new signal (known as an idler), the
wavelength of which does not coincide with any of the others
[29, 30]. The FWM effect has tremendous potential for the de-
velopment of new fiber based wavelength sources, and is the
focus of the later part of this work.

2 ZIRCONIA YTTRIA-ALUMINO SILICATE
GLASS FABRICATION

The EDZF is fabricated in three stages. In the first stage, a
conventional silica preform is fabricated using the Modified
Chemical Vapour Deposition (MCVD) technique, whereby
SiCly and P,Os vapors are passed through a slowly rotating
silica tube that is heated by an external burner. The burner
heats the length of the tube as it rotates and, due to the high
temperature generated, the chloride in the SiCly and P05 va-
pors oxidizes, depositing a porous phospho-silica layer along
the inner wall of the silica tube. The optimum deposition
temperature range for the MCVD process is 1350 - 1400 °C,
with a variation of the pre-sintering temperature from 1300 to
1450 °C. The fabricated silica tube, with its deposited porous
phospho-silica layer, then undergoes a solution doping pro-
cess using dopant precursors of suitable strength to obtain
the optimized process parameters for making a fiber with a
Numerical Aperture (NA) of approximately 0.17 - 0.20. The
glass modifiers, ZrO,, Y,03, Al,O3 and EryO3 are individu-
ally mixed with alcohol and water at a ratio of 1:5 to form
the complex ions ZrOCl,.8H,O, YCl3.6H,O AlCl3.6H,O and
ErCl3.6H,O respectively and are then incorporated into the
host matrix using the solution doping technique. Small quan-
tities of Y03 and P>Os are also added to the glass matrix to
act as nucleating agents, functioning to increase the phase sep-
aration of the ErpO3 doped micro-crystallites that will form in
the core matrix of the optical fiber preform.

During the fabrication process, it is crucial to note that, in
a bulk glass matrix, pure zirconia exists in three distinct
crystalline phases over different temperature ranges. At very

high temperatures, above 2350 °C, ZrO; has a cubic struc-
ture whereas, at intermediate temperatures between 1170 and
2350 °C, a tetragonal structure is observed. At low temper-
atures, below approximately 1170 °C, ZrO, takes on a mono-
clinic structure. The transformation of the crystalline structure
from tetragonal to monoclinic is very rapid and is accompa-
nied by a 3 to 5 percent volume increase. This rapid increase
can result in extensive cracking in the material - as was ob-
served in the doped core region of the preform after the fabri-
cation - and is highly detrimental, as it destroys the mechani-
cal properties of fabricated components during cooling. In or-
der to overcome this problem, several oxides, such as MgO,
CaO, and Y,0j3 that dissolve in the zirconia crystal structure
can be used to slow down or eliminate these crystal structure
changes; in this work a minor quantity of Y,0O3 is used.

In the final stage of the fiber fabrication process, the fabricated
preform that has undergone the solution doping process is an-
nealed at 1100 °C for 3 hours in a closed furnace, under heat-
ing and cooling rates of 20 °C/min, to generate ErO, doped
ZrO; rich micro-crystalline particles. The resulting annealed
preform is collapsed into a solid rod at a temperature higher
than 2000 °C and is drawn into a fiber strand with a diameter
125 £ 0.5 um, using a conventional fiber drawing tower. Dur-
ing the drawing process, the preform (and the fiber obtained)
is exposed to a temperature of around 2000 °C for only a few
minutes. Due to the high cooling rate of the material and the
melting temperature of the ZrO; crystals being above 2200 °C,
the ZrO; nano-crystalline host is retained within the silica
glass matrix. Both the primary & secondary coatings were ap-
plied on-line to increase the tensile strength, as well as to re-
duce the moisture ingress from external sources. During the
fiber drawing procedure, proper control of the fiber diameter,
coating thickness and coating concentricity along the whole
length of the fabricated fiber gives the optimization required
for the production of a high quality optical fiber. The thick-
ness of the primary coating (Desolite DP-1004), as well as that
of the secondary coating (Desolite DS-2015), and the coating
uniformity were ensured by adjusting the flow pressure of the
inlet gases into the primary and secondary coating resin ves-
sels during the drawing of the fiber, as well as by properly
aligning the position of primary and secondary coating cup
units.

3 EZDF CHARACTERISATION

In bulk zirconia-silicate glass, phase-separation has been ob-
served at temperatures below the onset of crystallization -
which also results in structural inhomogeneity [31, 32]. Phase
separation, or immiscibility, is a phenomenon that is known
to exist in amorphous binary systems [33]; however in some
Zr0,-5i0; systems immiscibility exists even in the stable lig-
uid phase above the melting point. The phase diagram of
Z10;-5i0; systems was evaluated using Fact-Sage software,
and it was determined that a stable immiscibility zone exists
in the range between 60 and 80 mole % SiO;. This stable im-
miscibility zone extends to temperatures lower than the glass
melting point - and gives a metastable immiscibility zone in a
wide composition range where phase separation occurs nor-
mally in an amorphous state. In the EZDF, it may be expected
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FIG. 1 Refractive index profile of fiber (ZEr-B).

Perform No Al,O3 ZrOy Er,O3
(mole %) (mole %) (mole %)

ZEr-A 0.25 0.65 0.155

ZER-B 0.24 2.10 0.225

TABLE 1 Doping levels within core region of the preforms

that the separated ZrO, and Al,O3 phases would mix together
into a homogeneous mixture before crystallization could oc-
cur during heating at high temperature, since the homoge-
neous amorphous mixture of compositions, ZrAley, is gen-
erally thermodynamically more stable than the two separate
phases. In this work two Er,O3 doped fibers, designated ZEr-
A and ZEr-B, were fabricated. Both fibers contain 0.24-0.25
mole % of Al,O3, with the ZrO; and Er,Os dopant concen-
tration increased from 0.65 to 2.21 mole % and from 0.155 to
0.225 mole % for ZEr-A and ZEr-B respectively. The doping
levels of the two fibers are obtained through an Electron Probe
Micro-Analysis (EPMA) for both the fabricated fiber samples
and is given in Table 1, whilst the physical parameters of the
fibers are given in Table 2.

The measured refractive index profile of fiber ZEr-B is shown
in Figure 1. The spectroscopic properties such as absorption
coefficient, fluorescence and fluorescence decay curves of the
fabricated fibers are measured, and it can be observed that the
peak absorption of the two types of fiber at 978 nm are found
to be 15.0 and 22.0 dB/m respectively. The spectral attenua-
tion curve of fiber ZEr-B is shown in Figure 2, as the non-linear
properties of this fiber will be analysed in the following sec-
tion.

The fluorescence spectra of the fiber samples were measured
with lateral pumping, for a pump power level of 100 mW at
980 nm. The fluorescence curves for both fibers are shown in
Figure 3 and the fluorescence decay curves of both fibers are
shown in Figure 4.

The two fibers (ZEr-A and ZEr-B) show almost the same fluo-
rescence live-times of 10.93 and 10.86 ms respectively. Fiber
ZEr-B, which has higher doping levels of Er,O3; and ZrO,
shows slight shorter fluorescence life-time. These results in-
dicate that the concentration-quenching phenomenon that is
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FIG. 2 Spectral attenuation curve of fiber (ZEr-B).
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FIG. 3 Fluorescence curves of (a) fiber ZEr-A and (b) fiber ZEr-B at a pump power level

of 100 mW.

typical of Er** ions is strongly reduced through an increase
in the doping levels of ZrO;. In the generation of the FWM
effect in the zirconia-erbium doped silica fiber, the ZEr-B is
used instead of the ZEr-A due to the higher ZrO, concentra-
tion, which will provide a better non-linear interaction.

4 GENERATION OF THE FWM EFFECT IN
THE EZDF

The generation of the FWM effect in nonlinear fibers can be
explained by using the coupled differential equations for
the propagating amplitudes, including the contributions to
phase mismatch due to XPM and SPM [34]. A well-known
formula used for FWM estimation was originally derived
by Hill et. al. [35] and reformulated later to include the
phase-mismatch dependent efficiency by Shibata et. al.
[36]. In the FWM process in glass, two chosen wavelengths
(Apump and Agigna) will generate a converted wavelength
Aconverted_signal = 2Apump — Asignal- To analyze the nonlinear-
ity in the EZDEF the nonlinear coefficient, v, is estimated by
using;

7 = VPrexirmwtPsPie " Ly, 2 (1)
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Fiber Number Core Composition Core Diameter  Fiber Type NA A-eff RIofcore
ZEr-A SiO+Al,O3+P,05-ZrO,-  10.5 Circular core with normal resin  0.17 87 ptz 1.46625

Y203+EI‘203
ZEr-B SiO+Al,O3+P,05-ZrO,-  10.0 Circular core with normal resin  0.20 75 yz 1.47025
Y,03+Er, O3
TABLE 2 Fiber parameters
14 y0  -0.00213 +1.5999E-6 -14- yO 000220  +7.3068E-7
A 0.00069 +1 S0BTE-H A 0.00082 +0 804E-7
1 10,9349 +0.08895 4| 10.86282 #0.03404
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FIG. 4 The fluorescence decay curve of two EDFs (a) ZEr-A and (b) ZEr-B at a pump power level of 100 mW.

where Ppwy| is the FWM power, Pp is the input pump power,
Ps is the input signal power, L is the fiber length and « is the
fiber attenuation coefficient. The effective length of the fiber
L,sy takes into account the decrease in power due to attenua-
tion - and is defined as;

1— efocL

Lefp=—— 2)

The normalized FWM efficiency, 7, is written as;

a? 2e=*L (1 — cos (ABL))
=3 2 2 ©)
a% 4+ AP (1 —eol)
where is the phase Ap mismatch that is given by;
2
=T b »

with the dispersion parameter, D = ’ifc B%, where B2 is the
group velocity dispersion parameter. From equation (4), it can
be seen that Pgyw is at its minima when Aﬁ% = k7, where k
is an integer. This occurs due to the phase mismatch between
the signals propagating inside the fiber and occurs at every %’r
meters. The Py minima can also be determined as a product

of the channel spacing, such that:

M=\ ot ®)

As the magnitude of the nonlinearity in the fiber only shifts
the Ppyw minima, therefore an analysis of the FWM signal
power minima can be used to determine the dispersion of the
optical fiber, whilst the nonlinearity can be estimated from the
total fiber attenuation. The physical setup for measuring the

Pryvw minima is simple and only requires two laser diodes
with a tuning range of less than 1 nm each and a EZDF of
the proper length. The channel spacing at which Pryw reaches
its first minima is a necessary measurement in calculating the
dispersion of the fiber and is given as:

Cc

P=apr ©

From equations (1) to (6), the theoretical FWM power can now
be calculated as

Pentw = 117 Py Pse "L (7)

7 is determined by bi-directional measurements of the FWM
power, while the chromatic dispersion is determined from
the wavelength detuning of the FWM Power Conversion Effi-
ciency (PCE). Both measurements use the same experimental
setup as given by the schematic in Figure 5.

In the setup, two Yokogawa (AQ2200) Tunable Laser Sources
(designated TLS1 and TLS2), with tuning ranges from
1460 nm to 1640 nm and linewidths of 0.015 nm are used as
signal sources. The pump signal P; (or Pp), is generated by
TLS 1 at a fixed wavelength of 1560 nm and an average output
power of 12.8 dBm. A second signal, Ps is generated from
TLS2 with a wavelength varying from 1561 nm to 1565 nm
at an average power level of 10.8 dBm. Both P; and P; are
combined using a 3 dB coupler and a Polarization Controller
(PC) to adjust the polarization of the input signals in order to
obtain the maximum FWM efficiency. Additionally, two Laser
Diode (LD) pumps at wavelengths of 1460 nm and 1490 nm
are also launched into the EZDF using a WDM to excite the
Er’" ions just enough so that they are transparent to the
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FIG. 5 Schematic diagram for generating FWM effects in the EZDF
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FIG. 6 The spectrum of the converted signal (FWM power) against the wavelength of

the pump against converted wavelength for the ZEr-B optical fiber sample.

signals used for the generation of the FWM (the suppression
of the Er®* ions is necessary as the EZDF sample incorporates
both ZrO, and Er,Os, however this work is only interested
in the non-linear effects generated by the ZrO; in the fibre).
A 4 m long ZEr-B fiber with an Erbium concentration of
3000 ppm is used. The ZEr-B fiber has a core refractive index
value of 1.466 and an effective area of 87 um? along with a
propagation loss, « of 0.68 dB/m, which is obtained using
the cut-back method. The refractive index and glass core size
of the ZEr-B fiber used are important parameters that will
be used to determine the nonlinearity of the fiber. Finally, a
Yokogawa Optical Spectrum Analyzer (OSA) with 0.02 nm
resolution bandwidth is used to measure the generated FWM
spectrum.

5 RESULTS AND DISCUSSION

The power of signals generated by the FWM process is de-
pendent the wavelength of the pump and input signal. In
this work, the pump and signal wavelengths are detuned by
0.4 nm. The pump and signal powers are set at +15 dBm
and +13 dBm respectively and are optimized for the maxi-
mum possible power using a PC. Figure 6 shows the power of
the signal obtained from the FWM process against the pump
wavelength.

It can be seen that the power of the converted signal begins to
increase from a low value of -48 dBm at a pump wavelength
of 1545 nm to a peak power of -45 dBm at 1565 nm. The power

of the converted signal does not change signifcantly between
1558 nm to 1565 nm, with only minor fluctuations of approx-
imately 0.5 dB being observed. After this region however, the
power decreases rapidly as the pump power continues to in-
crease towards the L-band region. The reason for this is that
the gain spectrum of ZEr-B provides the highest gains at a
wavelength around 1560 nm. As such, the pump signal is set
at a wavelength of 1560 nm, as this will ensure the generation
of the FWM output will fall within the flat region. The wave-
length value of 1560 nm is also used in the measurement of
the nonlinearity coefficient of ZEr-B.

Figure 7 shows the overlay spectrum of the converted sig-
nals along with the pump and signal wavelengths. The spec-
trum shown is as obtained from the OSA with a +25 dB fixed
attenuator, the attenuator serving to protect the OSA from
spikes in the signal which could potentially damage it. The
pump wavelength is left constant at 1560 nm and -9.9 dBm
power while the signal wavelengths are varied from 1561 nm
to 1565 nm in steps of 1 nm. The power of the signal wave-
length is maintained at -10.5 dBm. From Figure 7, it can be
seen that two sidebands C; and S, are generated by the pump
and signal wavelengths. At a signal wavelength of 1561 nm,
two converted wavelengths are observed at 1559 nm (C;) and
1562 nm (S3), a shift of 2 and 1 nm respectively on either side
of the signal. As the signal wavelength increases to 1562 nm,
the converted wavelengths also shift accordingly to 1558 nm
(Cy) and 1564 nm (S,), giving a shift of 4 and 2 nm respec-
tively. This trend is seen to continue as the signal wavelength
continues to be varied until 1565 nm, which sees the C; move
towards a wavelength of 1555 nm in steps of 1 nm, and S,
increasing in steps of 2 nm to a wavelength of 1570 nm. It is
also observed that when the signal wavelength increases at
a fixed pump wavelength, the power of the generated side-
bands drops. This can be attributed to the gain spectrum of
the ZEr-B fiber such that the longer signal wavelengths move
away from the optimum gain region of the fiber. The channel
spacings obtained in Figure 8 are essential in determining the
fiber non-linear coefficient, dispersion and slope dispersion of
the ZEr-B fiber, which is seen in the following results.

Figure 8 shows the power of the converted signal, C; against
the wavelength of the input signal. The pump is left constant
at a wavelength of 1560 nm and the signal wavelength is var-
ied from 1550 nm to 1559 nm with a frequency spacing 0.2 nm.
To ensure the maximum power is obtained for the converted
signal, the two PCs as shown in Figure 6 are adjusted to pro-
vide the optimum output power. As can be seen from the
figure, the power of the converted signal is initially low at
about -58 dBm. However, as the signal wavelength increases,
so does the power of the converted signal, reaching a power
of approximately -45 dBm at a wavelength of 1559 nm. Fur-
ther increases in the input signal wavelength do not result in
any change to the converted signal power. It can be seen that
the experimental results agree well with the theoretical predic-
tions for ZEr-B. It is observed that the difference in the power
of the converted signal in Figure 9 and that of Figure 8 is at-
tributed to the use of the +25 dB attenuator.

The analysis of FWM power in a function of channel spac-
ing can be used to estimate the fiber chromatic dispersion
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FIG. 7 The typical output spectra at P; and Pg, as well as their converted signals
(sideband fields) C; and S, when wavelength of Py is fixed at 1560 nm and the

wavelength of P is varied from 1561 nm to 1565 nm for the ZEr-B optical fiber sample.
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FIG. 8 FWM conversion efficiency versus wavelength detuning for the ZEr-B optical fiber

sample.

and dispersion slope. Figure 9 shows the normalized FWM
efficiency against the input signal frequency. It can be seen
that as the channel spacing (frequency) is increased from
30 GHz to 400 GHz, the FWM efficiency remains relatively
the same, with fluctuations of about 0.5 a.u. However, above
400 GHz, the FWM efficiency begins to drop, reaching almost
0 at 1000 GHz. These measurements are in agreement with the
theoretical predictions for the ZEr-B fiber. From equation (6)
and the Figure 9, a chromatic dispersion and slope dispersion
value of 28.45 ps/nm.km and 3.63 ps/nm?2.km respectively is
obtained for ZEr-B.

Using the signal power, pump power, converted power and
the normalized FWM efficiency, the nonlinear coefficient for
Zr-EDF is estimated using equation (1). In this equation, the
FWM efficiency is important in getting the value of nonlin-
ear coefficient where it used equation (3) for found the value.
Therefore, a nonlinear coefficient value of 14 W—1km~! is ob-
tained for the ZEr-B. Figure 10 shows the variation of the non-
linear coefficient against the channel spacing.

From Figure 10, it can be seen that the non-linear coefficient
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FIG. 9 Normalized FWM efficiency against the input signal frequency for the ZEr-B

optical fiber sample.
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FIG. 10 Nonlinear coefficients with varying the frequency spacing as obtained using

the ZEr-B optical fiber sample.

remains the same for almost all channel spacing values, with
the largest variation being approximately 2 dBm between the
region of 500 to 600 GHz. This gives the ZEr-B fiber a high
potential as a medium for a variety of applications such as
wavelength conversion and wavelength generation.

6 CONCLUSIONS

The fabrication of an EDZF is described in the work, followed
by an analysis of its application as a non-linear medium for
the generation of the FWM effect. The fabrication of the EZDF
follows the conventional approach with the creation of a stan-
dard silica preform using the MCVD technique. Glass mod-
ifiers and nucleating agents are then added to the silica pre-
form using the solution doping technique and the resulting
preform is annealed and drawn into a fiber strand with a di-
ameter 125 £+ 0.5 um. In this work, two EZDF samples are
fabricated and designated as ZEr-A and ZEr-B, with ZrO,
and Er,O3; dopant concentrations of 0.65 to 2.21 mole % and
0.155 to 0.225 mole % respectively and numerical apertures
of between 0.17 to 0.20 as well as peak absorptions of 15.0
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and 22.0 dB/m respectively at 978 nm. In investigation FWM
effect, a 4 m long portion of ZEr-B with a propagation loss
of 0.68 dB/m and an erbium concentration of 3000 ppm is
used. FWM power levels of approximately -45 dBm at around
1565 nm are obtained and agree well with the theoretical pre-
dicted values. The ZEr-B fiber also shows a non-linear coef-
ficient of 14 W~'km~! along with chromatic and dispersion
slopes of 28.45 ps/nm.km and 3.63 ps/nm?.km that are well
in accordance to the theoretical values.
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