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ABSTRACT

Cadmium mixed halide glasses exhibit tower peak phonon energy than conventional fluorozirconate glasses. New
glass compositions doped with Pr-ions were fabricated using controlled atmosphere melting and casting
techniques. The optical properties of new bulk glasses were studied by spectroscopic techniques. The
significance of an empirically-derived total loss curve for bulk glass is examined for the design ot a 1.3 um
amplifier. The concentration effects ot Pr>-ions as a dopant in the glass were studied, and its absorption cross-
section measured to establish the ground state absorption in bulk glass. The thermal stability of mixed halide
glasses was studied by differential scanning calorimetry, and an appraisal of their devitrification behaviour is
presented.

INTRODUCTION

The evolution of broad band communication in siica fibre passive optical networks (PONs) followed the
development of single mode fibres. Consequently, the past few years have seen an unprecedented change in
the capabilities of optical fibre communications. Whitley et al’” recentty pointed out that the point-to-point
transmission system circa 1990 utilised state-of-the-art electrical-to-optical and vice versa conversion of 1550 nm
signals at the transmitter and receiver ends respectively. Evidently, conversion of electromagnetic waves trom
one form to another is a non-trivial operation. Problems arise when data transmission rates exceed 2.5 Gbit/sec:
also the span length for signal regenerators is only 70 km. The first optical fibre laser was demonstrated by
Koester and Snitzer @, but it was only recently in 1985 that Mears et al™® demonstrated a low-noise erbium-doped
fibre ampiifier operating at 1540 nm, providing a solution for the replacement ot electronic regenerators. The
device. as has been predicted, will be suitable for repeaterless transmission in transoceanic submarine cable
networks. The majority of global land-based optical communication, however, operates atthe second transmission
window of silica, at 1300 nm wavelength; the first and third windows in silica are situated at 850 nm and 1550
nm respectively. An optical amplifier for the 1300 nm wavelength domain is not availabie, and theretore the
development and demonstration of the device is of utmost importance for the future strategies of network
management and operation.

in a 1300 nm optical amplifier, fluorescence occurs when Pr-ions dispersed in glass are optically excited
to the 'G, level using a 1000 nm pump. The scheme for the 1300 nm transition is shown in Figure 1, where the
ion excitation and relaxation processes are designated by steps A, B, C and D. Using this scheme, within the
space of a few months three different research groups announced their results with Pr-doped fluorozirconate
fibres having a quantum efficiency ot about one percent®”; more recently however, a slightly better efficienc'
has been reported® in a similar system. The poor quantum efficiency of the 1300 nm Pr-doped fluoride optic:
fibre amplifier results from the large muttiphonon relaxation rate that is reiated to the phonon energy (hw) of tt
rare-earth ion host. The phonon energy of the fluorozirconate host is 580 cm and is attributed to the nc



bridging tluorine vibrations in the glass structure. This is just over half of the phonon energy of a silica host, which
is 1120 cm'’. The latter is therefore unsuitable, as its quantum efficiency value is several orders of magnitude
smailer than the values observed in fluorozirconate glasses. An important indicator of both high gain and quantum
efficiency of Pr-ions in a host is the tluorescence litetime (t) of the metastable state, the 'G, level, from which
Pr-ions relax radiatively to the lower °H, level by emitting light of 1300 nm wavelength. The larger the phonon
enerqgy of the host, the shorter is the metastable lifetime of Pr-ions. due to the large probability of a non-radiative
relaxation to the underlying °F, level. In order to prolong the metastable lifetime of Pr-ions at the 'G, level. and
hence improve the gain and quantum efficiency, the phonon energy of the host must be lowered. Recently, we
reported a number of possible low phonon-energy glass hosts suitable for doping with Pr-ions'®; cadmium mixed
halide is one such family of glasses having a maximum phonon energy (hw) of ~380 cm "%’ The glass has also
attractive preform-forming and fibre fabrication characteristics, owing to the farge difference in the values of the
onset of crystallisation (T,) and the glass transition (T,) temperatures.
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Figure 1: Partial energy-level diagram of Pr-ion

Invoking the relationship between the number of phonons (p), the phonon energy hw (~380 cm "y and
the 'G,-°F, energy gap in praseodymium (AE), we clearty find that the cadmium mixed halide glass will require
twice the number of phonons to bridge the energy gap, AE, of 2960 cm’ than a fluorozirconate glass.
Consequently a significant reduction in phonon relaxation rate is expected, facilitating a longer metastable lifetime
than the 100 psec observed in tluorozirconate glasses for the 1.3 um transition. It is for this reason that we have
selected the cadmium mixed halide glass host for the 1300 nm optical fibre amplifier. When considering amplifier
design. it is important to characterise the absorbtion and emission features of the rare-earth doped bulk glass
and the drawn fibres. The gain of an optical fibre amplifier can be depleted through one of the following
processes or via their combination: a) multiphonon relaxation and concentration quenching, b) excited state
absorbtion (ESA), c) amplified stimulated emission (ASE), and d) ground state absorption (GSA).

Multiphonon relaxation in Pr-doped glasses, as described above, is a dominant process whereas, unlike
in neodymium, the ASE and ESA are less important. lon-ion cross-relaxation (concentration quenching) begins
to dominate at increased concentrations, feading to a significant loss of pump energy and hence resulting in poor
gain and quantum efficiency. GSA is imponant because Pr-ions absorb signal photons due to their non-zero
extinction coefficient; it should be minimised by a compositional modification of host. A selected few results are
shown below. Both cross-relaxation and GSA are strongly concentration dependent. In the first part of the present
paper we will examine the effects of Pr-ion extinction coefficient (e) in the cadmium mixed halide glass host.
Following this, we report the values of the multiphonon absorption edge (o) in these glasses and the computed
Rayleigh scattering (o) curve; these two are combined to construct a V-shaped loss curve. The loss of signal
energy due to the total intrinsic loss, ay (dB/km), which is the sum of a,,, and ay, is also estimated. Finally we
will also present the thermal properties of the bulk glass, which can be utilised to predict the ease of preform and
fibre fabrication, particularly for single mode fibre fabrication.



EXPERIMENTAL RESULTS AND DISCUSSION

The cadmium mixed halide composition is based on the system CdX,-MX,-M'X,, where X is a halide ion.
M and M’ are divalent and monovalent ions from Group IIA and |A of the periodic table. Cadmium halide used
was 99.9 weight percent pure and required further purification. The eftect of puritication on the IR absorption
spectra of cast bulk glass samples, prepared in a dry glove box, is reported in Figure 2. The possible impurity
absomption peaks were identified and are listed in Table 1. A typical thickness of a clear crystal-iree glass sample
was 5 mm: this was also used as an indicator ot the glass-torming ability in the mixed halide system. The cast
bulk glass doped with ditferent concentrations ot Pr-ion was polished in a suitable non-aqueous medium, which
could be either dry ethanoi or methanol, to achieve surface quality acceptable for IR absorption measurements.

Table 1: List of identified impurities and their peak wavenumbers (cm™).

OH™ Surtace Carbonate Nitrate Sulphate Oxide
water
L__2700-2000 1600 1320-1530 1018-1050 1210-1040 1050-1000

The absorption measurements for Pr-ions were carried out using a Perkin-Elmer Lamda-19 UV-VIS-NIR
spectrophotometer. Absorption in the vicinity of pump and signal wavelengths of the 1300 nm amplitier was also
determined and is shown in Figure 3. The value of ¢ at 1.3 um was separately determined in two difterent
samples doped with 500 ppm and 1000 ppm and was found to be 0.23 and 0.6 dB/km/ppm respectively. The
higher of these values gives value for g, of 1.35x10Zcm. This determines the absomtion of signal photons, as
qgiven by the equation: /,(x) = /,(0)exp(-a,x), where c is equal to the product (N,.c,) and x is the waveguide length
in centimetres. In Figure 4, the GSA in fluorozirconate (ZBLAN) is compared with that in cadmium mixed halide.
The GSA in mixed halide is slightly higher than in ZBLAN.

The intrinsic absorption is a combination of Rayleigh scattering and the muitihonon absorption edge. The
latter is determined by using the Lambert-Beer equation''” shown above for signal energy absomption. The
multiphonon absorption edge is shown in Figure 5 together with the computed Rayleigh scattering curve. The
method of computation adopted for o, is similar to that described elsewhere!'". From this tigure, we conclude
that the value of intrinsic loss at pump and signal wavelengths is less than 10“dB/m. This value however may
be unrealistic to achieve in practice, particularly in fibre geometry, owing to fabrication defects and impurity
absorption. So far, from our preliminary fibre drawing trials, unacceptably high values of loss have been measured
(8-15 dB/m); these are attributed to extrinsic detects and crystallisation.
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Figure 2: IR spectra of mixed hallde glass before and after purification



In a previous publication, we reported® that the relative intensities of Cd-F and Cd-Cl vibrations in the
glass structure are dependent upon the concentrations of the exchangeable anions. in the present case, the
exchange occurs between M or M’ chlondes and cadmium fluorides"'?. The ratio of integrated intensities of Cd-Cl
and Cd-F is equal to 3:1. This ratio can also be compared with our resuits based on the thermodynamic analysis
for an equimofar concentration of CdF, and MCL, or M'Cl. The CdCL,-MF, combination is 22% more energetically
probable than a purely random distribution, giving the predicted ratio of 72:28. The calcutation aiso illustrates the
reason for the addition of MX, and M'X in the mixed halide mett. The overall contfigurational entropy ot the melt
reduces due to a preterential formation of (Cd-Cl)-like structural units in the liquid state, hence improving the
glass-forming ability. Table 2 shows some significant optical properties of cadmium mixed halide glasses. The
values of both hw and AE indicate that the number ot phonons involved in the mutltiphonon relaxation process
could be as many as 8 or greater. Our Judd-Ofelt analysis'® indicates that the radiative lifetime of the ‘G, level
could also be large. We have noted that impurities play a critical role in shortening the 'G, tluorescence fitetime:
the disparity between the predicted and the measured lifetimes is attributed to the presence ot impurities. The
longest lifetime so tar achieved is 320 usec, yielding a quantum efficiency (QE) of 13%. This 1s better than the
value currently observed in ZBLAN-type glasses.
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Figure 3: Absorbtion spectrum of Pr-lon in mixed halide glass
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Small glass fragments were also collected and transferred into gold pans for differential scanning
calorimetric (DSC) analysis. All necessary precautions were heeded to avoid moisture contamination ot thermal
analysis samples. For this, the sample loading procedure in a dry atmosphere, preferably a melting glove box,
is recommended. The characteristic temperatures T, T, and the onset of principal melting event (T.) were
determined by using the isochronal heating method, and these are 135°, 230° and 305°C respectively. Two glass
stability parameters are presented that indicate the tendency for devitrification and crystallisation during reheating
and cooling of undercooled halide melts; these are designated as Hruby (Hg) and S parameters respectively. The
value of H, equals to (T,-T )/(T,.-T,), and S is defined by the equation S = {(T-T)(T,-TIMT(°C). Here T is the
peak crystallisation temperature. The derived vaiue of H, and S varies between 1.2-1.8 and 55-9.0 (°C)
respectively. Hq consists of two terms namely, (T,-T,) and (T,.-T,). The numerator determines the nucleation rate
which decreases with the increasing value of the gap. This means that a wider gap will significantly hinder the
nucleation of crystals that will subsequently grow. The driving force for the crystal growth, however, is determined
by the denominator, i.e. the (T,-T,) gap. The narrower the gap becomes, the slower is the growth of crystais.



indeed, it is for this reason that a large value of Hy, is preferred for both preform fabrication and tibre drawing.
On the other hand, the S parameter is a better indicator of fibre drawing conditions. This is because the
parameter is defined by only those thermal events that occur before melting, i.e. the glass devitrification peak.
The kinetics of devitrification, defined by both nucleation and crystal growth, is dependent on the (T,-T,) and (T,
T,) terms. The rate at which a glass recrystallises during isothermal and isochronal heating can be qualitatively
established by determining the peak width ie (T_-T,). As the peak width increases, the crystal growth rate during
the devitrification process drops rapidly. It is for this reason that most oxide network-forming gtasses exhibit
excellent resistance to devitrification on heating above their transition temperatures (7).

The coetficient of thermal expansion of the glass varies with composttion, and for the range of
compositions we have covered the value varies in the range 210-245x107/°C.
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Figure 4: GSA in Pr-doped mixed halide and ZBLAN glass hosts
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Figure 5: Multiphonon absorption edge and computed Rayleigh scattering in the mixed halide glasses
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The isochronal heating method, discussed by Clavaguera-Mora et al™ was also employed to study the rate of
devitrification. The results were used to construct a time-temperature-transformation (t-t-t) curve for the reheating
of glass samples. This is shown in Figure 6, and indicates that the glass exhibits a thermal stability supenor to
that of most fluorozirconate compositions. The t-t-t curve is consistent with the stability parameters defined above
which are an indirect reflection of nucleation and crystal growth rates during devitritication as well as during the
cooling of undercooled meits. Combined with superior optical properties, we anticipate that the mixed halide
optical fibres wiil be a more efficient 1.3 um amplifier than the ZBLAN glass fibre-based device.

600

—— isothermal
' — non-isotherm

Temperature, (K)

time, sec

Figure 6: Time-temperature-transformation curve for a mixed halide glass.

CONCLUSIONS

The spectroscopic studies suggest that cadmium mixed halide glasses are a potential glass-forming system for
the Pr-ion as dopant. The thermal properties point to favourable preform making and fibre drawing condtions.
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