637

— ("
AT YO Qorarmcomons  CHRecrg
S -

A [fE ez

RADIOLUMINESCENCE RESPONSE OF GERMANOSILICATE
OPTICAL FIBRES

M R KHANLARY, P D TOWNSEND
MAPS, University of Sussex, Brighton, BN1 9QH, UK
and
J E TOWNSEND
ORC, University of Southampton, Southampton, SO9 5NH, UK.

Abstract

X-ray irradiation of germanosilicate optical fibres simultaneously produces
signals from both the core and substrate and so the radioluminescence spectra
record the defect structure of both regions. The data provide evidence for the
presence of dopants and trace impurities, as well as intrinsic defects formed by
thermal and radiation processing. Examples of the changes in spectra or
luminescence sensitivity with radiation dose, the influence of fibre pulling
conditions and post irradiation heating are noted. The temperature dependence
of the radioluminescence is reported. Whilst most of the intrinsic defects
produce broad emission bands, rare earth dopants show line features. However,
line features have also been noted for Al doped fibres. Such studies of fibre
luminescence offer a semsitive monitor of changes in the structure of the glass
network.



1. INTRODUCTION,

Among the most sensitive techniques for studying defects and trace
impurities in insulators is to use X-ray induced luminescence. Whilst there has
been considerable effort devoted to studies of imperfections in simple crystals,
such as quartz, there has been rather less progress with amorphous material,
even for silica, and very limited progress with the complex situation of optical
ﬁbres[1—6]. Not least among the problems is that the fibres comprise three
regions. These are a central high index core, a lower index cladding and a
thick supporting structure, the substrate. For penetrating radiation such as
X-rays all three regions are excited and hence luminescence is generated
simultaneously from each. In view of the rather sparse litera,ture[7_m] it is
fortunate that the defects in the germanosilicate cores and the silica based
substrate material tend to be dominated by the familiar imperfections found in
crystalline quartz and amorphous silica variations of SiOj; These generally
involve broken oxygen bonds which act not only as electron traps but also as
sites for forming complexes with impurities, new intrinsic linkages or structural
relaxations. One must note however that radioluminescence is not a passive
probe of the imperfections as X-rays can form new defects, modify existing
ones and lead to changes in density and refractive index. Among the more
familiar luminescence bands the signals near 460 nm are thought to arise from
exciton decay and the 400 nm peak is clearly linked to the Ge sites,
particularly in the core. Precise identification of sites involving electron-hole
recombination is difficult as, although the ideal intrinsic relaxations of self
trapped excitons (STE) are thought to occur near 460 nm (2.7 eV), there are
a variety of similarly positioned emission bands in which electron-hole
recombination occurs at defect sites which are only slightly perturbed relative
to the perfect silica tetrahedra (e.g. defect sites of the E‘ type, peroxy bonds
and complexes). In principle there may be distinctly different emission bands
where the transitions are located at specific impurities, (e.g. as for transitions
within the energy levels scheme of rare earth ioms). Variations in reported
spectra also occur as a result of uncertainties in the experimental correction
factors.

It should be noted that because the substrate is not part of the light
guiding region it may not be as carefully prepared as the core, but it forms



more than 90% of the optical fibre structure. Thus it might be assumed that
luminescence signals from optical fibres will be dominated by the substrate,
however this is not the case and in most of the data reported the
luminescence efficiency of the core far exceeds that of the substrate.
Radioluminescence (RL) is therefore a viable method to study differently
prepared fibre cores.

2. EXPERIMENTAL

Various samples of pure silica, fibre preforms, drawn optical fibres and
powdered fibre material have been examined. In the fibre examples the plastic
cladding was chemically removed. The "pure" silica was Spectrosii B from
Thermal Syndicate Ltd with total impurities quoted below 0.2 ppm. All fibres
and preforms were prepared at Southampton University using previously
described methods [11’12]. Table I lists the various preforms and fibres used in
this or our earlier studies. Defects are introduced during the initial deposition
of a porous frit (i.e. the precursor of the core and cladding), during chemical
additions of laser dopants, during the thermal collapse of the frit and substrate
tube into a preform, and finally during fibre drawing. Of the thermodynamic
processes it is assumed that the final heating stage of fibre pulling is likely to
be most critical as many of the earlier formed defects will anneal during the
final heating phase. The melt temperature and drawing speed are therefore
quoted. The list includes samples numbered ND297, ND324, ND326, ND414,
ND416, ND424, ND578A and ND603A. (Note that only a selection of the data
are discussed in this paper). All the preform samples have the same substrate
material but differ in the additives in the core and cladding. ND414 has P
and F ions in the cladding and Ge, Er and Yb in the core. ND416 has a pure
silica cladding interface region but Ge, and Nd in the core. Both ND414 and
ND416 have a minimal amount of Cl added. The fibres are drawn with a
standard "Heraelux WG" from Hereaus Silica and Metals Ltd tubing for the
substrate. Only in two cases, ND324 and ND297 was Cl, gas used in the
drying stage after doping. Cladding regions normally contain P and F ioms.
Two aluminium doped preforms were fabricated, ND578A and ND603A, which
contained 17.5 and 7 mole percent alumina in their cores, as determined from
refractive index profile measurements. Both samples also included several ppm



of OH ions. Finally, a sample N9 was prepared without a core but processed
into fibres. This was dome to compare effects of drawing speed and melt
temperature on defects which are quenched into the substrate.

RL spectra were taken during excitation with a 30 kVp X-rays with a
tube current of 15 mA which delivers some 30Gy/min at the sample. Fresh
samples were normally used for each set of measurements because, as will be
mentioned later, the emission spectra may change after irradiation and heating
cycles. Spectra were recorded with an f/4 scanning monochromator, pulse
counting with a cooled red sensitive photomultiplier (S20 photocathode) and a
small microcomputer data collection system. In all cases the spectra were
corrected for the wavelength dependent efficiency of the system.

Temperature control was available either on a cryostat from 40 to 300 K
or on a heater above room temperature from 20 to 400°C.

3. RESULTS and COMMENTS
3.1 Luminescence sensitivity

Luminescence has variously been noted from preforms and fibres but, at
least in terms of the spectra, they are quite similar although there are large
differences in the rate of change of signal with radiation dose. In order to give
a reference to the more familiar silica material, Figure la shows the spectra
versus dose dependence for a silica sample during radioluminescence at room
temperature. Figure 1b gives an example of a wavelength slice, in this case the
tenth. Note each scan requires some 30 seconds so the sample had received a
dose of approximately 150Gy by this stage. A comparable example of dose
variations and wavelength slice is presented in figure 2 for fibre preform
ND424. Data for the similarly prepared preform samples ND414 and ND416
are given in figures 3a and 3b. Data for the fibre version of ND414, together
with examples of the fibres ND297 and ND324 are given in figures 4a, 4b and
4c. The differences between fibre and preform are quite subtle for example
both versions of ND414 have similar spectra but for the ND414 fibre the blue
emission envelope grows faster with X-ray dose. Within experimental error the
spectra of ND414 and ND416 are the same. Whilst the data show considerable
similarity in the emission spectra they disguise the fact that the relative
luminescence intensities differ significantly between these examples. The sample



ND414 is much brighter than ND416 despite the similarity in spectra. ND414
is also brighter than ND324. It is significant however that ND414 is more
heavily doped than either ND416 or ND324 ( see Table I).

A totally different spectral response was observed for the preforms of the
Al doped samples ND578A and ND603A. The spectra are compared in figure 5
from which sees line type features superposed on a weaker blue emission band.
The line features are stable over the dose range used but there is a small
growth of blue emission as a result of the ionisation damage. Note that the
more heavily doped sample (ND578A) has a stronger blue set of lines.

3.2 Effects of heating.

The dose dependence and spectra are further modified for samples which
have been both irradiated and heated. In order to demonstrate such effects the
same sample has been irradiated and RL data recorded, heated for
thermoluminescence, and then a second RL growth curve obtained. Figures 6a
and 6b record the corresponding RL growth curves for the coreless fibre NO.
Not surprisingly, it shows component bands more typical of pure silica than of
the fibre examples, with relatively clear resolution of the component features
near 400 and 460 nm. Other bands mear 350 and 530 nm are also indicated.
However after heating to 400°C re-excitation of this substrate material gives a
greatly modified initial spectrum and also a changed dose dependence of the
components. In the initial excitation the 460 and 530 nm bands are of similar
intensity and well resolved. With irradiation the 400 nm band grows slightly
faster than the others. However after the heating cycle to 400°C the 460 nm
band is initially twice as intemse as the 400 nm band. However this intrinsic
exciton band at 460 nm does not increase very rapidly with X-ray dose
whereas the 400 nm band, associated with Ge, rises more quickly.

3.3 Luminescence intensity and defect concentrations.

Radiation sensitisation of luminescence is not unexpected for quartz,
indeed, sensitisation of thermoluminescence signals by small radiation doses,
and/or preheating, are routinely used in dating studies [13—16]. Similarly, both
RL and TL effects have been noted in an earlier optical fibre study [17] in
which a green signal near 540 nm developed with a combination of radiation



plus thermal treatment. In that example the 540 nm emission, as monitored
by either RL or TL, gave an indication of the total radiation history of the
fibre.

At first sight the variations in luminescence efficiency are surprising as
the substrate material is common throughout and the doped core represents
perhaps only 5% of the total fibre cross section. Nevertheless the addition of
impurity dopants and/or intrinsic defects in the core has changed the overall
efficiency of light production, even though the same basic recombination
centres appear to exist in most of the fibres. Except that the purer materials
have stronger red emission bands. Intrinsic defect features can be influenced by
rapidly cooling material from the melt, as during fibre drawing. Such
processing amplified the emission intensity of the ND414 preform to fibre
example. A combination of impurity and quenched in defects may thus be
assumed to give a brighter signal from ND297 and ND324 since (see Table I)
ND297 has some 7 times as many rare earth dopants in the core and was
both pulled from a higher temperature and at a faster rate than ND324.
Indeed the observation is that ND297 is relatively bright compared with
ND324.

The role of the core in the overall luminescence signal is further
exemplified by the study of the Al doped examples ND578A and NDG603A.
Figure 5 showed that in addition to the blue emission near 400 nm there are
numerous strong line features. Their intensity, relative to the blue band, is
similar for both the 7 and 17.5 mole % alumina doping. At low temperature
(77K) similar component features are apparent but their relative intensities are
altered. Line features are unexpected from Al impurities but addition of
trivalent Al at these high dopant levels may be accompanied by ppm traces of
rare earth dopants which are also trivalent. Obvious candidates are Er and Yb
as these have transitions near 480 and 540 nm. The smaller line features at
630, 590, 440 and 390 might correspond to other transitions from Tm, Ho, Er
and Nd respectively. Note that for the present experimental conditions the line
widths are defined by the steps and bandwidth of the scanning
monochromator, so more precise identification is not realistic here.



3.4 Temperature dependence of luminescence.
Quartz and silica differ further in the temperature dependence of the
luminescence intensity with the ordered lattice giving a cleanly defined

[18’19] whereas the

thermally activated change in intensity near 180 K
amorphous material has a much less clearly defined stage extending over a
wider temperature range, as expected for a range of locally distorted silicate
sites. In the spectrally resolved data of this RL study it is apparent that the
various defect sites at which luminescence occurs have separate temperature
dependencies. Further, the different fibres do not respond in an identical
manner even though the emission may be built up from the same set of
emission bands. The data are sufficiently complex in terms of band overlap
and temperature sensitivity that detailed resolution of the component features
is difficult and, without a clear need for the data, not currently valuable,
except to emphasise the variation between the fibre types. Therefore a simple
assessment of the competing processes has been judged by determining the
effective activation energies in different temperature ranges. Activation energies
for the temperature dependencies at the various emission band wavelengths are
obtained by plotting the data as In(intensity) versus 1/T. Distinctly different
values are apparent for the position of the band peaks, and even for a single
sample, the activation energies are a function of wavelength, temperature range
and type of silica, preform or fibre. Table II summarises values obtained for
some of the specimens studied. Error estimates in the activation emergy data
are typically + 0.01 eV for the higher temperature range and * 0.001 eV at
the lower temperatures.

The presence of two distinguishable activation energies at a single
wavelength implies that there may be several mechanisms for transporting
energy to a recombination centre. For example, the 460 nm emission is
ascribed to an exciton relaxation luminescence , but this same emission could
variously be generated by exciton diffusion or by hole or electron motion to a
trapped charge. In either case the emission would appear as the characteristic
electron-hole recombination luminescence as expected for an exciton. Note one
cannot distinguish alternative pathways through the higher energy states in the
current RL study.



4.  DISCUSSION

In terms of the spectral content the RL emission spectra of
germanosilicate optical fibres and preforms closely resemble one another for a
particular fibre core composition. Despite the substrate being by volume the
major part of these optical fibres, the signals from the core dominate the
spectra. The general trend is that the radiative decay paths of the absorbed
energy is greatest in those fibre cores which contain the most imperfections,
whether they be from dopants added during fibre fabrication, or defects
induced by thermal and/or radiation. Consequently the spectra, the
luminescence efficiency and the temperature dependencies of the various
emission features change with core and history of the sample. Nevertheless the
basic radiative defect sites are generally ascribable to the standard defects
found in systems such as quartz and silica which are based on silicate
tetrahedra. This similarity implies that to first order the luminescence sites are
primarily at isolated point defects. The luminescence bands are typically
signals from exciton decay (e.g. mear 460 nm)[20’21], Ge impurities in the core
(at 400 nm)[10’22’23], or from defects related to the E/ type structures (e.g.
near 380 to 390 nm and near 580 to 590 nm)[24_26]. In other cases specific
impurities such are rare earth ions show characteristic emission lines and, as
with quartz features near 380 and 470 nm may relate to H3O4 and AlOy4
impurities[27’28]. In practice, transitions between excited and ground states are
not localized within a single silicate tetrahedron or at a single Si-O bond, but
instead are senmsitive to neighbouring shells of ions. Inevitably with a wealth of
potential defect sites, and the imprecision of local environmental structures
around point defects which occur in a multicomponent glass network, the
resultant RI signals are a complicated admixture of overlapping emission bands
which are poorly resolved in either wavelength, temperature or activation
energy as a result of distortions of the basic defect sites. The RL is a
sensitive monitor of these distortions and the total concentration of
imperfections, hence it is a convenient method of assessing them.

Although not discussed in detail above, a further observation is that the
purer and more perfect materials emit more strongly in the red end of the
spectrum. Slightly less obvious is that the purer samples show more clearly
resolved features in the envelope of bands at the blue region.



6.

CONCLUSION

The radioluminescence signals from optical fibres provide a sensitive

probe of the total defect concentration in the cores of the fibres. It may thus
be used to analyse changes induced by different fabrication procedures.
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FIGURE CAPTIONS

1. (a) An isometric plot of the radioluminescence intensity  versus
wavelength and dose for a sample of Spectrosil silica. (b) A wavelength slice
taken for the 10th scan.

2.  (a) Isometric RL data for the dose dependence of a fibre preform type
ND424. (b) A wavelength slice from the 10th scan.

3. Isometric RL data for the dose dependence for two fibre preforms (a)
type ND414 and (b) NDA4I16.

4. Isometric RL data for the dose dependence of fibres pulled from preforms
type (a) ND414, (b) ND297 and (c) ND324.

5. A comparison of RL spectra from Al doped fibres ND578A and ND603A
taken at room temperature.

6. Data taken with a fibre drawn from only the substrate material in which
the initial RL data from sample N9 are shown in curve (a) however, as shown
by (b) the growth curves are significantly altered after the sample had been
heated to 400°C.
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Table I

Fibre * Pulling Pulling Speed
Number Core Dopant Temperature (°C) |(rpm)T or m/min
ND297-04 Nd; 1400 ppm 2150 550 31
ND324-01 Ho; 200 ppm 2097 400 22.6
ND326-01 Nd; 225 ppm 2065 380 21.5

Er; 1100 ppm
ND414-01 2100 300 17
Yb; 4500 ppm
Substrate N9 - 2108 480 27
preform )
Number Core | Cladding _

ND414 Er, Yb P,F _

ND416 Nd _ _

Nd424 _ _ -

NDs78A || 173%] B
Al
ND603A 7% Al _ _

* All of the samples have Ge/Si in the core

+ Drum diameter is about 18 millimeters.

and Si in the cladding.




Table II Activation energy (E) of RL peaks in X—irradiated silica and optical

fibre at different wavelength.

Wavelength,
Sample nm £ T range (°K) E (ev)
70-160 0.0026
460 160-280 0.047
Pure silica 590 70-120 0.0056
120-280 0.015
640 70-280 0.009
475 150-240 0.016
Fibre
preform
ND 416 570 70-160 0.01
640 80-160 0.017
70-150 0.001
450 150-240 0.026
Fibre
preform
ND 414 590 70-170 0.006
70-160 0.009
450 160-280 0.037
Fibre ' 590 70-160 0.003
160-250 0.055
ND 414
590 80-250 0.013




