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Abstract. Data are reported on the luminescence spectra generated by x-ray and
electron irradiation of optical fibres, fibre preforms and silica. The impurities and
imperfections in the fibre core have a higher luminescence efficiency than those
in the substrate material. The core luminescence provides a major fraction of the
total light emission, despite the fact that the core is a small fraction of the total
fibre volume. A wide variety of overlapping emission bands are reported. The
spectra are strongly temperature dependent but the component emission bands
can generally be linked to either Ge impurities, giving the 400 nm band, exciton
emission near 460 nm or other blue/uv bands linked to E'type defects. Overall,
the study of the fibre luminescence provides a sensitive technique for analysis of

changes and repeatability of fibre fabrication.

1. Introduction

Luminescence measurements are among the most sensi-
tive techniques for studying defects and trace impurities
in insulators. There is a particularly large amount of
literature on the imperfections in crystalline quartz and
amorphous silica variations of SiO; but, not surpris-
ingly, the luminescence results from different labora-
tories differ in detail, since the emission behaviour is
highly sensitive to trace impurities. Nevertheless, there
is general agreement that closely related point defects
exist in both crystalline and glass SiO,. The best char-
acterized defects all involve broken oxygen bonds which
act not only as electron traps but also as sites for form-
ing complexes with impurities, new intrinsic linkages
or structural relaxations. In terms of luminescence in
the 200 to 800 nm region one expects signals from
intrinsic relaxations of self-trapped excitons (STE), typi-
cally mentioned near 460 nm (2.7 V), plus 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 tetra-
hedra. Such defect sites include the E'-type defects,
peroxy bonds and their complexes. Additionally there
are of course distinctly different emission bands where
the transitions are localized at specific impurities, or as
transitions within the energy levels of rare earth ions.
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Overall there are consistent reports of emission near
500 nm (2.5 eV), probably from extrinsic defect sites
and 440 nm (2.8 eV) light assumed to be from relax-
ations of STE (Alonso et al 1983, Grinfelds et al 1984,
Itoh et al 1988, 1989, 1990, Tanimura and Halliburton
1983, 1986, Trukhin and Plaudis 1979). In many ex-
amples the emission envelope peaks near 460 nm, for
example in ion beam excitation where a wide range
of defects and perturbed sites are stimulated together
with transient defect structures (e.g. Abu Hassan and
Townsend 1988, Wang et al 1991). Absolute values of-
ten differ slightly both from sample variations and from
inconsistencies in correction of the recorded spectra.
Higher energy emission from silica is seen at 295 and
234 nm (4.2 and 5.3 eV). Ion beam excited lumines-
cence includes smalil bands near 280 and 640 nm (4.45
and 1.94 eV) (Jaque and Townsend 1981). However,
orange emission is only seen in some samples and is
quenched by ion beam radiation damage.

Defect models of quartz luminescence have been
discussed, partly because quartz is used extensively in
archaeological dating. Impurity induced distortions of
the emitting sites are reviewed by McKeever (1984,
1985) and Yang and McKeever (1988, 1990a,b) in
which they suggest important impurities are Ge, [H304]°
and [AlO4)’—the Ge being an electron trap, whereas
the others are hole traps. Recombination at the hole
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impurity sites shifts the wavelength of the emission of
¢-h recombination in quartz to 380 nm for the H;0O,
and 470 nm for the AlO,. There is strong evidence for
such intrinsic impurity complexes as the relative sen-
sitivity and emission wavelength of the luminescence
are altered by both radiation and heat treatment of the
samples.

The smaller amount of literature involving silica-
based optical fibres is more difficult to interpret be-
cause, in addition to the waveguiding core which in-
cludes dopants such as germanium, phosphorus and
chlorine to form a raised refractive index, the samples
include a boundary layer (the cladding) and the struc-
tural silica-based glass on which the fibres are deposited.
This latter feature is termed the substrate. Although it
is optically of minor importance for the waveguide, it
nevertheless forms more than 90% of the optical fibre
structure and it is not as carefully prepared as the core.
For luminescence studies where the energy is provided
from the side of the fibre, for example with x-rays or
UV light, the substrate can contribute significantly to
the total luminescence. By contrast, cathodolumines-
cence, with electrons of say 10 keV, the electrons do
not penetrate through the substrate into the core and
one must use end-on excitation by directing the electron
beam into a cross section of the fibre fragments so as
to include the core luminescence.

At first sight it might be assumed that, because of the
greater volume of substrate compared with the core, the
luminescence signals from optical fibres will be domi-
nated by the substrate. However, this is not the case
and in most of the data reported here the luminescence
efficiency of the core far exceeds that of the substrate,
hence similar substrates with differently prepared cores
show recognizably different signals. This is encouraging
as it suggests that one can use luminescence techniques
to probe some of the defect sites that exist in the opti-
cal fibres and even separate features which result from
impurities and those which develop during fibre produc-
tion and drawing. Ideally one might link the presence,
or absence, of specific defects to the propagation losses
or lasing performance of optical fibre devices. Where
this is possible the defect data may then be fed back
to the production stage to improve the quality of the
fibre structures. This is technologically interesting even
if one cannot specify unequivocal defect models for the
various emission bands.

Luminescence can either be directly stimulated and
recorded as during x-ray, electron or photon irradia-
tion, or result from charge redistribution as electrons
or holes are thermally liberated from metastable sites
(i.e. thermoluminescence). The directly excited signals
reveal information on a wider range of defect sites as
they can respond to short-lived states, transitions be-
tween excited states, or involve transitions after band
to band excitation. Such directly stimulated lumines-
cence data are reported in this paper. Data relating
to thermoluminescence are discussed separately in the
following paper (part II). The two types of experiment
are expected to complement one another.
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2. Experimental procedure

Various samples of pure silica, fibre preforms, drawn op-
tical fibres and, in some cases, powdered fibre material
have been examined. No data for powdered samples are
shown here but in practice the results quite closely re-
semble those obtained from fibre fragments made prior
to grinding. This suggests that the luminescence spec-
tra are not seriously perturbed by light being guided in
the fibre and thus directed away from the luminescence
spectrometer. In the fibre examples the plastic cladding
was chemically removed. In order to make comparisons
between the doped fibre material and nominally pure
silica additional measurements were made with ‘pure’
silica in the form of Spectrosil B from Thermal Syndi-
cate Ltd. This bulk silica has a total impurity content
quoted as being below 0.2 ppm. All fibres and preforms
were prepared at Southampton University, using previ-
ously described methods (Nagel et al 1982, Townsend et
al 1987). Table 1 lists the various preforms and fibres,
together with growth conditions and the dopants added
in the core and cladding regions, which were used in
this study. There are various stages which introduce
defect structures. These include the initial deposition
of a porous frit (i.c. the precursor of the core and
cladding); for fibre lasers there is a further stage for
chemical addition of laser dopants followed by a drying
process. There is then a thermally activated collapse
of the frit and substrate tube into a preform, and fi-
nally fibre drawing. Defect production can develop by
thermodynamic processes, impurity clustering and re-
tention of frit characteristics but it is assumed that the
final heating stage of fibre pulling is likely to be most
critical as many defects will anneal during the final heat-
ing phase. The melt temperature and drawing speed are
therefore quoted. The list includes samples numbered
ND297, ND324, ND326, ND414, ND416 and ND424.
(Note that only a selection of the data is discussed in
this paper.) All the preform samples have the same
substrate material but differ in the additives in the core
and cladding. Cladding regions frequently contain P
and F ions. Any obvious effects from these impurities
might be apparent in comparisons of fibres ND414 and
ND416. Fibre number ND414 has P and F ions in the
cladding, both at the 1% level, and Ge, Er and Yb in
the core, whereas fibre type 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. One might expect that the P and/or F impurities
at such high concentrations would produce identifiable
features in the luminescence. However, as will be seen,
although the two types of fibre differ in detail in their
luminescence response, the variations are small and are
unlikely to be attributable to impurity doping at the
1% level. The fibre substrates are drawn using stan-
dard Heraelux WG, from Hereaus Silica and Metals
Ltd tubing. Only in two cases (ND324 and ND297) was
Cl, gas used in the drying stage after doping. Finally a
sample N9 was prepared without a core but processed
into fibres. This was done to compare effects of draw-
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Table 1. Details of the impurities added into the core and cladding regions of the fibres. Note that the pulling

speeds and melt temperatures have also been variod.

Fibre Pulling Pulling speed
number Wt% GeO.in core Core dopant temperature (°C) (rem) or m min~'
ND297-04 19 Nd; 1400 ppm 2150 550 31
ND324-01 11 Ho; 200 ppm 2097 400 2.6
ND325-01 10 Nd; 225 ppm 2065 380 21.6
ND414-01 6 Er; 1100 ppm 2100 300 17
Yb; 4500 ppm
Substrate N9 — — 2108 480 7
Preform number Core Cladding — —
ND414 6 ErYb ~1% P — —
~ 1% F
ND416 6 Nd — —_ —
ND424 6 —_ — — -—
ing speed and melt temperatures on defects which are COMPUTER

quenched into the substrate.

The experimental arrangements for recording lumin-
escence spectra during x-ray irradiation, electron beam
bombardment or thermoluminescence were similar,
although different sets of equipment were used for the
cathodoluminescence (CL) and the radioluminescence
(RL) and thermoluminescence (TL). The basic lay-out
of the components is sketched in figure 1. The radio
and cathodoluminescence systems each include an f/4
scanning monochromator, pulse counting or phase sen-
sitive detection (for CL) using a cooled red sensitive
photomultiplier (S20 photocathode). A small micro-
computer system records the temperature, intensity and
wavelength data. In all cases the spectra were corrected
for the wavelength-dependent efficiency of the system.
This is an essential step, as over the spectral range in-
vestigated the combination of photomultiplier response
and diffraction grating efficiency causes the overall sen-
sitivity to vary by more than a factor of 100.

Radioluminescence (RL) spectra were taken during
excitation with 30 kVp x-rays with a tube current of
15 mA which delivers some 30 Gy min~! at the sam-
ple. Fresh samples were normally used for each set
of measurements as the emission spectra may change
after irradiation and heating cycles. Cathodolumines-
cence (CL) was excited with 10 keV electrons at a 1 pA
beam current. Because of the limited penetration of the
electron beam, only preforms of fibres, or bulk silica,
were recorded. Signals were obtained separately from
the substrate tube and from the central core region.
One further advantage of the CL system is that one can
modulate the electron beam and then use phase sensi-
tive detection to aid resolution of luminescence bands
of different excited state lifetimes.

The major problem with the luminescence studies
of the fibres is that the samples are not strongly lumi-
nescent and hence there is a problem of signal to noise.
This is most apparent in the red end of the spectra be-
cause of the poor efficiency of both the photomultiplier
tubes and the gratings in the red region. In principle
one might improve the signal-to-noise ratio (SNR) by in-
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Figure 1. A schema of the experimental luminescence
system. The scanning monochromator has f/4 optics
and detection is by a cooled pM tube with data recording
by a computer. The sample temperature is controllable
from 40 K to 400 °C. The radiation sources are either an
x-ray set or an electron beam. For the electron beam,
modulation is used in conjunction with a psp.

creasing the exposure time and better signal averaging,
but this approach must be used with caution as invari-
ably the spectra and relative intensities of the emission
bands change with accumulated irradiation dose.

Temperature control was available either by a cryo-
stat from 40 to 300 K or by a heater above room
temperature from 20 to 400 °C.

3. Results and comments

3.1. Examples of radioluminescence spectra

Before proceeding to data for the optical fibres it is
worth viewing the RL signals obtained from the sim-
pler pure silica material. This is shown in figure 2 as an
isometric plot of signal against wavelength and tempera-
ture. In the case of silica there is a strong signal, hence
the wealth of emission bands and temperature variations
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Figure 2. An isometric plot of the radioluminescence
intensity against wavelength and temperature for a sample
of Spectrosil silica.

recorded here represent actual changes. Unfortunately,
for the fibre examples, there will be greater uncertainty
as to which of the minor variations are sample effects
and which are merely the result of experimental diffi-
culty. For silica there is an obvious difference between
the temperature behaviour of the band near 400 nm
and the signals from 450 to 700 nm, with the general
increase in the red end of the spectra at low tempera-
ture, whereas the blue signal passes through a maximum
intensity near 180 K. Emission features peak near 460,
520, 580 and 640 nm at 70 K

Isometric plots of the temperature variations of the
RL spectra for fibres and preforms are given in figure 3.
Figure 3(a) is for the preform ND414, figure 3(b) is for
the preform ND416 and figure 3(c) is for the fibre drawn
from ND414. It is immediately obvious that compared
with the silica example, the emission is predominantly at
shorter wavelengths and there are negligible detectable
signals beyond about 600 nm. Closer inspection of fig-
ure 3 reveals significant differences between the relative
intensities of the component features. This is most ob-
vious for the two preforms. Additionally, minor differ-
ences are apparent for the fibre and preform version of
ND414. The data of figure 3 are broadly representative
of many of the germanosilicate optical fibres studied.

In studies of the dose dependence of the RL signals
for a piece of bulk silica and preforms numbers ND414,
ND416 and ND424 the samples ND414 and ND416 are
quite similar but the purer examples of ND424 (for
which there is no Ge additive in the core) and bulk
silica have a pronounced red signal in addition to the
blue emission. In all cases the intensity is not constant
but the component emission bands grow at different
rates. This is most apparent for the silica where the
400 nm band grows rapidly relative to the 460 nm band.
Although not clearly resolved, the broad blue envelope
of all samples contains evidence for peaks variously near
350, 380, 400 and 460 nm.
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Figure 3. Isometric AL data for two fibre preforms (a)
ND414, (b) ND416 compared with the RL signal from a
fibre of the type ND414.

3.2. Luminescence sensitivity

Whilst the data show considerable similarity in the emis-
sion spectra they disguise the fact that the relative lu-
minescence 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 (table 1). At first sight the variations in Jumines-
cence efficiency are surprising as the substrate material
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Table 2. Some frequently reported luminescence bands found in quartz and silica. Indica-

tions of possible defect models are yiven.

Band (RT)

nm eV Methodt Possible models for origin

260 477 CL Oxygen vacancy

290 428 PL,CL Oxygen vacancy

380 325 RL,CL Aluminium impurity, an impurity
imported during growth of quartz

390 317 AL Ej

400 3.1 PL O, intrinsic defects and Ge impurity

450-480 25-28 RL,CL Recombination of self-trapped exciton

580 2.15 CL Oxygen vacancy

640 19 IBI,CL Oxygen vacancy and Na impurity

+ ci, PL, RL are cathodo-, photo- and radioluminescence and 181 is ion beam implantation.

is common throughout and the doped core represents
perhaps only 5% of the total fibre cross section. Never-
theless, 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 recom-
bination centres appear to exist in most of the fibres
(except that the purer materials have stronger red emis-
sion 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 1) ND297 has some seven
times as many rare earth dopants in the core and was
pulled both from a higher temperature and at a faster
rate than ND324. Indeed, the observation is that ND297
is relatively bright compared with ND324.

4. Cathodoluminescence

As for the RL data it is initially useful to note the
emission spectra from pure silica. The cathodolumines-
cence spectrum taken at room temperature is shown
in figure 4(a) for a silica sample. Using a modulation
frequency of 90 Hz there are well resolved bands at
360, 470 and 670 nm with evidence for a weaker signal
near 580 nm. The fibre preform signals are similar—
for example figures 4(b), 4(c) and 5(a) show preforms
of ND416, ND297 and ND414—but they lack a clearly
resolved feature at 360 nm emission, although the other
components are normally apparent. In the fibre pre-
form material the intensity rises on cooling from 300
to 40 K, by a factor of ten for the red peak and four
for the blue. Further, the blue maximum shifts from
460 to 480 nm (figure 5(b)). Note, however, that in
making such comparisons it is essential to specify the
modulation frequency since, as has been noted in other
silica and silicate glass studies, the lifetimes of the blue
and red emission bands differ, and hence changes in
modulation frequency alter the shape of the spectra.
No detailed attempt has been made here to resolve all
the component bands fully but, on altering the modu-
lation frequency from 90 to 9 Hz, the 400 nm signal

is enhanced relative to the 460 and 670 nm signals, as
shown by comparing figures 5(a) and 5(c). Changes at
such low modulation frequencies imply that the 400 nm
excited state has a lifetime of some tens of milliseconds.
Whilst direct current measurements are least likely to
distort the spectra if there is a variety of lifetime com-
ponents, in practice this is experimentally awkward for
CL as light from the DC electron gun filament is strongly
reflected into the monochromator and so beam modu-
lation and phase sensitive detection are used to reject
this scattered light. Note that in this experiment the
light scattered from the filament is comparable in in-
tensity to that from the CL of the fibres and preforms.

Both RL and CL show a mixture of emission bands
near 400 and 460 nm but their relative intensities are
different and depend strongly on modulation frequency.
In cL recorded at 90 Hz, and with a much higher ion-
ization density than for RL, the 460 nm signal is greater
than that at 400 nm. Note that this is consistent with
the similar situation of intense local ionization gener-
ated by ion beam excitation in which the apparent peak
of the luminescence envelope is invariably near 460 nm.

One of the advantages of CL is that the electron
beam can be localized into a small region and hence
it should be possible to emphasize differences between
the core and substrate regions. In this work a copper
aperture with a one millimetre diameter was used to
select various regions. For the fibre preforms with a
millimetre size core this meant that core features could
be selectively excited and contrasted with signals from
substrate regions. The aperture method is adequate for
the substrate but is not 100% specific for the central
area, which includes the core plus cladding and traces of
the substrate. Such a separation of regions was not pos-
sible with RL. Signals recorded at 90 Hz are presented
in figures 5(d) and 5(a) for the core and substrate of
ND414. It is strikingly evident that the core signal is
primarily at 400 nm.

There are also obvious similarities with the RL data
in that for the relatively pure substrate there is a strong
red emission (670 nm), a peak near 460 nm and shoul-
ders or minor peaks at 400 and 580 nm. By contrast, the
predominantly core region has only weak signals in the
red end of the spectrum. From the asymmetry of the
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peak one can assume that there is still a 460 nm com-
ponent, and this can further be confirmed by comparing
rather similar materials such as those from ND414 and
ND416.

§. Discussion

The blue luminescence excited by ionization of ger-
manosilicate optical fibres and preforms resembles that
generated in silica glass and crystalline quartz. This is
not unexpected since all the examples are similar on the
scale of local defects based on the silicate tetrahedron
structure. Luminescence generated by relaxation of self-
trapped excitons, or recombination at the oxygen defects
such as the E'-type centres will only be marginally in-
fluenced by differences in the long-range structure. The
isometric and dose-dependent signals displayed above
confirm that many of the same emission bands are in-
volved in all cases, although both their relative inten-
sities and their absolute luminescence efficiency may
differ.

As cited in section 1, the ‘intrinsic’ electron-hole re-
combination from an STE has been suggested to be near
440 to 460 nm. Modifications of the local site symme-
try from impurities, stresses and broken bonds modify
the exact wavelength of the emission. A signal near
460 nm is seen in all cases and this must be assumed to
arise both from the large volume of the substrate and
from the smaller core and cladding region of the fibres.
Fortunately, for the present study, the fabrication meth-
ods used to make optical waveguides inevitably generate
higher dopant and defect concentrations within the core
and cladding. Consequently the luminescence efficiency
is greatly enhanced in these regions and so the overall
luminescence response is quite sensitive to the fabrica-
tion process. Several general trends can be seen from
the data. It is expected that in a pure silica sample
the STE relaxation will always be apparent near 460 nm.
However, if the overall efficiency of this intrinsic decay
path is small and the excitons are mobile in the pure
silica, then the intrinsic features will be suppressed if
there are high concentrations of imperfect lattice sites
which can provide efficient exciton recombination cen-
tres. This was clearly demonstrated for the comparison
of core and substrate data with CL.

One should note that there are significant differ-
ences between RL and CL (and also ion beam excited
luminescence). One obvious difference between the
methods of excitation is that for the x-ray irradiation
the ionization density is much lower than for either the
CL or ion beam case and, furthermore, the efficiency
of producing new defects increases with ionization den-
sity. The defects may be only metastable, but for a
dynamic luminescence experiment their lifetimes may
significantly influence the emission spectra. Hence, one
possible explanation of the spectral differences is that
exciton capture is favoured at impurity sites if the impu-
rity concentration is high relative to the exciton density.
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Figure 4. A cathodoluminescence spectrum obtained at
room temperature taken with a modulation frequency of
90 Hz. (a) A silica sample, (b) cL signals from the fibre
preform ND416, and (c) fibre type ND297.

So for low ionization densities the imperfections pro-
vide a significant set of decay paths, whereas at high
ionization intensities (i.e. in CL) there are insufficient
impurities relative to the exciton production rates, and
hence the competitive decay routes will be biased to-
ward the intrinsic luminescence. The overall conclusion
is that the 460 nm emission is purely intrinsic exciton
decay.

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 sam-
ples show more clearly resolved features in the envelope
of bands at the blue region. Defects formed during ion
bombardment of pure silica suppress the red emission.
Although the signals at 640 to 670 nm have been sug-
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Figure 5. Examples of cL from fibre type ND414. (a) At
room temperature and 90 Hz, (b) data at 290 and 40 K,
{c) at 9 Hz and (0) at 90 Hz with the beam centred on the
fibre core.

gested by various authors to be linked to alkali impurity
ions, one cannot exclude a decay route of an exciton at
a distorted silicate site. Fibre growth defects apparently

Luminescence spectra of germanosilicate optical fibres

do not totally remove this decay route as red emission
is seen in CL of fibres and preforms.

The common impurity, which is deliberately added
into many of the fibre cores, is germanium. It is there-
fore tempting to ascribe the strong core luminescence
at 400 nm to a germanium impurity defect, as claimed
by several authors (Turner and Lee 1965, Skuja and
Trukhin 1989). Data, such as those presented in fig-
ures 4 and 5, are totally consistent with this model
for Ge recombination sites producing the 400 nm emis-
sion, and further, the CL results suggest that the process
involves a very long excited state lifetime. There is sup-
portive evidence for assignment of this luminescence to
Ge from the TL work in quartz in which it is proposed
(Yang and McKeever 1990a, b) that an oxygen vacancy
linked to Ge emits at 400 nm whereas H;O4 and AlO,
sites provide 380 and 470 nm light respectively.

Whilst the present results strongly support a model
in which luminescence at a germanium impurity site
generates 400 nm emission, it is far less clear what
is the detailed structure of the site. As reviewed by
Russell et al (1990), the Ge ions may not only be in
the form of isolated defects but may exist in a vari-
ety of Ge E'-type centres analogous to the normal Si
E'-type defects. Additionally, there are theoretical sug-
gestions (Cormack 1991) that impurity ions in the glass
may associate in pairs or chains of impurities. In such a
non-random distribution of the Ge impurities one would
find adjacent GeO, tetrahedra linked together. Conse-
quently, irradiation could locally destroy such Ge pair
bonding and this would increase the effectiveness of the
isolated Ge luminescence sites. Hence the 400 nm sig-
nal might be assumed to increase with irradiation dose,
as was experimentally observed.

It is also interesting to speculate on the relevance
of these new luminescence data to the photorefractive
changes induced in a Ge-doped fibre, as reviewed by
Russell er al (1990). For the photorefractive change a
key step in the process is the relaxation of the local bond
structure to alter the refractive index. It is suggested
that the dissociation of defect complexes which involve
linked GeO, groups may be relevant. This is a reversible
change—however, it is not a one-step process but in-
stead is thought to involve a two-photon absorption. At
the power levels at which the photorefractive effect is
seen, a conventional two-photon absorption event may
be a little unexpected. However, reference to the cur-
rent CL data emphasizes that excited Ge recombination
sites develop which are long lived, on the scale of tens of
milliseconds. Such a situation is favourable for excited
state absorption and hence an overall two-photon ab-
sorption process may be more feasible than one would
at first suspect.

When discussing the other luminescence bands and
their associated defect sites the examples of RL from
preform and fibre suggest that, although the concentra-
tions of defects differ (i.e. more in the fibre), the defect
types are very similar. It is also evident that if the defects
are often perturbations of a simple broken oxygen bond
site then the emission bands can overlap, so several
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defect types can produce similar wavelengths. Resclu-
tion of component luminescence sites can be achieved
by observing the temperature dependence of the signal,
noting the dose dependence or combining a radiation
and heating cycle to the measurements. For example,
in the present study, the bands near 380-390 nm show
an unusual temperature dependence, with growth in in-
tensity peaking between 150 and 220 K. This behaviour
is paralleled by the response of the Ej; centre identified
in ‘wet’ silica by Griscom (1985) and Tsai et al (1987)
using electron paramagnetic resonance. Whilst consid-
erable care has been taken to exclude OH ions from the
optical fibre cores it should be recalled that lumines-
cence is capable of detecting defect concentrations of
less than 1 in 10%, and hence an association with traces
of OH may be of value in monitoring the fabrication
procedure.

Models for the defect sites of other silica emission
bands include assignment of a 580 nm signal to e-h
recombination between oxygen vacancies and O; link-
ages. The presence of a band near 580 to 590 nm in the
current study is in broad agreement with this intrinsic
type model. The 640 nm band in silica has been seen
by several authors and variously ascribed to impurity
(possibly sodium) ions near an E' complex. In several
cases the intensity of the red emission has decreased
with damage. The suggestion of an intrinsic defect site
which becomes non-radiative by association with other
defects or impurities has some support from the present
work in that the band is not clearly resolved in all the
samples and so is unlikely to be a ‘pure’ intrinsic de-
fect. It is also expected that the dopants added to the
fibre cores, and the presence of defects quenched into
the material during fibre drawing should lead to many
complex defect sites and hence suppression of a sensi-
tive feature such as the 640 nm signal. For example,
Friebele (1979) has reported that the presence of P ions
decreases luminescence intensity.

Table 2 summarizes the preceding discussion of
bands and possible models. Many emission bands derive
from a complex amalgam of intrinsic and E'-type de-
fects, coupled with site-specific impurity emission. One
may make tentative assignments to the defect structures
using the literature for quartz and silica luminescence.
However, the crystalline and amorphous variants dif-
fer in that ionization can generate new stable defects
in silica whereas only transient unstable defects form
in the ordered structure. This is in agreement with
the silica and fibre data in which prolonged irradiation
alters the luminescence intensity. Damage production
of E'-type defects is also consistent with the presence
of several emission bands which extend throughout the
low-temperature range.

6. Conclusion

The luminescence signals from optical fibres provide a
highly complex but sensitive probe of the defects in the
cores of the fibres, despite the presence of signal from
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the much larger volume of substrate. Consequently the
luminescence offers a method of following changes in
fabrication procedure. If one can further correlate the
luminescence with the optical properties of the fibres
then it could become a routine control technique.

At the more fundamental level of understanding
the interactions of point defects in the fibre glasses
the luminescence data so far show a wide variety of
defect sites but these can broadly be interpreted in terms
of familiar properties of excitons and oxygen vacancy
defect sites in the silicate groups. In particular, the
present study confirms the role of Ge impurities as the
source of the 400 nm emission from the core and exciton
decay as generating the signals near 460 nm.
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