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- WAVE- GUI DI NG STRUCTURE W TH LASI NG PRCPERTI ES BT PATENT
- CASE A24145 (SUBS) This invention relates to wave-gui di ng
structures and, nore specifically, it relates to wave-guiding

WAVE-GUIDING STRUCTURE WITH LASING PROPERTIES
BT_PATENT CASE A24145 (SUBS)

This invention relates to wave-guiding structures
and, more specifically, it relates to wave-guiding
structures in which the lasing species is erbium, eg the
ion Er3*. The lasing species is contained in a silica
based glass.

During the period 1985 - 1990 there has been
substantial intérest in the use of photonic amplifiers in
telecommunications optical networks. This has include&
both semiconductor devices in which the primary source of
power is electrical as well as wholly optical devices in
which a signal at one optical wavelength is amplified and
the power to drive the amplification is derived from a
pump optical signal at a different frequency. The wholly
optical devices can be configured in the form of a fibre
wave-guide which is geometrically compatible with the
transmission fibre in the telecommunications network.
This geometrical compatibility confers substantial
operating advantages and these advantages have given
substantial technical significance to research into
lasing structures and especially into lasing structures
which can be implemented in the form of fibre.

Wavelengths in the range 1500nm to 1600nm have been
recognised as particularly suitable for use in optical
telecommunications and, therefore, photonic amplifiers
which amplify at these wavelengths are of particular
interest, It has been recognised that erbium, eg the ion
Er3*, will, when suitably pumped, lase at these
wavelengths. Thus photonic amplifiers based on erbium as
a lasing species have been extensively studied.

More recently it has been recognised that erbium

contained in a host glass of silica and germania has an
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.~ Structures in which the | asing species 2s erbium eg the I on
| asi ng species is contained in a silica based gl ass.

period 1985 -

1990 there has been substantial interest in the

~photonic anplifiers in tel econmuni cations optical networks.
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operate a frequency division multiplex which uses optical
signals at both 1530nm and 1560nm. It has been found
difficult to achieve satisfactory amplification at both
of these wavelengths because of the narrow operational
bandwidth of the erbium lasing species.

It has now been most surprisingly discovered that
the operational bandwidth of the erbium can be increased
to a satisfactory extent by the presence of only a small
quantity of alumina in a host glass containing 3 - 30%0
mole of germanium in silica. The fact that the
concentration of alumina is surprisingly low is of
substantial operational importance because the alumina
has very little effect on the other operational
parameters of the wave-guide structure.

According to this invention the path region of a
wave-guiding structure is wholly or partly formed of a
laser composition which has 0. lppm molar to 5000ppm molar
of erbium contained in a host glass which consists
essentially of S5i0,, GeO,, Al,0, and additives. In this
composition the amount of the additive is less than 5%/o
by weight, preferably less than 1°/o by weight. The path
region contains x mole %/0 of the GeO, and ax mole %/0 of
the Al,0, wherein x = 3 - 30 and a is less than 0.35 (eg
a is in the range 0.001 to 0.35), preferably
a=20.01 - 0.25,'ie the mole ratio of Ge:Al is more than
2.8 and preferably Ge:Al = 1:0.01 - 0.25.

There are two major variants of this invention. 1In
the first variant the path region is of approximately
uniform composition and it consists entirely of the
lasing composition.

In the second variant of the invention the

composition of the path region is designed to be
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-punp optical signal at a different freggyency. The wholly optical devices
can be configured in the formof a fibre wave-gui de which is
geonetrically conpatible with the transm ssion fibre in the

-t el econmuni cati ons net wor K. This geonetrical conpatibility confers
substanti al operating advantages and these advantages have given
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Preferably the path region consists of two regions,
namely an inner region and an outer region which
surrounds the inner region. The inner region is
preferably of approximately uniform composition and it
consists entirely of the lasing composition as specified
above. The outer region consists of a different glass
which may have the same refractive index as the inner
region, The inner region preferably constitutes not more
than a quarter, eg 5%/0 to 25%0, of the cross-sectional
area of the path region.

(The concept of non-uniformly distributed lasing
additives in glass fibre wave—guides is disclosed in
EP 313209 and to Japanese equivalent JP 89/145881.
Co-pending applicatrions were also filed on 13 October
1988 as US 257101 and CA 508531.)

The most important of the additives is phosphorous,
which may be present in the fibre in the form of a
phosphate. The presence of phosphorous reduces the
viscosity of the glass which makes it possible to work at
lower temperatures. The presence of the phosphorous-in
the core helps to reduce the risk of crystallisation by
the Al,0; and this crystallisation is a substantial risk
in certain preparative techniques., At low concentrations
of Al,0, it is possible to avoid the use of phosphorous
in the core.

The preferred configuration is an optical fibre in
‘which the path region as specified above constitutes the
whole of the core which is surrounded by a cladding of a
different glass composition which has a lower refractive
index than the core. The preferred cladding glass
composition is pure silica, optionally containing melting
point depressants such as phosphorous and fluorine to
control the refractive index,

As well as the fibre per se, the invention includes

photonic amplifiers comprising a lasing length of fibre

according to the invention coupled to a pump for
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.. recogni sed as particularly suitable forsuse in optical teleconmunications
and, therefore, photonic anplifiers which anplify at these wavel engths are
of particular interest. It has been recognised that erbium eg the ion FEr

~, will, when suitably punped, |ase at these wavel engths. Thus photonic
anplifiers based on erbiumas a |lasing species have been extensively
st udi ed. PF &7 I EREL Puhy daaihmnbecemxeemgné seditddhcerdn um contai ned in
a host gl ass Oflnéel.rlt:e apoaf:rtl a r‘r‘a\:ate sultagpe for sustaining the

lasing process.

Several different wavelengths are suitable for use
as a pump radiation, these include 5l4nm, 650nm, 800nm,
980nm, and 1480nm (these figures should be regarded as
having a tolerance of 125nm). Of these five wavelengths
980nm and 1480nm are regarded as particularly suitable,

The laser length of the fibre is related to the
available pump power and the concentration of the erbium.
A higher pump power enables a longer laser length to be
used and lower erbium concentrations are also related to
a longer laser length. Recent experience suggests that
better amplification is achieved by using relatively low
erbium concentrations and relatively long laser lengths,
ie the gain per metre is small but a high total gain is
achieved by using a long laser length. It is considered
that adequate gain is unlikely to be achieved with laser
lengths of less than 0.5m whereas it would be difficult
to propagate pump radiation over laser lengths of more
than 1Qkm. For most purposes it is considered that laser
lengths of lIm - 200m, preferably 10m - 50m, would be
appropriate.

The invention also includes telecommunications
systems which comprise an amplifier as defined above
having the input and output fibres operatively coupled to
input and output transmission fibre.

It will be appreciated that a telecommunications
system, eg a submarine system, is complicated, important
and expensive technology and, therefore, its components
are individually designed for the system’'s specific
requirements. The most important requirements which

affect the amplifying fibre are:-
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2% operational bandw dth which is ungesirably narrow for sone
applications. For exanple, it may be desired to operate a frequency
di vision multiplex which uses optical signals at both 1530nm and 1560nm
-I't has been found difficult to achieve satisfactory anplification at both
of these wave- |engths because of the narrow operational bandw dth of the
erbium |l asi ng speci(@$. that thel imphasyingws beensinat matsbprasi ngly di scovered
that the operational bandw dth_of tI‘HD er bi um can.be.oi ncreased to a _
satisfactory extent by TREPrALLNER g‘fe’oﬁtfey “RAWEP T Guantity of alumina in
a host glass containi pyop&tie80% nid erefisngeshemitibmd,n sad | ca. The fact
that the concent I’at(ibsm t?xL amplifying fibre must support lasing
transitions to give a high gain for a low pump
power, It is also important to minimise, and
preferably eliminate, any tendency to oscillate
which means that it is important to minimise
reflection at the two ends of the laser
lengths.

Requirement (a) indicates that the core of the
amplifying fibre be of similar size as the core of the
transmission fibre. It is easy to appreciate that
mis-matched core sizes will cause signals to be lost at
either the input or the output end. It is also
convenient that the external diameters be the same which
implies that the claddings are the same. Matching the
cladding sizes is less important than matching the core
size.

Requirement (a) also indicates that the optical
properties be matched, ie that the refractive indices be
the same. (It will be appreciated that a refractive
index step in a path tends to cause unwanted
reflections.) The difference between the refractive
indices of core and cladding is an important performance
parameter but individually matching the core and cladding
indices also matches the difference. In the case of the
cladding it is possible, and usually desirable, to
utilise the same composition for both transmission and
amplifying fibre. The composition is usually SiO, with P
and F as additives.

Requirement (b) necessitates that a laser additive,
ie erbium or Er’*, is present in the core of the

amplifying fibre and this prevents the same core
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.altdmna is surprisingly lowis of substantial operational inportance
because the alum na has very little effect on the other operational
paranmeters of the wavegui de structure. | EEE PHOTONI CS TECHNOLOGY

~LETTERS, (Vol: 2, No: 1) in a paper by CY Cheng describes a tunable
erbi um doped fibre |laser punped at 532nm This docunent nentions
fibre anplifiercempagticthons bbirg anpl iihi eransaisideson bemlifyiiee fact that

al um na broadeng, the galn. %eg%gA%gg ngteg E&'JEH Spdentignedzand a fibre

having a silica core wth ppm f erbiumis explicitly
di scl osed. Howbiea/gerndnig glgsantdt tionicad ke needgaanttiet Be$we i nf ormati on

about Al or Ge QQQs l'fnh@he aﬁﬁﬁff'y@hé 'fthre affle cohfRRELAME.s Of using low
concentrati ons of alumina is not nenti oned. Accor di nlgF to this

i nvention the EEPETHAS3AIYSEILEP §4V5r Bhy desinedel4RernPI¥Egi BYF wavegui de
structure) is whelbanaeiapaiklyeskormmdiafaia Imesa:maﬁmaslcanm whi ch has 0.
1ppm nol ar to 50 of .erbiu cont al ned n _a_host gl ass which
consi sts esser'ﬁalgal‘fl?eg?by &PoeerFne 2 I}flfer 1 err] and
optional | y addiadivesing the thisl cmwmslthmntmdﬂeamnta@ﬁ the additive (if

pr esent) is | e%%aﬁf@‘ a53/8511¥emiagmizdtgr§j %Qa?ékbiebé‘és 'EWQ1umina

increases the refractive index so it will be necessary to
adjust the germania content to obtain an exact index
match between cores of transmission and amplifying fibre.
In some instances it may be appropriate to introduce
phosphorous to help stabilise the composition and this
may also require adjustment of the germania to achieve an
index match.

(If a fibre with two regions in the core is used,
the outer region conveniently has the same composition as
the core of the transmission fibre and the above
considerations apply to the inner zone.)

One method of making optical fibre wave-guides
according to the invention utilises the modified chemical
vapour deposition process usually identified as MCVD.
MCVD is sometimes known as inside deposition process
because the glasses which eventually form the operative
part of the fibre are produced by converting the -
equivalent chlorides into the desired oxides which are
deposited, layer by layer, on the inner surface of a
substrate tube. Usually a total of 10 - 30 layers are
deposited. As initially deposited, the glass is porous
but the porous material is immediately fused to give a
solid layer upon which subsequent layers are deposited.
When all the layers have been deposited the tube is

collapsed into a rod which is drawn into fibre.
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1% by weight. The path region contains a fivle % of the Ge(Jerr] and aX
nole % of the Al[err]derr] wherein a =3 - 30 and X is less than 0.35 (eg,
X =0.01- 0.25, ie, the nole ratio of the Ge:A is nore than 2.8 and
preferably Ge: Al = 1:0.01 - 0. 25. - 3-
There are two nmajor variants of tnis invention, In the first variant the
core is of approxi matoehykdiBifar B’I:&‘di-la'ﬁ)ﬁ)g @l thid iavehelibn aasi sts entirely of
Lgreel Ia:l ng Conpoilogec&re is followedt;I Ocqu Jg‘xrgl E‘&t aogre;[cngsclarnv§nt ion the
the core is deposited but left in the porous state. The
erbium and the aluminium are introduced as solution into
the porous layers. After solvent removal and conversion
to oxides is necessary, the porous layer is consolidated
and the tubular configuration is collapsed into a rod
which is then drawn into fibre. It should be noted that
the introduction of additives by soaking the porous
layers is a well*knoﬁn modification of the MCVD process.
Other methods of making the fihre include:
1) The vapour axial deposition (VAD) technique whereby
a porous boule of doped silica is fused into a
rare—earth doped boule by fusing at approximately
1200 - 1400°C in an atmosphere of the rare-—earth
chloride. Alternatively the boule can be soaked in
an alcoholic solution as described in the MCVD
technique ahove. The fused doped boule is
surrounded by a cladding glass and drawn into fibre.
2) The outside vapour deposition (OVD) teéhnique has
also been feported to make rare-—earth doped fibre,
This is similar to the VAD process, but the
rare-earth dopant is introduced into the boule
during the deposition process from an
organo-metallic source,.
The invention will now be described by way of
example with reference to the accompanying drawings
in which:
Figure 1 illustrates a fibre according to the
invention made by the MCVD process and having an
uniform core;
Figure 2 illustrates an alternative form of fibre

made by the MCVD process and having a core
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..designed to be non-uniform The concent&ation of the erbiumis greater in
the centre of the core than at the periphery thereof. Preferably the core
consists of two regions, nanely an inner region and an outer regi on which
surrounds the inner region. The inner region is preferably of

approxi mately uniform conposition and it consists entirely of the |asing
conposition as specrénsgdeipeé. anThenguied aregeay gorsi sémd of a different

gl ass whi ch may have, %J}% §aM8LL&LEAC LY Snd 10K, A3ntIR-LBNGY, region.  The
I nner region pref eraB y constitutes not nore than a quarter, eg 5% to 25%

of the cross-sectional area of the core. (The concept on

non-uni formy distrirRutRedréashNghoaddhdncVes dnd (Hvaesidd,bae seewegui des is
di sclosed in EP 313209 and, to_,Japanese. equi valdent JP 89/ 145881.
Co- pendi ng appl FRtBBRS Weld 2af 8y & R BA° P37 Bet¥Re1Y888'%s US 257101 and

CA 508531.) whichhes et redigoe tenthofsubberaxddidbevesed $npitesphor ous, which
TR e Present hivd Bealldre dilibDSoorduiel, A RDosRRALG LThe RLESCNCE Of

phosphor ous reduces PERE VT scosi ich na It possible to
wor k at | ower ten?an&ngnqggl claddlng 11. The residual layer 10

consists of substantially pure silica glass and the
cladding region 11 consists of silica glass, usually
having a slightly higher purity than that of the residual
layer 10, but containing phosphorous and fluorine as
dopants to reduce the melting point of the silica in
order to facilitate processing. The phosphorous slightly
increases the refractive index of the cladding but the
fluorine slightly reduces the refractive index. The
ratio of F/P is adjusted so that the refractive index of
the cladding 11 is substantially equal to the refractive
index of the residual layer 10. This ensures that the
two layers 10 and 11 function as a single cladding in the
optical wave-~guide. In some instances excess F is
introduced into the cladding glass to produce a low index
material. '

The core region 12 is of uniform composition and it
is formed of a silica/germania glass which contains Erd*
as the lasing additive and alumina to adjust the lasing
bandwidth of the Er’*. The composition of the core 12
will be further specified in examples given below.

An alternative form of fibre according to the
invention, which is shown in Figure 2, includes the same
layers 10 and 11 as shown in Figure 1. However, the core
comprises an outer region 13 which surrounds an inner

region 14, The outer region 13 consists of a
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..The presence of phosphorous in the coredhelps to reduce the risk of
crystallisation by the Al[err](err][ and this crystallisation is a
substantial risk in certain preparative techniques. At |ow concentrations
-of Alerr]O[err] it is possible to avoid the use of phosphorous in the core.
The preferred configuration is an optical fibre in which the path region as
speci fi ed abovesiodnsiderubgiint fmswhalde toé inner amedombischilsos surrounded by a

cladding of ‘a diffgteNtGhARSaGPIROSILLAN HALEL BES. A A0 el ract Tve

i ndex than the pr ef erre ng gl ass conposition is
pure silica, optd @HEM )FhEBrﬁhaF?lllﬁgn?rélaFf-'Fﬂg saeweésé%tns lyERniEge phosphor ous
and fluorine to;£QRbrQlcet heghigd nacti ve i ndex.

Fibre as illustrated in Figure 1 was prepared by a
substantially conventional MCVD process in which a
substrate tube was rotated in a glass blowing lathe while
a reactant gas was passed through its bore. In the
course of the preparation two different reactant
mixtures, to be specified below, were used,

A short segment of tube, about 2cm long, was heated
to reaction temperature by a travelling flame. In this
segment chlorides were converted into oxides which
deposited as a porous ring downstream of the flame, As
the flame traversed, in the case of cladding, the deposit
was fused to form a thin layer on the inner surface of
the substrate tube. In the case of the core, a lower
temperature was used so that the deposit did not fuse
whereby it remained porous,

The reaction mixture used to form the cladding
precursor was obtained by bubbling:-

700ml/min of O, through SiCl,,
90ml/min of O, through POCl,.

The mixture of these two gas streams was diluted
with 1.5 litre/min O, and 1.0 litre/min He. In addition,
2.5 ml/min of CCle2 were included in the mixture. The
maximum temperature in the hot zone was 1600°C and the
flame travelled at 18cm/min., The ratio of F:P was chosen
so that the RI of the cladding was equal to that of the
substrate tube.

Ten cladding layers were thus deposited on a
substrate tube of 10mm inner diameter., These fused
together to form a cladding layer of Si0, doped with P,0;

and fluoride.
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3a * As well as the fibre per se, thejpynvention includes photonic

anplifiers conprising a lasing length of fibre according to the invention
coupled to a punp for

Three layers to form the core were deposited next.
The reaction mixture used for each layer was obtained by
bubbling: -

100 ml/min at 0, through SiCl,
120 ml/min of 0, through GeCl,
10 ml/min of 0, through POCL,.

The mixture of these three gas streams was diluted
with 1.5 litres/min of 0,. The torch traverse rate was
17 cm/min and the maximum temperature was at 1300°C
(which is too low to fuse the deposit).

(Note. 1In all bubbling operations the liquid was at
25%C.) At this point the tube was removed from the lathe
and dopants were introduced into the porous layers by
immersion for 1 hour in an aqueous solution of

0.65 M AlCl,;.6H,0
0.002 M ErCl,.6H,0
(Note, alcoholic solutions are also suitable.)

After soaking, the tube was drained, blown dry with
N, for one hour, and returned to the lathe where it was
heated at about 800° - 1000°C for a few minutes. This
completed solvent evaporation. The temperature was
raised to about 1900°C for collapse to a rod. This also
ensured conversion of AlCl,.6H,0 to Al,0; and ErCl; to
Er,0;. The tube was flushed with 0,/He mixture during all
of these stages (about 10% volume of Ci, is
advantageously introduced into the 0,/He mix to assist in
obtaining a dry product.)

The resulting preform was drawn to a fibre as

specified in Table I.
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5 4-7 provi ding punp radiation to-exgite the erbiuminto an inverted
popul ation state suitable for sustaining the |asing process. Sever al
di fferent wavel engths are suitable for use

TABLE T

Cladding (11)

(0)))] 15, 7¢m

ip 5.4pm

RI matched to silica
Core (12)

Diameter 5.4pm

Ge 7.5 wel/o

Al 0.35 wt'/o

Ex’t S00ppm

§io, balance

Mole ratio Al:Ge=0.1:1

General Properties

(eh] 120pn
LP11 Cut Off 1240nm
RI step .016

A fibre as illustrated in Figure 2 was prepared by a
method similar to that described above. A cladding
consisting of 20 layers was prepared using the reactants
designated above and this was followed by the deposition
of 3 layers of Si0,/Ge0, each of which was fused as it
was deposited. Finally, 3 layers of 5i0,/Ge0, were
deposited and left in the porous state. These layers
were soaked with aluminium nitrate and erbium chloride as
described above. After soaking, the tubular structure
was converted to fibre using a method as described above.

Figure 3 shows an amplifier using the fibre
specified in Table 1 as the amplifying medium 32. The
amplifier comprises an input transmission fibre 30
fusion—linked at 34 to 20m of amplifying fibre 32 which

is also linked, at 33, to output transmission fibre 31.
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.As *a punp radi ation, these include 514ngp 650nm 800nm  980nm and 1480nm
(these figures should be regarded as having a tol erance of 125nnm) O these
five wavel engths 980nm and 1480nm are regarded as particularly suitable.
The laser length of the fibre is related to-the available punp power and
the concentration of the erbium A higher punp power enables a |onger

| aser | engt h t opben cusmlambd @¥Yesesdiaum TIOMGRNtsial éOR3asd e al so rel at ed
to a longer laser length. Recent ex erl egce suggest s that37 better

anplification i §'3¢hPg SRS TRET HY 5F 6% BYATS SPow-

which provides pump radiation at 1480nm, is connected to
link fibre 36 which forms a wavelength selective fused
fibre coupler 35 with the input transmission fibre 30.
The coupler 35 passes the pump radiation at 1480nm into
the amplifying 32 but it does not take out signals at
1530nm to 1560nm,

Using pump power of 70mW the amplifier gave a gain
of 30dB for signals at 1550nm. More specifically, it
amplified an input power of 0.0lmW to an output power of
10mW. The "full-width half-maximum" bandwidth was
measured for this amplifier. This measurement specifies
the bandwidth, in nanometres, over which the gain is at
least half the maximum gain available, For the amplifier
shown in Figure 3 the FWHM bandwidth was 35nm (and the
specific amplifications at two wavelengths of interest,
namely 1530nm and 1560nm, was 27dB or better).

The effect of the Ge:Al ratio can be illustrated by
the fluorescent spectra of silica/german/alumina glasses
since it is the performance of the glass which is
exploited in the fibre. The FWHM bandwidth of
fluorescence, ie the bandwidth over which the
fluorescence is half the maximum, is similar to the
figures quoted above and it can be used as a guide to
fibre performance, Values for glasses with five

different Ge:Al ratios are given in Table 2.
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€rbrum concentrations and relatively | ang l.aser lengths, ie the gain per
netre is small but a high total gain is achieved by using a |long | aser
length. It is considered that adequate gain is unlikely to be achieved
with |aser |engths of |ess than 0.5m whereas it would be difficult to
propagate punp radiation over |aser |lengths of nore than 10km For nost
purposes it is considered that |aser raggagt hs of 1m- 200m preferably 10m

- 50m would be appropriate. The 1 nvention al so includes
t el econmuni cati ons

Mole Ratio FWHM

Ge : Al

1 0 26.5nm

1 0.03 37nm

1 0.10 © 43nm

1 0.35 46nm

0 1 47nnm

Table 2 indicates that the maximum bandwidth is
achieved in glasses which contain silica.and alumina with
no germania. However, bandwidth is not the only
consideration which affects the performance of amplifying
fibre. Other properties, and particularly the excess
attenuation and compatability must also be taken into
account. In respect of these properties alumina is
undesirable and the use of fibre with high alumina
content is, in many applications, not acceptable.

The "excess" attenuation of a laser fibre is that
part of the attenuation which is comparable to the
attenuation of transmission fibre but the attenuation of
both the pump wavelength and the signal wavelength must
be taken into account. The erbium, ie the laser
additive, is intended to interact with both pump and
signal wavelengths., Pump radiation is clearly, and
intentionally, attenuated by the lasing process but there
may also be undesired additional attenuation, eg caused
by mechanisms similar to the mechanisms which cause
attenuation transmission fibre, which constitute the
"excess" pump attenuation. The signal wavelength can
also be absorbed by the erbium but, in normal laser

operation, the erbium is excited by the pump
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gystems which conprise an anplifier as defined above having the input and
output fibres operatively coupled to input and output transm ssion fibre.
It will be appreciated that a tel ecormunications system eg a submarine
system is conplicated, inportant and expensive technol ogy and, therefore,
Its conponents are individually designed for the systemis specific

;egui rements.  THe, MRS, | JIPOKL A0, 94 i SHBNLS - M GhyeRlf eGleLhe anplifying
I Dre are: -
are still additional mechanisms similar to the

attenuation in transmission fibre and these additional
mechanisms constitute the "excess" attenuation signal.
Many telecommunications networks use silica/germania
fibre and, therefore, there is a requirement for laser
fibre based on silica/germania to achieve compatibility
with the transmission fibre in the rest of the network.
The presence of large proportions of alumina would cause
excess attenuation. Table 2 indicates that a mole ratio
Ge:Al equals 1:0.35 gives nearly the same bandwidth as a
silica alumina fibre whereas this small proportion of
alumina has relatively little effect upon the excess
attenuation and other transmission properties of the
fibre. Table 2 also indicates that very low, eg Ge:Al
ratio below 1:0.01, can give very slight enhancement of
the bandwidth which may be appropriate in certain
circumstances where it is necessary to affect only
minimally the transmission properties of the fibre.
However, for most purposes it is considered that mole
ratios above Ge:Al equals 1:0.01 would be acceptable.
When laser amplifiers in the form of fibre were
first suggested it was considered that very short lengths
of fibre, eg below O.5m, would be appropriate and, in
these circumstances, the excess attenuation of the laser
fibre is unimportant because of the short distance. It
has now been realised that there are substantial
advantages in performing the amplification over longer
distances. Distances of 10m - 200m are under present
consideration and it is believed that in the future even
longer distances, eg up to 2km may be appropriate. At
these long laser lengths the effect of excess attenuation
becomes important and it is even possible that the excess
attenuation could nullify the amplification. It is,
therefore, important to provide laser fibre with very low

excess attenuation.
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=5- - (a) that the anplifying flﬁge shal |l match, as

closely as possible, the transm ssion propertles of "the
transm ssion fibre, and s Sheet Has Been Replaced
CLAIMS
1. An optical wave-guide suitable for use as a photonic

amplifier, in which at least a part of the path region is
formed of a lasing composition being a silica/germania
glass which contains 0.1 - 5000ppm molar of erbium as a
lasing additive and alumina to adjust the bandwidth of
operation of the erbium, wherein the mole ratio of Ge:Al
is more than 2.8.

2, An optical wave-guide according to claim 1, wherein
the mole ratio Ge:Al is 1:0.01 to 0.25.

3. An optical wave-guide according to either claim 1 or
claim 2, wherein the silica/germania glass contains

3 - 30%0 mole of germania.

4, An optical wave-guide according to any one of claim
1, claim 2 or claim 3, wherein the whole of the path
region is formed of said lasing composition.

5. An optical wave-guide according to claim 4, wherein
the concentration of the aluminium and the erbium is
uniform.throughout the path region.

6. An optical wave-—guide according to any one of claim
1, claim 2 or claim 3, in which the path region consists
of an outer region which surrounds an inner region and
said inner region has a higher concentration of erbium
than the outer region.

7. An optical wave-guide according to claim 5, in which
the outer region contains no erbium.

8. An optical wave—guide according to any one of the
preceding claims, in which the wave-guide takes the form
of a fibre and the path region is the core of said fibre,
9. An optical fibre wave-guide suitable for use as a
photonic amplifier, which fibre wave—guide comprises a
cladding formed of a first glass composition having a

refractive index n; and said cladding surrounds a core

A



' | i Has Been Replaced
(b) "the anD|iﬁW?Shee R MG asupport lLagi ng transitions to give
a high gain formm %M l

power. It is also inportant to
m nim se, and ably elimnate, any tendency to oscillate
which nmeans that it is inportant to mnimse reflection at the
two ends of the |aser | engt hs. Requi renent (a) indicates

that the core of,fihg i AMRLhdd bRa fsebEf BEa Y cShPUshidlorSh&@imSat he core of
the transmission fibre. It is easy to appreciate that

refractive index n, whefein n, is greater than n,, and

said first glass composition is based on silica and said

second glass composition is based on a silica/germania

with 0.1 - 5000ppm mole of erbium as a lasing additive

and alumina to adjust the bandwidth of operation of the

erbium, wherein the mole ratio of Ge:Al is more than 2.8.

10. An optical fibre wave-guide according to claim 9,

wherein the mole ratio of Ge:Al is 1:0.01 - 0.25.

11, An optical fibre wave-guide according to either

claim 9 or claim 10, wherein n,~n; is between 0.003 and

0.04.

12, A glass fibre aqcording to any one of claims 9-11,

wherein the first glass composition contains fluorine and

phosphorous to reduce the melting point of the silica
glass composition.

13. A glass fibre according to any one of claims 9-12,

wherein the second glass composition contains 3 - 30%o

mole of germania,

14. An optical fibre wave-guide suitable for use as a

photonic amplifier, which fibre comprises:

(a) a cladding region formed of a first silica glass
composition having a refractive index n,;

(b) an outer core region surrounded by said cladding
region and formed of a silica/germania glass
composition having a refractive index n,, wherein n,
is greater than n;; and

(c) an inner core region surrounded by said outer core

_ region and formed of a third glass compasition
having a refractive index n,, wherein n; is not
greater than n, and said third glass composition is

a silica/germania glass which contains 0.1 - 5000ppm

) O



m smatched core sizes will cause signals jo be lost at either the input or

t'he output end. It is also convenient that the external dianeters be the
same which inplies that the claddings are the sane. Matching the cladding
sizes is less inportant than matching the core size. Requi renent (a)

al so indicates that the optical properties be matched, ie that the

refractive indices he the Saig, as(;tamrlrﬁ ggltqg r a6l Qhﬁﬂn% %L a refréctive
e

1 :
i ndex step in a path tends to cause un | ections e difference
bet ween t he refractiadgust the bandwidth of operation of the erbium,

wherein the mole ratio of Ge:Al is more than 2.8,
15. An optical fibre wave-guide according to claim 14,
wherein the value of n,~-n, is between 0,003 and 0.04 and
the value of n; is between the values of n, and n,.
16. An optical fibre according to either claim 14 or
claim 15, wherein the mole ratio Ge:Al is 1:001 to 0.25.
17. An optical fibre according to any one of the
preceding claims, wherein the core contains substantially
no phosphorous.
18. An optical amplifier which comprises an input
transmission fibre optically coupled to an amplifying
fibre which is also optically coupled to an output
transmission fibre, said amplifying fibre being optically
matched to said input and output fibres whereby the
amplifier is adapted to receive attenuated signals via
the input fibre and to provide amplified signals at the
output fibre, and also wherein the amplifying fibre is
optically coupled to pump means for supplying pump
radiation to provide power for the amplification;
characterised in that said amplifying fibre is 1lm to .
1,000m long, and it consists of a fibre as defined in any
one of claims 8 to 16.
19, An optical amplifier according to claim 18, wherein

the amplifying fibre is 10m to 200m long.
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Jndlces of core and cladding is an inpor{ant performance

i ndi ces al so matches the
i s possible,
utilise the sane conposition for both transm ssion and
The conposition is usually SiQ2 with P and F as

i'ndividually matching the core
difference. In the case of the

desirable, to

anplifying fibre.

addi tives.

erbiumor Er[err], is present

prevents the sanme core

and cl addi ng
cladding it

Requi rement (b) necessitates that a | aser additive,

in the core of the

ABSTRACT

par anmet er but

and usual |y

ie
anplifying fibre and this

WAVE-GUIDING STRUCTURE WITH LASING PROPERTIES

Optical wave-guides,

eg fibres,

for use as photonic

amplifiers have a path region partly or, preferably,

wholly composed as a silica/germania glass with 0.1 to

5000ppm mole of Er3*

as a lasing additive and alumina to

adjust the bandwidth, the Ge:Al mole ratio being more

than 2.8,

eg 1:0.001 to 0.25.

It is surprising that low

amounts of alumina have a useful and significant effect

on the lasing bandwidth whereby frequency division

multiplex is facilitated.
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fibre. The transnission fibre ustial |y has a core of silical/germania glass
and this can be used as the host..gl3ass in the amplifying fibre. The
concentration of erbiumis adjusted to give the desired | aser power but

t e bandwi dth is | ess than ideal. The bandw dth can be nade w der by
introducing alumna into the core. Adjusting the Ge: Al ratio wthin the
ranges stated enables a desired bandwidth to be achieved. The al um na
increases the refractive index so it will be necessary to adjust the
germani a content to obtain an exact index nmatch between cores of

transm ssion and anmplifying fibre.
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I’n sbne instances it may ‘be appropriate to introduce phosphorous to help
stabilise the conposition and this may also require adjustnent of the
germania to achieve an index match. (I'f afibre with two regions in
the core is used, the outer region convenlently has the sanme conposition
as the core of the transm ssion fibre anffythe above considerations apply
to the inner zone.) One net hod of naﬁlng optical fibre wave-guides
according to the invention utilises the nodified chem cal

Fig.1 Fig.2.

" © " %
/L /3
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Fig.3.
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subsequent |ayers ar ewﬂeﬁﬂédxtu‘%ﬂc STRUCTURE WITH LASING PROPERTIES
BT PATENT CASE A24145 (SUBS)

equi val errt,/chl _or |__._...des§
| ayer,

This invention relates to wave-guiding structures
and, more specifically, it relates to wave—guiding
structures in which the lasing species is erbium, eg the
ion Er¥*, The lasing species is contained in a silica
based glass,

During the period 1985 - 1990 there has been
substantial interest in the use of photonic amplifiers in
telecommunications optical networks. This has included
both semiconductor devices in which the primary source of
power is elecctrical as well as wholly optical devices in
which a signal at one oprtical wavelength is amplified and
the power to drive the amplification is derived from a
Pump optical signal act a.differenc frequency.  The wholly
optical devices can be configured in the form of a fibre
wave-guide which is geometrically compatible with the
transmission fibre in the telecommunications network.
This geometrical compatibility confers substantial
operating advantages and these advantages have given
substantial technical significance to research into
lasing structures and especially into lasing struccﬁres
which can be implemented in the form of fibre.

Wavelengths in the range 1500nm to 1600nm have been
recognised as particularly suitable for use in optical
telecommunications and, therefore, photonic amplifiers
which amplify at these wavelengths are of particular
interest. It has been recognised that erbium, eg the ion
Er®*, will, when suitably pumped, lase at these
wavelengths. Thus phortonic amplifiers based on erbium as
a lasing species have been extensively studied.

More recently it has been recognised that erbium

contained in a host glass of silica and germania has an
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When all the | ayers have been deposited the tube is collapsed into a rod
which.is drawn into fibre. -7-

operational bandwidth which is undesirably narrow for
some applications. For example, it may be desired to
operate a frequency division multiplex which uses optical
signals at both 1530nm and 1560nm. It has been found
difficult to achieve satisfactory amplificaction at both
of these wavelengths because of the narrow operational
bandwidth of the erbium lasing species.

It has now been most surprisingly discovered that
the operational bandwidth of the erbium can be increased
to a satisfactory extent by the presence of only a small
quantity of alumina in a host glass containing 3 - 30%0
mole of germanium in silica. The fact that the
concentration of alumina is surprisingly low is of
substantial operational importance because the alumina
has very little effect on the other operational
parameters of the wave-guide structure.

According to this invention the path region of a
wave-guiding structure is wholly or partly formed of a
laser composition which has 0. lppm molér to 5000ppm molar
of erbium contained in a host glass which consists
essentially of §i0,, GeO,, Al,0, and additives. In cthis
composition the amount of the additive is less than 5%0
by weight, preferably less than 1%/o by weight. The path
region contains x mole %/o of the Ge0, and ax mole %/o of
the Al,0; wherein x = 3 - 30 and a is less than 0.35 (eg
a is in the range 0.001 to 0. 35), preferably
a =0.01 - 0.25, ie the mole ratio of Ge:Al is more than
2.8 and preferably Ge:Al = 1:0.01 - 0,25,

There are two major variants of this invention. 1In
the first variant the path region is of approximately
uniform composition and it consists entirely of the
lasing composition.

In the second variant of the invention the

composition of the path region is designed to be
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To make fibre according to this invention this procedure is follomed for
the cladding but a precursor of the core is dep03|tedhb&meﬁeﬁbaea1R

porous state. The erbiumand the alumniymare introdu Wﬂl ' n |nto
t he porous |ayers. After solvent renoval and conversion

necessary, the porous layer is consolidated and the tubular configuration
Is collapsed into a rod which is then drawn into fibre. |t should be

noted that the introduction of additives by soaking the porous |ayers is
a wel | -known nodi f ne@indi®scf thee cMMéRe HtQ6LSF. the erbium is greater

in the central path region than at the periphery thereof.
Preferably the path region consists of two regions,
namely an inner region and an outer region which
surrounds the inner region. The inner region is
preferably of approximately uniform composition and it
consists entirely of the lasing composition as specified
above. The outer region consists of a different glass
which may have the same refractive index as the inner
region. The inner region preferably constitutes not more
than a quarter, eg 5%°0o to 25%0, of the cross-sectional
area of the path region.

(The concept of non-uniformly distributed lasing
additives in glass fibre wave-guides is disclosed in
EP 313209 and to Japanese equivalent JP 89/145881,
Co-pending applications were also filed on 13 October
1988 as US 257101 and CA 508531.)

The most important of the additives is phosphorous,
which may be present in the fibre in the form of a
phosphate. The presence of phosphorous reduces the
viscosity of the glass which makes it possible to work at
lower temperatures. The presence of the phosphorous-in
the core helps to reduce the risk of crystallisation by
the Al,0; and this crystallisation is a substantial risk
in certain preparative techniques. At low concentrations
of Al,0, it is possible to avoid the use of phosphorous
in the core,

The preferred configuration is an.optical fibre in
which the path region as specified above constitutes the
whole of the core which is surrounded by a cladding of a
different glass composition which has a lower refractive
index than the core. The preferred cladding glass
composition is pure silica, oprionally containing melting
point depressants such as phosphorous and fluorine to
control the refractive index.

As well as the fibre per se, the invention includes
photonic amplifiers comprising a lasing length of fibre
according to the invention coupled to a pump for

) s Sagm — "
v 15 iHS TEIRGOEMAMN BHOeT

Date:



& her..met hods of meking the fibre include: 1) The vapour axial deposition

( VAD):. ‘t echni que wher eby a porous boule of doped silicais fused into
a rare-earth doped boul e by fusing at approxi mately 1200 -

1400[err] C in an atnosphere of the rare-earch chloride. Alternatively
t he boul e can be soaked in an al€ahelic solution as described in the
MCVD t echni que above. The fused doped boule is surrounded by, a

cl adding glass and drawn into fibre. 2) The outside vapour deposition
(OVD) technique has

[N

providing pump radiation to excite the erbium into an
inverted population state suitable for sustaining the
lasing process,

Several different wavelengths are suitable for use
as a pump radiation, these include Sl4nm, 650nm, 800nm,
980nm, and 1480nm (these figures should be regarded as
having a tolerance of 125nm). Of these five wavelengths
980nm and 1480nm are regarded as particularly suitable,

The laser length of the fibre is related to the
available pump power and the concentration of the erbium.
A higher pump power enables a longer laser length to be
used and lower erbium concentrations are also related to
a longer - laser length. Recent experience suggests that
better amplification is achieved by using relatively low
erbium concentrations and relatively long laser lengths,
ie the gain per metre is small but a high total gain is
achieved by using a long laser length. It is considered
that adequate gain is unlikely to be achieved with laser
lengths of less than 0.5m whereas it would be difficult
to propagate pump radiation over laser lengths of more
than 10km. For most purposes it is considered that laser
lengths of lm - 200m, preferably 10m - S50m, would be
appropriate,

The invention alsc includes telecommunications
systems which comprise an amplifier as defined above
having the input and output fibres operatively coupled to
input and output transmission fibre,

It will be appreciated that 2 telecommunications
system, eg a submarine system, is complicated, imporctant
2nd expensive technology and, therefore, its components
are individually designed for the system's specific
requirements. The most important requirements which

affect the amplifying fibre are:-
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al so been reported to nake rare-earth doped fibre. This is simlar to
t he VAD process, but the rare-earth dopant is introduced into the
boul e during the deposition process from an organo-netallic
sour ce. The invention will now be described by way of exanpl e
with reference to the acconpanyi ng drawisngs I n which: Figure 1
illustrates a fibre according to the I nventi on made by the MCVD
process and havi ng an :

~

(a) that the amplifying fibre shall match, as
closely as possible, the transmission
properties of the transmission fibre, and

(b) cthe amplifying fibre must support lasing
transitions to give a high gain for a low pump
power, It is also important to minimise, and
preferably eliminate, any tendency to oscillate
which means that it is importanc to minimise
reflection at the two ends of the laser
lengths.

Requirement (a) indicates that the core of the
amplifying fibre be of similar size as the core of the
transmission fibre. It is easy to appreciate that
mis-matched core sizes will cause signals to be lost at
either the input or the output end. It is also
convenient that the external diameters be the same which
implies that the claddings are the same. Matching the
cladding sizes is less important than mactching the core
size,

Requirement (a) also indicates that the optical
properties be matched, ie that the refractive indices be
the same., (It will be appreciated that a refractive .
index step in a path tends to cause unwanted
reflections.) The difference between the refractive
indices of core and cladding is an important performance
parameter but individually matching the core and cladding
indices also matches the difference, In the case of the
cladding it is possible, and usually desirable, to
utilise the same composition for both transmission and
amplifying fibre. The composition is usually SiO, with P
and F as additives.

Requirement (b) necessitates that a laser additive,
ie erbium or Erd*, is present in the core of the

amplifying fibre and thxs prevents the same core
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uni for.m cor e; Figure 2 illustrates an alternative formof fibre
made by the MCVD process and having a core
- 8-

compositions being used in transmission and amplifying
fibre. The transmission fibre usually has a core of
silica/germania glass and this can be used as the host
glass in the amplifying fibre. The concentration of
erbium is adjusted to give the desired laser power but
the bandwidcth is less than ideal. The bandwidth can be
made wider by introducing alumina into cthe core.
Adjusting the Ge:Al ratio within the ranges stated
enables a desired bandwidth to be achieved. The alumina.
increases the refractive index so it will be necessary to
adjust the germania content to obtain an exact index
match between cores of transmission and amplifying fibre.
In some instances it may be appropriate to introduce
phosphorous to help stabilise the composition and this
may also require adjustment of the germania to achieve an
index match.

(If a fibre'wich two regions in the core is used,
the outer region conveniently has the same composition as
the core of the transmission fibre and the above
considerations apply to the inner zone.)

One method of making optical fibre wave-guides
according to the invention utilises the modified chemical
vapour deposition process usually identified as MCVD.
MCVD is sometimes known as inside déposition process
because the glasses which eventually form the operative
part of the fibre are produced by converting the
equivalent chlorides into the desired oxides which are
deposited, layer by layer, on the inner surface of a
substrate tube, Usually a total of 10 - 30 layers are
deposited. As initially deposited, the glass is porous
but the porous material is immediately fused to give a
solid layer upon which subsequent layers are deposited.
When all the layers have been deposited the tube is

collapsed into a rod which is drawn into fibre.
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consisting of an inner and an outer zone; and Figure 3 illustrates an
anplifier configuration. The preferred enbodi nent of the invention,
as shown in Figure 1, is a fibre which has a residual layer 10 which is
the residue of the substrate tube used in the MCVD process. Inside the
residual |ayer 10 the fibre has a conventd onal cladding 11. The residual
| ayer 10 consists of substantially pure silica glass and the cladding
region 11 consists of silica glass, usually

To make fibre according to this invention this
procedure is followed for the cladding but a precursor of
the core is deposited but left in the porous state. The
erbjium and the aluminium are introduced as solution into
the porous layers, After solvent removal and conversion
to oxides is necessary, the porous layer is consolidated
and the tubular configuration is collapsed into a rod
which is then drawn into fibre. It should be noted that
the introduction of additives by soaking the porous
layers is a well-known modification of the MCVD process.

Other methods of making the fiﬁre include:

1) The vapour axial deposition (VAD) technique whereby
a porous boule of doped silica is fused into a
rare—~earth doped boule by fusing at approximately
1200 - 1400°C in an atmosphere of the rare-earth
chloride, Alternatively the boule can be soaked in
an alcoholic solution as described in the MCVD
technique above. The fused doped boule is
surrounded by a cladding glass and drawn into fibre.

2) The outside vapour deposition (OVD) technique has
also been reported to make rare—earth doped fibre.
This is similar to the VAD process, but the
rare—earth dopant is introduced into the boule
during the deposition process from an
organo-metallic source.

The invention will now be described by way of

example with reference to the accompanying drawings

in which:

Figure 1 illustrates a fibre according to the

invention made by the MCVD process and having an

uniform core;

Figure 2 illustrates an alternative form of fibre

made by the MCVD process and having a core

s Sheet Has Been Replaced’ This is the replacement sheet

I 25 00T 0%




having a slightly higher purity than that of the residual |ayer 10, but
cont ai ni ng phosphorous and fluorine as dopants to reduce the nelting point
of the silicain order to facilitate processing. The phosphorous slightly
i ncreases the refractive index of the cladding but the fluorine slightly
reduces the refractive index. The ratio of F/P is adjusted so that the
refractive index of the cladding 11 is %dbstantially equal to the
refractive index of the residual layer 10. This ensures that the two .

| ayers 10 and 11 function as a single cladding in the

consisting of an inner and an outer zone; and

Figure 3 illustrates an amplifier configuration,

The preferred embodiment of the invention, as shown
in Figure 1, is a fibre which has a residual layer 10
which is the residue of the substrate tube used in the
MCVD process. Inside the residual layer 10 the fibre has
a conventional cladding 11. The residual layer 10
consists of substantially pure silica glass and the
cladding region 11 consists of silica glass, usually
having a slightly higher purity than that of the residual
layer 10, but containing phosphorous and fluorine as
dopants to reduce the melting point of the silica in
order to facilitate processing. The phosphorous slightly
increases the refractive index of the cladding but the
fluorine slightly reduces the refractive index. The
ratio of F/P is adjusted so that the refractive index of
the cladding 11 is substantially equal to the refractive
index of the residual layer 10. This ensures that the
two layers 10 and l1 function as a single cladding in the
optical wave-guide. In some instances excess F is
introduced into the cladding glass to produce a low index
material.

The core region 12 is of uniform composition and it
is forped of a silica/germania glass which contains Erdt
as the lasing additive and alumina to adjﬁsc the lasing
bandwidth of the Er3*. The composition of the ;ore 12
will be further specified in examples given below,

An alternative form of fibre according to the
invention, which is shown in Figure 2, includes the same
layers 10 and 11 as shown in Figure 1. However, the core
comprises an outer region 13 which surrounds an inner

region 14, The outer region 13 consists of a
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optical wave-guide. In sone instances excess Fis introduced into the

cl adding glass to produce a |low index material. The core region 12
is of uniformconposition and it is formed of a silical/germania glass which
contains Er3+ as the lasing additive and alum na to adjust the |asing
bandw dth of the Er[err]. The conposition of the core 12 wll be further
specified in exanpl es given bel ow - 9%n alternative formof fibre
according to the invention, which is shown in Figure 2, includes the sate

silica/éermanium glass and the inner region 14 also
contains alumina and the lasing species Er’*, It should
be noted that there is no lasing species and no aluminium
in the outer region 13,

Fibre as illustrated in Figure 1 was prepared by a
substantially conventional MCVD process in which a
substrate tube was rotated in a glass blowing lathe while
a reactant gas was passed through its bore. In the
course of the preparation two different reactant
mixtures, to be specified below, were used.

A short segment of tube, aboutr 2cm long, was heated
to reaction temperature by a travelling flame. In this
segment chlorides were converted into oxides which
deposited as a porous ring downstream of the flame. As
the flame traversed, in the case of cladding, the deposit
was fused to form a thin layer on the inner surface of
the substrate tube, In the case of the core, a lower
temperature was used so that the deposit did not fuse
whereby it remained porous.

The reaction mixture used to form the cladding
precursor was obtained by bubbling:-

700ml/min of O, through SiCl,,
90ml/min of O, through POCL,.

The mixture of these two gas streams was diluted
with 1.5 lictre/min 0, and 1.0 litre/min He. In addition,
2.5 ml/min of C&lez were included in the mixture. The
maximum temperature in the hot zone was 1600°C and the
flame travelled at 18cm/min. The ratio of F:P was chosen
so that the RI of the cladding was equal to that of the
substrate ctube.

Ten cladding layers were thus deposited on a
substrate tube of 10mm inner diameter, These fused
together to form a cladding layer of Sio2 doped with P,0;
and fluorlde
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l.ayers 10 and 11 as shown in Figure 1. However, the core conprises an
outer region 13 which surrounds an inner region 14. The outer region 13
consists of a - 9-

- 10 -

Three layers to form the core were deposited next.
The reaction mixture used for each layer was obtained by
bubbling:—

100 ml/min at 0, through SiCl,
120 ml/min of O, through GeCl,
10 ml/min of O, through POCl,.

The mixture of these three gas streams was diluted
with 1.5 litres/min of 0,. The torch traverse rate was
17 cm/min and the maximum temperature was at 1300°C
{which is too low to fuse the deposit).

(Note. In all bubbling operations the liquid was at
25%C.) At this point the tube was removed from the lathe
and dopants were introduced into the porous layers by
immersion for 1 hour in an agueous solution of

0.65 M AlCL,.6H,0
0.002 ¥ ErCl,.6H,0
(Note, alcoholic solutions are also suitable.)

After soaking, the tube was drained, blown dry with
N, for one hour, and returned to the lathe where it was
heated at about 800° - 1000°C for a few minutes. This
completed solvent evaporation. The temperature was
raised to about 1900°C for collapse to a rod. This also
ensured conversion of AlCl;.6H,0 to Al,0; and ErCl; to
Er,0;. The tube was flushed with 0,/He mixture during all
of these stages (about 10% volume of Cl, is
advantageously introduced inteo the Oz/He mixX to assist in
obtaining a dry product,)

The resulting preform was drawn to a fibre as

specified in Table I.
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silica/germaniumglass and the inner region 14 also contains alumna and
the |l asing species Er[err]. It should be noted that there is no |asing
species and no alumnium in the outer region 13. Fi bre as
illustrated in Figure 1 was prepared by a substantially conventional MCVD
process in which a substrate tube was-rptated in a glass blow ng |athe
while a reactant gas was passed through its bore. In the course of the
preparation two different reactant mxtures, to be specified below, wereé
used. '

. TABLE I
Cladding (11)
8)) 15.7um
ID S.4pm
RI matched to silica
Core (12)

Diameter 5.4um

Ge 7.5 wel/o
Al 0.35 wt/o
Erd+ S00ppm

sio, balance

Mole ratio Al:Ge=0.1:1
General Properties

oD 120pum
LP11 Cut Off 1240nm
RI step .016

A fibre as illustrated in Figure 2 was prepared by a
method similar to that described above. A cladding
consisting of 20 layers was prepared using the reactants
designated above and this was followed by the deposition
of 3 layers of $i0,/Ge0, each of which was fused as it
was deposited. Finally, 3 layers of 5i0,/Ge0, were
deposited and left in the porous state. These layers
were soaked with aluminium nitrate and erbium thloride as
described above. After soaking, the tubular structure
was converted to fibre using a method as described above.

Figure 3 shows an amplifier using the fibre
specified in Table 1 as the amplifying medium 32. The
-amplifier comprises an input transmission fibre 30
fusion-linked at 34 to 20m of amplifying fibre 32 which

is also linked, at 33, to ocutput transmission fibre 31.
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A short segnent of tube, about 2cmlong, was heated to reaction
tenperature by a travelling flame. In this segnent chlorides were
converted into oxides which deposited as a porous ring downstream of the
flame. As the flane traversed, in the case of cladding, the deposit was
fused to forma thin |ayer on the inner Burface of the substrate tube. In
the case of the core, a lower tenperature was used so that the deposit did
not fuse whereby it remained porous. The reaction mixture used to
formthe cl adding

Both transmission fibres 30 and 31 have silica glaés

claddings and germania/silica glass cores. A pump 37,

which provides pump radiation at 1480nm, is connected to

link fibre 36 which forms a wavelength selective fused

fibre coupler 35 with the input transmission fibre 30.

The coupler 35 passes the pump radiation at 1480nm into

the amplifying 32 burt it does not take out signals at

1530nm to 1560nm.

Using pump power of 70mW the amplifier gave a gain

of 30dB for signals at 1550nm. More specifically, it

amplified an input power of 0.0lmW to an output power of

10mW. The "full-width half-maximum" bandwidth was

measured for this amplifier. This measurement specifies

the bandwidth, in nanometres, over which the gain is at

least half the maximum gain available. For the amplifier

shown in Figure 3 the FWHM bandwidth was 35nm (and the

specific amplifications at twe wavelengths of interest,

namely 1530nm and 1560nm, was 27dB or betcter).

The effect of the Ge:Al ratio can be illustrated by

the fluorescent spectra of silica/german/alumina glasses

since it is the performance of the glass which is

exploited in the fibre. The FWHM bandwidth of

fluorescence, ie the bandwidth over which the

fluorescence is half the maximum, is similar to the

figures quoted above and it can be used as a guide to

fibre performance. Values for glasses with five

different Ge:Al ratios are given in Table 2.
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precursor was obtai ned by bubbling: - 700mM /mn of O[err] through
Sid[err], 90m /mn of Jerr] through POCl[err]. The

m xture of these two gas streans was diluted with 1.5 litre/mn Jerr] and
1.0 litre/mn He. In addition, 2.5 n/ysn of CC[err]F[err] were included
in the mxture. The maxinmumtenperature in the hot zone was 1600[err]C
and the flane travelled at 18cmimn. The ratio of F:P was chosen so that
the RI of the cladding was equal to that of the substrate tube.

TABLE 2

Mole Ratio FWHM
Ge : Al

1 0 26.5nm
1 0.03 37nm

1 0.10 43nm

1 0.35 : 46nm

0 i 47nm

Table 2 indicates that the maximum bandwidth is
achieved in glasses which contain silica and alumina with
no germania. However, bandwidth is not the only
consideration which affects the performance of amplifying
fibre. Other properties, and particularly the excess
attenuation and compatability must also be taken into
account. In respect of these properties alumina is
undesirable and the use of fibre wicth high alumina
content is, in many applications, not acceptable.

The "excess" attenuation of a laser fibre is that
part of the attenuation which is comparable to the
attenuation of transmission fibre but the attenuation of
both the pump wavelength and the signal wavelength must
be taken into account. The erbium, ie the laser
additive, is intended to interact with both pump and
signal wavelengths. Pump radiation is clearly, and
intentionally, attenuated by the lasing process buct there
may also be undesired addictional attenuation, eg caused
by mechanisms similar to the mechanisms which cause
attenuation transmission fibre, which constitute the
"excess" pump attenuation., The signal wavelength can
also be absorbed by the erbhium but, in normal laser

operation, the erbium is excited by the pump
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Ten cl adding | ayers were thus deposited on a substrate -tube-of--10mm.i nner
di ameter. These fused together to forma claddi ngh aye tHofBS| err] doped
with Plerr]Qerr] and fluoride. el tias seen

i

radiation so that amplification occurs. However, there

- 14 -

are still additional mechanisﬁs similar to the
attenuation in transmission fibre and these additional
mechanisms constitute the "excess" attenuation signal.
Many telecommunications networks use silica/germania
fibre and, therefore, there is a requirement for laser
fibre based on silica/germania to achieve compatibility
with the transmission fibre in the rest of the network,
The presence of large proportions of alumina would cause
excess attenuation. Table 2 indicates that a mole ratio
Ge:Al equals 1:0.35 gives nearly the same bandwidcth as a
silica alumina fibre whereas this small proportion of
alumina has relatively little effect upon the excess
attenuation and other transmission properties of the
fibre. Table 2 also indicates that very low, eg Ge:Al
ratio below 1:0.01, can give very slight enhancement of
the bandwidth which may be appropriate in cerctain
circumstances where it is necessary to affect only
minimally the transmission properties of the fibre.
However, for most purposes it is considered that mole
ratios above Ge:Al equals 1:0.0! would be acceptable.
When laser amplifiers in the form of fibre were
firsc suggested it was considered that very short lengths
of fibre, eg below 0.5m, would be appropriate and, in
these circumstances, the excess attenuation of the laser
fibre is unimportant because of the short distance. It
has now been realised that there are substantial
‘advantages in performing the amplification over longer
distances, Distances of 10m - 200m are under present
consideration and it is believed that in the future even
longer distances, eg up to 2km may be appropriate. At
these long laser lengths the effect of excess attenuation
becomes important and it is even possible that the excess
attenuation could nullify the amplification. It is,
therefore, important tro provide laser fibre with very low

excess attenuation.
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-10- - . Three layers to formthe core were deposited next. The
reaction m xture used for each | ayer was obtai ned by bubbling: -

100 M/ mn at O[err] t hrough Si C - 120 M /mn of O[err] through
GeCd[err] 7777777710 M/ mn of O[err] t hrough POC [err]. The

m xt ure ofrhlsaes HabBesh Ra@staceliT €ans was ~d}d dt ed

[ | |

CLATIMS

1. An optical wave-guide suitable for use as a photonic
amplifier, in which at least a part of the path region is
formed of a lasing composition being a silica/germania
glass which contains 0.1 -~ 5000ppm molar of erbium as a
iasing additive and alumina to adjust the bandwidth of
operation of the erbium, wherein the mole ratio of Ge:Al
is more than 2.8.

2. An optical wave-guide according to claim 1, wherein
the mole ratio Ge:Al is 1:0.01 to 0.25.

3. An optical wave-guide according to either claim 1l or
claim 2, wherein the silica/germania glass contains

3 - 30%0 mole of germania.

4, An optical wave-guide according to any one of claim
1, claim 2 or claim 3, wherein the whole of the path
region is formed of said lasing composition.

5. An optical wave-~guide according to claim 4, wherein
the concentration of the aluminium and the erbium is
uniform throughoutr the path region.

6. An optical wave-guide according to any one of claim
1, claim 2 or claim 3, in which the path region consists
of an outer region which surrounds an inner region and
said inner region has a higher concentration of erbium
than the outer region.

7. An optical wave-guide according to claim 5, in which
the outer region contains no erbium,

8. An optical wave-guide according to any one of the
preceding claims, in which the wave-guide takes the form
of a fibre and the path region is the core of said fibre.
9. An optical fibre wave-guide suitable for use as a
photonic amplifier, which fibre wave-guide comprises a
cladding formed of a first glass composition having a
refractive index n; and said cladding surrounds a core
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with 1.5 litres/mn of Of[err]. The torch traverse rate was 17 cmimin and
t he maxi mum tenperature was at 1300[err]C (which is too | owto fuse-the .
deposit). (Note. In all bubbling operations the |Th#sgHde 250C. )
At this point the tube was renoved fromthe lathe and do %B%EnReaaced
i ntroduced into the porous layers by i rsion for 1 hou ”ﬁ

sol ution of 0.65 MAl1C [err].6H err]O .
ErCl[err].6H err]0 (Note, alcoholic solutions are also suitable.)

S

which is formed of a second glass composition haQing a
refractive index n, wherein n, is greater than n,, and
said first glass composition is based on silica and said
second glass composition is based on a silica/germania
with 0.1 - 5000ppm mole of erbium as a lasing additive
and alumina to adjust the bandwidth of operation of the
erbium,-wherein the mole ratio of Ge:Al is more than 2.8,
10. An optical fibre wave~guide according to claim 9,
wherein the mole ratio of Ge:Al is 1:0.01 -~ 0.25.

11, An optical fibre wave-guide according to either

claim 9 or claim 10, wherein n,~n; is between 0.003 and

0.04.

12. A glass fibre acFording to any one of claims 9-11,

wherein the first glass composition contains fluorine and

phosphorous to reduce the melting point of the silica
glass composition.

13. A glass fibre according to any one of claims 9-12,

wherein the second glass composition contains 3 - 30%o0

mole of germania,

l4. An optical fibre wave-guide suitable for use as a

photonic amplifier, which fibre comprises:

(a) a cladding region formed of a first silica glass
composition having a refractive index ng;

{b) an outer core region surrounded by said cladding
region and formed of a silica/germania glass
composition having a refractive index n,, wherein n,
is greater than n;;  and

{c) an inner core region surrounded by said outer core

region and formed of a third glass composition
having a refractive index n,, wherein n, is not
greater than n, and said third glass composition is

a silica/germania glass which contains 0.1 - 5000ppm
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After, soaking, the tube was drained, blown dry with N2 for one hour, and
returned to the lathe where it was heated at about 800[err] - 1000[err]C
for a few mi nufés.” "This —~conpl eted sol vent evaporation. The tenperature
was rai sedriiosmlemks BRANELLIC for collapse to a rod. This also ensured

conver si on of MM : rr]Oto Allgrr]O[err] and ErC[err] to
Er[err](err]. m@g rflushed with Jerr]/He mxture during all of
t hese stages ume of Cl[err] is advantageously introduced
into the Jerr/He mx to assist in obtaining a dry product.)

mole of erbium as a2 lasing additive and alumina to

adjust cthe bandwidth of operation of the erbium,

wherein the mole ratio of Ge:Al is more than 2.8.
15. An optical fibre wave-guide according to claim 14,
wherein the value of n,~n,; is Secween 0.003 and 0.04 and
the value of n, is between the values of n; and n,.
16. An optical fibre according to either claim 14 or
claim 15, wherein the mole ratio Ge:Al is 1:001 to 0.25.
17. An optical fibre according to any one of the
preceding claims, wherein the core contains substantially
no phosphorous.
18. An optical amplifier which comprises an input
transmission fibre optically coupled to an amplifying
fibre which is alsc optically coupled to an output
transmission fibre, said amplifying fibre being oprically
matched to said input and output fibres whereby the
amplifier is adapted to receive attenuated signals via
the input fibre and to provide amplified signals at cthe
output fibre, and also wherein the amplifying fibre is
optically coupled to pump means for supplying pump
radiation to provide power for the amplificaction;
characterised in that said amplifying fibre is lm to
1,000m long, and it consists of a fibre as defined in any
one of claims 8 to 16.
19. An optical amplifier according to claim 18, wherein

the amplifying fibre is 10m to 200m long.
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The r..(;jsulting preformwas drawn to a fibre as specified in Table I.

- 18 -

ABSTRACT

WAVE-GUIDING STRUCTURE WITH LASING PROPERTIES

Optical wave-guides, eg fibres, for use as photonic
amplifiers have a path region partly or, preferably,
wholly composed as a silica/germania glass with 0.1 to
5000ppm mole of Er3+_as a lasing additive and alumina to
adjust the bandwidth, the Ge:Al mole ratio being more
than 2.8, eg 1:0.001 to 0.25. It is surprising that low
amounts of alumina have a useful and significant effect
on the lasing bandwidth whereby frequency division

multiplex is facilicated.

Fig. 1
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TABLEN G addi ng (11) aD 15. 7[err]m I D
5.4[err]m RI mat ched to silica Core (12)

Dianeter 5.4[err]m Ge 7.5 wmferr]/o Al

0.35 wt[err]/o Er[err] 500ppm

7

Fi1g.1 Fig.2

i 0 # 0
/4 /3
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Fig.3
3/ 32
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WAVE-GUIDING STRUCTURE WITH LASING PROPERTIES

BT PATENT CASE A24145 (SUBS)

This invention relates to wave-guiding structures
and, more specificélly, it relates to wave-guiding
structures in which the lasing species is erbiunm, eg the
ion Er3*, The lasing species is contained in a silica
based glass,

During the period 1985 - 1990 there has been
substantial interest in the use of photonic amplifiers in
telecommunications optical networks. This has included
both semiconductor devices in which the primary source of
power is electrical as well as wholly optical devices in
which a signal at one optical wavelength is amplified and
the power to drive the amplification is derived from a
pump optical signal at a different frequency. The wholly
optical devices can be configured in the form of a fibre
wave-guide which is geometrically compatible with the
transmission fibre in the telecommunications network,
This geometrical compatibility confers substantial
operating advantages and these advantages have given
substantial technical significance to research into -
lasing structures and especially into lasing struccﬁres
which can be implemented in the form of fibre,

Wavelengths in the range 1500nm to 1600nm have been
recognised as particula;ly suitable for use in optical
telecommunications and, therefore, photonic amplifiers
which amplify at these wavelengths are of particular
interest. It has been recognised that erbium, eg the jon
Er3*, will, when suitably pumped, lase at these
wavelengths. Thus photonic amplifiers based on erbium as
a lasing species héve been extensively sctudied.

More recently it has been recognised that erbium

contained in a host glass of silica and germania has an

This is the replacement sheet

pate: 3 1 JAN 1997



desi gnat ed above and this was foll owed by the deposition of 3 layers of
SlC{err]/GEC{err] each of whi'ch was fused as it was deposited. Finally, 3
| ayers of Slfﬂ'&#h tmmrﬁeplwéoe deposited and left in the porous state.

These l.ayers - h alum niumnitrate and erbiumchloride as
descri bed abov g, the tubular structure was converted to
fibre using a netho as e i bed above.” ~ Figure 3 shows an anplifier

using the fibre specified in Table 1 as the anplifying nmedium 32. The -

anplifier conprises an input transm ssmn fibre 30 fusion-linked at 34 to
20m of anplifying fibre 32 which

operational bandwidth which is undesirably narrow for
some applications. For example, it may be desired to
operate a frequency division multiplex which uses optical
signals at both 1530nm and 1560nm. It has been found
difficult to achieve satisfactory amplification at both
of these wavelengths because of the narrow operational
bandwidch of the erbium lasing species,

It has now been most surprisingly discovered that
the operational bandwidth of the erbium can be increased
to a satisfactory extent by the presence of only a small

_quancity of alumina in a host glass containing 3 - 30%0
mole of germanium in silica, The fact that the
concentration of alumina is surprisingly low is of
substantial operational importance because the 2lumina
has very little effect on the other operational
parameters of the wave-guide structure..

According to this invention the path region of a
wave-guiding structure is wholly or partly formed of a
laser composition which has 0.lppm molar to 5000ppm molar
of erbium contained in a host glass which consists
essentially of Si0,, GeO,, Al,0; and additives. In this
composition the amount of the additive is less than 5%0
by weight, preferably less than 1%/o by weight. The path
region contains X mole /0 of the GeO2 and ax mole %/o of
the Al,0, wherein x = 3 - 30 and a is less than 0.35 (eg
a is in the range 0.001 to 0.35), preferably .

a = 0.01 - 0.25, ie the mole ratio of Ge:Al is more than
2.8 and preferably Ge:Al = 1:0.01 - 0.25,

There are two major variants of this invention. 1In
the first variant the path region is of approximately
uniform composition and it consists entirely of the
lasing composition.

In the second variant of the invention the

composition of the path region is designed to be

This is the replacemem sheet
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is also |inked, at 33, to output transm ssion fihre 31Pwﬂ_m_m~~w~~~~

- 12 - Both transmission fibres 30 and 31 have sili ca g
Sheet Has en Re laced
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nonuniform. The concentration of the erbium is greater

in the central path region than at the periphery thereof.
Preferably the path region consists of two regions,
namely an inner region and an outer region which
surrounds the inner region. The inner region is
preferably of approximately uniform composition and ic
consists entirely of the lasing composition as specified
above. The outer region consists of a different glass
which may have the same refractive index as the inner
region. The inner region preferably constitutes not more
than a quarter, eg 5%0o to 25%0, of the cross-sectional
area of the path region.

{The concept of non-uniformly distributed lasing
additives in glass fibre wave-guides is disclosed in
EP 313209 and to Japanese equivalent JP 89/145881.
Co-pending applications were also filed on 13 October
1988 as US 257101 and CA 508531,)

The most important of the additives is phosphorous,
which may be present in the fibre in the form of a
phosphate. The presence of phosphorous reduces the
viscosity of the glass which makes it possible to work at
lower temperatures. The presence of the phosphorous-in
the core helps to reduce the risk of crystallisation by
the Al,0, and this crystallisation is a substancial risk
in certain preparative techniques. At low concentrations
of Al,0; it is possible to avoid the use of phosphorous
in the core.

The preferred configuration is an optical fibre in
which the path region as specified above constitutes the
whole of the core which is surrounded by a cladding of a
different glass composition which has a lower refractive
index than the core. The preferred cladding glass
composition is pure silica, optionally containing melting
point depressants such as phosphorous and fluorine to
control the refractive index.

As well as the fibre per se, the invention includes
photonic amplifiers comprising a lasing length of fibre

according to the invention coupled to a pump for )
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cl addi ngs and germani a/silica glass cores. A punp 37, which provides punp
radi ation at 1480nm is connected to link fibre 36 which forns a '
wavel ength sel ective fused fibre coupler 35 with the input transm ssion
fibre 30. The coupler 35 passes the punp radiation at 1480nminto the
amplifying 32 but it does not take out signals at 1530nmto 1560nm

Usi ng punp power of 70mWthe anplifier gave a gain of 30dB for signals at

1550nm More specifically, it anplified an input power of 0.01lnWto an *
out put power of '

providing pump radiation to excite the erbium into an
inverted population state suitable for sustaining the
lasing process.

Several different wavelengths are suitable for use
as a pump radiaction, these include Sl4nm, 650nm, 800nm,
980nm, and 1480nm (these figures should be regarded as
having a tolerance of 125nm). Of these five wavelengths
980nm and 1480nm are regarded as particularly suitable.

The laser length of the fibre is related to the
available pump power and the concentration of the erbium.
A higher pump power enables a longer laser length to be
used and lower erbium concentrations are also related to
a longer laser length. Recent experience suggests that
better amplification is achieved by using relatively low
erbium concentrations and relatively long laser lengths,
ie the gain per metre is small but a high total gain is
achieved by using a long laser length. It is considered
that adequate gain is unlikely to be achieved with laser
lengths of less than 0.5m whereas it would be difficult
to propagate pump radiation over laser lengths of more
than 10km. For most purposes it is considered that laser
lengths of 1lm - 200m, preferably 10m - 50m, would be
appropriate.

| The invention also includes telecommunications
systems which comprise an amplifier as defined above
having the input and output fibres operatively coupled to
input and output transmission fibre.

It will be appreciated that a telecommunications
system, eg a submarine system, is complicated, important
and expensive technology and, therefore, its components
are individually designed for the system’s specific
requirements. The most important requirements which

affect the amplifying fibre are:-
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10mMN The "full-wi dth hal f-maxi runf bandw dth was neasured for this
anplifier. This neasurenent specifies the bandw dth, in nanonetres, over
which the gain is at |east half the maxi mum gain avail able. For the
anplifier shown in Figure 3 the FWHM bandw dth was 35nm (and the specific
anplifications at two wavel engths of interest, nanely 1530nm and 1560nm
was 27dB or better). The effect of3the Ge: Al ratio can be illustrated
by the fluorescent spectra of silical/german/alumna glasses since it is

t he performance of the glass which is

(a) that the amplifying fibre shall match, as
closely as possible, the transmission
properties of the transmission fibre, and

(b) the amplifying fibre must support lasing
transitions to give a high gain for a low pump
power., It is also important to minimise, and
preferably eliminate, any cehdency to oscillate
which means that ic is important to minimise
reflection at the two ends of the laser
lengths.

Requirement (a) indicates that the core of the
amplifying fibre be of similar size as the core of the
transmission fibre. It is easy to appreciate that
mis-matched core sizes will cause signals to be lost at
either the input or the output end. It is also
convenient that the external diameters be the same which
implies that the claddings are the same. Matching the
cladding sizes is less important than matching the core
size,

Requirement (a) also indicates that the optical
properties be matched, ie that the refractive indices be
the same. (It will be appreciated that a refractive .
index step in a path tends to cause unwanted
reflections.) The difference between the refractive
indices of core and cladding is an important performance
parameter but individually matching the core and-cIadding
indices also matches the difference. In the case of the
cladding it is possible, and usually desirable, to
utilise the same composition for both transmission and
amplifying fibre. The composition is usually SiO, with P
and F as additives.

Requirement (b) necessitates that a laser additive,
ie erbium or Er“} is present in the core of the

amplifying fibre and this prevents the same core
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exploited in the fibre. The FWHM bandw dth of fluorescence, ie the
bandw dt h over which the fluorescence is half the maximum is simlar to
the figures quoted above and it can be used as a guide to fibre
perfornmance. Values for glasses with five different Ge: Al ratios are given
I n Table 2.

- § ~

compositions being used in transmission and amplifying
fibre. The transmission fibre usually has a core of
silica/germania glass and this can be used as the host
glass in the amplifying fibre. The concentration of
erbium is adjusted to give the desired laser power but
the bandwidth is less than ideal. The bandwidth can be
made wider by introducing alumina into the core.
Adjusting the Ge:Al ratio within the ranges stated
enables a desired bandwidth to be achieved. The alumina
increases the refractive index so it will be necessary to
adjust the germania content to obtain an exact index
match between cores of transmission and amplifying fibre.
In some instances it may be appropriate to introduce
phosphorous to help stabilise the composition and this
may also require adjustment of the germania to achieve an
index match.

(If a fibre with two regions in the core is used,
the outer region conveniently has the same composition as
the core of the transmission fibre and the above
considerations apply to the inner zone.)

One method of making optical fibre wave-guides
according to the invention utilises the modified chemical
vapour deposition process usually identified as MCVD.
MCVD is sometimes known as inside deposition process
because the glasses which eventually form the operative
part of.che fibre are produced by converting the
equivalent chlorides into the desired oxides which are
deposited, layer by layer, on the inner surface of a
substrate tube. Usually a total of 10 -~ 30 layers are
depositéd. As initially deposited, the glass is porous
but the porous material is immediately fused to give a
solid layer upon which subsequent layers are deposited.
When all the layers have been deposited the tube is
collapsed into a rod which is drawn into fibre.
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TABLE 2 Mbl e Ratio FWHM
26.5nm 1 0.03 37nm 1
43nm

To make fibre according to this inventicn this
procedure is followed for the cladding but a precursor of
the core is deposited but left in the porous state, The
erbium and the aluminium are introduced as solution into
the porous layers. After solvent removal and conversion
to oxides is necessary, the porous layer is consolidated
and the tubular configuration is collapsed into a rod
which is then drawn into fibre. It should be noted that
the introduction of additives by soaking the porous
layers is a well~known modification of the MCVD process.

Other methods of making the fihre include:

1) The vapour axial deposition (VAD) technique whereby
a porous boule of doped silica is fused into a
rare—earth doped boule by fusing at approximately
1200 ~ 1400°C in an atmosphere of the rare-earch
chloride. Alternatively the boule can be soaked in
an alcoholic solution as described in the MCVD
technique above. The fused doped boule is
surrounded by a cladding glass and drawn into fibre,

2) The outside vapour deposition (OVD) technique has
also been reported to make rare-earth doped fibre.
This is similar to the VAD process, but the
rare—earth dopant is introduced into the boule
during the deposition process from an
organo-metallic source,

The invention will now be described by way of

example with reference to the accompanying drawings

in which:

Figure 1 illustrates a fibre according to the

invention made by the MCVD process and having an

uniform core;

Figure 2 illustrates an alternative form of fibre

made by the MCVD process and having a core
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1 0. 35 46nm O 1 47nm Table 2

I ndi cates that the maxi num bandwi dth is achieved in glasses which contain
silica and alumna with no germania. However, bandwidth is not the only
consi deration which affects the performance of anplifying fibre. O her
properties, and particularly the excess attenuation and conparability nust
al so be taken into account. In respect -0§ 4hese properties alumna is
undesirabl e and the use of fibre with high alum na

consisting of an inner and an outer zone; and

Figure 3 illustrates an amplifier configuration.

The preferred embodiment of the invention, as shown
in Figure 1, is a fibre which has a residual layer 10
which is the residue of the substrate tube used in the
MCVD process. Inside the residual layer 10 the fibre has
a conventional cladding 1l1. The residual layer 10
consists of substantially pure silica glass and the
cladding region 1l consists of silica glass, usually
having a slightly higher purity than that of the residual
layer 10, butr containing phosphorous and fluorine as
dopants to reduce the melting point of the silica in
order to facilitate processing. The phosphorous slightly
increases the refractive index of the cladding but the
fluorine slightly reduces the refractive index. The
ratio of F/P is adjusted so that the refractive index of
the cladding 11 is substantially equal to the refractive
index of the residual layer 10. This ensures that the
two layers 10 and 11 function as a single cladding in the
optical wave-guide. In some instances excess F is
introduced into the cladding glass to produce a low index
material.

The core region 12 is of uniform composition and it
is formed of a silica/germanﬂa glass which contains Erd*
as the lasing additive and alumina to adjhsc the lasing
bandwidth of the Er3*. The composition of the core 12
will be further specified in examples given below,

An alternative form of fibre according to the
invention, which is shown in Figure 2, includes the same
layers 10 and 11 as shown in Figure 1. However, the core
comprises an outer region 13 which surrounds an inner

region l14. The outer region 13 consists of a
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content is, in many applications, not acceptable. The "excess"
attenuation of a laser fibre is that part of the attenuation which is
conparable to the attenuation of transm ssion fibre but the attenuation of
both the punp wavel ength and the signal wavel ength nust be taken into
account. The erbium ie the laser additive, is intended to interact with
both punp and signal wavel engths. Punp?radiation is clearly, and
intentionally, attenuated by the | asing process but there nmay also be .
undesi red additional attenuation, eg caused

silica/éermanium glass and the inner region 14 also
contains alumina and the lasing species Er3*. It should
be noted that there is no lasing species and no aluminium
in the outer region 13,

Fibre as illustrated in Figure 1 was prepared by a
substantially conventional MCVD process in which a
substrate tube was rotated in a glass blowing lathe while
a reactant gas was passed through its bore. In the
course of the preparation two different reactant
mixctures, to be specified below, were used.

A short segment of tube, about 2c¢m long, was heated
to reaction temperature by a.cravelling flame. In this
segment chlorides were converted into oxides which
deposited as a porous ring downscfeam of the flame, As
the flame traversed, in the case of cladding, the deposit
was fused to form a thin layer on the inner surface of
the substrate tube. In the case of the core, a lower
temperature was used so that the deposit did not fuse
whereby it remained porous.

The reaction mixture used to form the cladding
precursor was obtained by bubbling:-

700ml/min of O, through SiCl,,
90ml/min of O, through POCL,.

The mixture of these two gas streams was diluted
with 1.5 litre/min O, and 1.0 litre/min He. In addition,
2.5 ml/min of CCIZF2 were included in the mixture, The
maximum temperature in the hot zone was 1600°C and the
flame travelled at 18cm/min. The ratio of F:P was chosen
so that the RI of the cladding was equal to that of the
substrate tube.

Ten cladding layers were thus deposited on a
substrate tube of l0mm inner diameter. These fused
together to form a cladding layer of 5i0, doped with P,0,

and fluoride.
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by nmechanisns simlar to the nechani sns which cause attenuation
transm ssion fibre, which constitute the "excess" punp attenuation. The
si gnal wavel ength can also be absorbed by the erbiumbut, in normal |aser
operation, the erbiumis excited by the punp
- 14 -

- 10 -

Three layers to form the core were deposited next.
The reaction mixture used for each layer was obtained by
bubbling:—

| 100 ml/min at 0, through SiCl,
120 ml/min of O, through GeCl,
10 ml/min of 0, through POCL,.

- The mixture of these three gas streams was diluted
with 1.5 lictres/min of 0,. The torch traverse rate was
17 cm/min and the maximum temperature was at 1300°C
{which is too low to fuse the deposit).

(Note. In all bubbling operations the liquid was at
25°C.) At this point the tube was removed from the lathe
and dopants were introduced into the porous layers by
immersion for 1 hour in an aqueous solution of

0.65 M AlCl,.6H,0
0.002 M ErCl,.6H,0
(Note, alcoholic solutions are also suitable.)

After soaking, the tube was drained, blown dry with
N, for one hour, and returned to the lathe where it was
heated at about 800° - 1000°C for a few minutes. This
completed solvent evaporation. The temperature was
raised to about 1900°C for collapse to a rod. This also
ensured conversion of AlGl;.6H,0 to Al,0; and ErCly to
Er,0;. The tube was flushed with 0,/He mixture during all
of these stages (about . 10% volume of Cl, is
advantageously introduced into the 0,/He mix to assist in
obtaining a dry product.)

The resulting preform was drawn to a fibre as

specified in Table I.
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radi ation so that anplification occurs. However, there are stil

addi tional mechanisns simlar to the attenuation in transm ssion fibre and
these additional mechanisns constitute the "excess" attenuation signal.
Many tel ecomuni cations networks use silica/germania fibre and, therefore,
there is a requirenent for laser fibre hased on silica/gernmania to achieve
conpatibility wth the transmssion fibre in the rest of the network. The

presence of |arge proportions of alum na would cause -
TABLE I

Cladding (11)

oD 15.7pm

iD 5.4m _

RI matched to silica
Core (12)

Diameter 5.4pm

Ge 7.5 web/o

Al 0.35 wt/o

Erst 500ppm

§i0, balance

Mole ratio Al:Ge=0,1:1

General Properties

oD 120pm
LP;; Cut Off 1240nnm
RI step .016

A fibre as illustrated in Figure 2 was prepared by a
method similar to that described above. A cladding
consisting of 20 layers was prepared using the reactants
designated above and this was followed by the deposition
of 3 layers of $i0,/GeO, éach of which was fused as it
was deposited. Finally, 3 layers of $i0,/Ge0, were
deposited and left in the porous state. These layers
were soaked with aluminium nitrace and erbium chloride as
described above. After soaking, the tubular structure
was converted to fibre using a method as described above.

Figure 3 shows an amplifier using the fibre
specified in Table 1 as the amplifying medium 32, The
amplifier comprises an input transmission fibre 30
fusion-linked at 34 to 20m of amplifying fibre 32 which

is also linked, at 33, to output transmission fibre 31,
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excess attenuation. Table 2 indicates that a nole ratio Ge:Al equals
1:0.35 gives nearly the sane bandwidth as a silica alumna fibre whereas
this small proportion of alumna has relatively little effect upon the
excess . attenuation and other transm ssion properties of the fibre. Table
2 also indicates that very |low, eg Ge:Alj; ratio below 1:0.01, can give very
slight enhancenent of the bandw dth which nmay be appropriate in certain

ci rcunst ances where it is necessary to affect only mninally the :
transm ssion properties of the fibre. :

Both transmission fibres 30 and 31 have silica glass
claddings and germania/silica glass cores. A pump 37,
which provides pump radiation at 1480nm, is connected to
link fibre 36 which forms a wavelength selective fused
fibre coupler 35 with the input transmission fibre 30.
The coupler 35 passes the pump radiation at 1480nm into
the amplifying 32 butr it does not take out signals at
1530nm to 1560nm.

Using pump power of 70mW the amplifier gave a gain
of 30dB for signals at 1550nm. More specifically, it
amplified an input power of 0.0lmW to an output power of
10mW. The "full-widcth half-maximum" bandwidth was
measured for this amplifier. This measurement specifies
the bandwidth, in nanometres, over which the gain is at
least half the maximum gain available. For the amplifier
shown in Figure 3 the FWHM bandwidth was 35nm (and the
specific amplifications at two wavelengths of interest,
namely 1530nm and 1560nm, was 27dB or better).

The effect of the Ge:Al ratio can be illustrated by
the fluorescent spectra of silica/german/alumina glasses
since it is the performance of the glass which is
exploited in the fibre. The FWHM bandwidth of
fluorescence, ie the bandwidth over which the
fluorescence is half the maximum, is similar to the
figures quoted above and it can be used as a guide to
fibre performance. Values for glasses with five

different Ge:Al ratios are given in Table 2.
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However, for nost purposes it is considered that nole ratios above Ge: Al
equal s 1:0.01 woul d be accept abl e. When | aser anplifiers in the form
of fibre were first suggested it was considered that very short |engths

of fibre, eg below 0.5m would be appropriate and, in these circunstances,
the excess attenuation of the laser fiHBfe is uninportant because of the
short distance. It has how been realised that there are substanti al .
advantages in perfornmng the anplification over |onger distances.

Di stances of 10m - 200m are under present

TABLE 2

Mole Ratio FWHM

Ge : Al

1 0 26.50m

1 0.03 370m

1 0.10 43nm

1 0.35 46nm

0 1 47nm

Table 2 indicates that the maximum bandwidth is
achieved in glasses which contain silica.and alumina with
no germania. However, bandwidth is not the only
consideration which affects the performance of amplifying
fibre. Other properties, and particularly the excess
attenuation and compatability must also be taken into
account. In respect of these properties alumina is
undesirable and the use of fibre with high alumina
content is, in many applications, not acceptable,

The "excess™ attenuation of a laser fibre is that
part of the attenuation which is comparable to the
atrenuation of transmission fibre but the attenuacion of
both the pump wavelength and the signal wavelength must
be taken into account. The erbium, ie the laser
additive, is intended to interact with both pump and
signal wavelengths. ©Pump radiation is clearly, and
intentionally, attenuated by the lasing process but there
may also be undesired additional attenuation, eg caused
by mechanisms similar to the mechanisms which cause
attenuation transmission fibre, which constitute the
“"excess" pump attenuation. The signal wavelength can
also be absorbed by the erbium but, in normal laser

operation, the erbium is excited by the pump
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consideration and it is believed that in the future even |[|onger distances,
eg up to 2km nay be appropriate. At these long |aser |engths the effect
of excess attenuation becones inportant and it is even possible that the
excess attenuation could nullify the anplsi fication. It is, therefore,
inportant to provide laser fibre with very low excess attenuation.

radiation so that amplification occurs, However, there
are still additional mechanisﬁs similar to the
attenuation in transmission fibre and these additional
mechanisms consctitute the "excess" attenuation signal.
Many telecommunications networks use silica/germania
fibre and, therefore, there is a requirement for laser
fibre based on silica/germania to achieve compatibility
with the transmission fibre in the rest of the network,
The presence of large proportions of alumina would cause
excess attenuation. Table 2 indicates that a mole ratio
Ge:Al equals 1:0.35 gives nearly the same bandwidth as a
silica alumina fibre whereas this small proportion of
alumina has relatively little effect upon the excess
attenuation and other transmission properties of the
fibre. Table 2 also indicates that very low, eg Ge:Al
ratio below 1:0.01l, can give very slight enhancement of
the bandwidth which may be appropriate in certain
circumstances where it is necessary to affect only
minimally the transmission properties of the fibre,
However, for most purposes it is considered that mole
ratios above Ge:Al equals 1:0.0l would be acceptable.
When laser amplifiers in the form of fibre were
first suggested it was considered that very short lengths
of fibre, eg below 0.5m, would be appropriate and, in
these circumstances, the excess attenuation of the laser
fibre is unimportant because of the short distance, It
has how been realised that there are substantial
‘advantages in performing the amplification over longer
discances. Distances of 10m - 200m are under present
consideration and it is believed that in the future even
longer distances, eg up to 2km may be appropriate. At
these long laser lengths the effect of excess attenuation
becomes important and it is even possible that the excess
attenuation could nullify the amplification. It is,
therefore, important to provide laser fibre with very low

excess attenuation.
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the formof a fibre-having a core surrounded by cl addi ng,

CLAIMS 1.

An optical waveguide in
sai d wavegui de

being suitable for use as a photonic anplifier, in which at |east a part of

t he

al um na to adj

core

S

in that said

silical ger Mhsshﬁétamsmm&mlwﬂt ains erhswmas a lasing additive and

Ge: A

1: X wh

formed of a |l asting conposition being a

dth of operation of the erbium characterised
- 5000ppm nol ar of erbiumthe nole ratio of
I'S hin the range 0.001 to 0. 35.
CLAIMS
1. An optical wave-guide suitable for use as a photonic

amplifier, in which at least a part of the path region is
formed of a lasing composition being a silica/germania
glass which contains 0.1 - 5000ppm molar of erbium as a
lasing additive and.alumina to adjust the bandwidch of
operation of the erbium, wherein the mole ratio of Ge:Al
is more than 2.8.

2. An optical wave~guide according to claim 1, wherein
the mole ratio Ge:Al is 1:0.01 to 0,25,

3. An optical wave-guide according to either claim 1 or
claim 2, wherein the silica/germania glass contains

3 - 30%°/0 mole of germania.

4, An optical wave-guide according to any one of claim
1, claim 2 or claim 3, wherein the whole of the path
region is formed of said lasing composition.

5. An optical wave~guide according to claim &, wherein
the concentration of the aluminium and the erbium is
uniform throughout the path region.

6. An optical wave-guide according to any one of claim
1, claim 2 or claim 3, in which the path region consists'
of an outer region which surrounds an inner region and
said inner region has a higher concentration of erbium
than the outer region.

7. An optical wave-guide according to claim 5, in which
the outer region contains no erbium.

8. An optical wave-guide according to any one of the
preceding claims, in which the wave-guide takes the form
of a fibre and the path region is the core of said fibre.
9. An optical fibre wave-guide suitable for use as a
photonic amplifier, which fibre wave-guide comprises a
cladding formed of a first glass composition having a

refractive index n; and said cladding surrounds a core

s g
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2. An optical waveguide according to claim1, wherein X is within the
range 0. 01 to 0. 25. 3. An optical wavegui deaccordi'ng to either
claiml1l or claim2, wherein the silica/ germani a ghashe&tMzkBedsRplaced0%

nol e of . ger mani a. 4. An optical wavegui de accor e of
claiml1, claim2 or claim3, wherein thel&hkole of th d of

sai d | asi ng conposition. 5. An optical waveguid claim 4,
wherein the concentration of the alum niumand the erbiumis uniform )

t hroughout the core. 6. A fibre according to any one of claim1, claim
2 or :

which is formed of a second glass compdsition having a
refractive index n, wherein n, is greater than n,, and
said first glass composition is based on silica and said
second glass composition is based on a silica/germania
with 0.1 - 5000ppm mole of erbium as a lasing additive
and alumina to adjust the bandwidth of operation of the
erbium, wherein the mole ratio of Ge:Al is more than 2.8.
10. An optical fibre wave-guide according to claim 9,
wherein the mole ratio of Ge:Al is 1:0.01 - 0.25,

11. An optical fibre wave-guide according to either

claim 9 or claim 10, wherein n,-n; is between 0.003 and

0.04.

12, A glass fibre aqFording to any one of claims 9-11,

wherein the first glass composition contains fluorine and

phosphorous to reduce the melting point of the silica
glass composition.

13. A glass fibre according to any one of claims 9-12,

wherein the second glass composition contains 3 - 30%o

mole of germania, '

14, An optical fibre wave-guide suitable for use as a

photonic amplifier, which fibre comprises:

(a) a cladding region formed of a first silica glass
composition having a refractive index ng;

(b) an outer core region surrounded by said cladding
region and formed of a silica/germania glass
composition having a refractive index n,, wherein n,
is greater than n;; and

(c) an inner core region surrounded by said outer core

' region and formed of a third glass composition
having a refractive index n,, wherein ny is not
greater than n, and said third glass composition is

a silica/germania glass which contains 0.1 ~ 5000ppm

W
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claim3, in which the core consists of an outer region which surrounds an
I nner region and said inner region has a higher concentration_of .erbium

than the outer region. 7. An opti cal vvavegw de according to claim§6,
in which the outer region contains no erbium  This Sheet Has Been Replaced
- 16 - 8. An optical fibre waveguide suitabl 6“""" "ﬂl(ﬂﬁﬁ H

- 17 -

mole of erbium as a lasing additive and alumina to

adjust the bandwidth of operation of the erbium,

wherein the mole ratio of Ge:Al is more than 2.8.
15. An optical fibre wave-guide according to claim 14,
wherein the value of n,-n, is between 0.003 and 0.04 and
the value of n, is between the values of n; and n,.
16. An optical fibre according to either claim 14 or
claim 15, wherein the mole ratio Ge:Al is 1:001 te 0.25.
17. An optical fibre according to any one of the
preceding claims, wherein the core contains substantially
no phosphorous.
18. An optical amplifier which comprises an input
transmission fibre optically cdupled to an amplifying
fibre which is also optically coupled to an output
transmission fibre, said amplifying fibre being optically
matched to said input and output fibres whereby the
amplifier is adapted to receive attenuated signals via
the inpuc fibre and to provide amplified signals at the
output fibre, and also wherein the amplifying fibre is
optically coupled to pump means for supplying pump
radiation to provide power for the amplification;
characterised in that said amplifying fibre is 1lm to .
1,000m long, and it consists of a fibre as defined in any
one of claims 8 to 16.
19. An optical amplifier according to claim 18, wherein

the amplifying fibre is 10m to 200m long.

L I
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photonic anplifier, which fibre waveguide conprises a cladding

formed of a first glass conposition having a refractive index n[err],
and said cl addi ng surrounds a core which is forned of a second gl ass
conposi;tion having a refractive index n[err] wherein n[err] is greater than
nf[err], and said first glass conpositiobi-s based on silica characterised
in that said second glass conrposition is based on a silical/germania wth
0. 1 - 5000ppm nolar of erbiumas a lasing additive and alum na to adj ust

t he bandwi dth of operation of the erbiumwherein the nole ratio of Ge: Al =

1: X where X is within the range 0.001 to" 0. 35. 9. An optical fibre
wavegui de according to claim8, wherein Xis within the range 0. 01 - O.
25. 10. An optical fibre wavegui de according to either claim8 or 9,

wherein n[ferr] - n[ferr] is between 0. 003 and 0. 04.

ABSTRACT

WAVE-GUIDING STEUCTURE'WITﬁ LASING PROPERTIES

Optical wave-guides, eg fibres, for use as photonic
amplifiers have a path region partly or, preferably,
wholly composed as a silica/germania glass with 0.1 to
5000ppm mole of Er? as a lasing additive and alumina to
adjust the bandwidth, the Ge:Al mole ratio being more
than 2.8, eg 1:0.001 to 0.25. It is surprising that low
amounts of alumina have a useful and significant effect
on the lasing bandwidth whereby frequency division

multiplex is facilitaced.

Fig. 1
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11. A glass fibre according to any one of clains 8 - 10, wherein the
first glass conposition contains fluorine and phosphorous to reduce the
nel ting point of the silica glass conposition. 12. A glass fibre
according to any one of clainms 8 -11, wherein the second gl ass composition
contains 3 - 30% nol e of gernani a. 13. An optical fibre waveguide
suitable for use as a photonic anplifier, which fibre conprises: (a)

cl adding region forned of a first silica g?zss conposition having a
refractive index n[err]; (b) an outer c regi on surrounded by said

cl adding region and formed of a silical/l gefmania glass conposition

o

Fig.1 - Fig2
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7

havi ng a refractlve index n[err] wherein n[err] \greater than n[err] sand-

3

-17- (c) an inner core region surrounded by ‘said"gtit er : core®r egion- achY“
formed of a third glass conposition havi ng a ref_ractl\/e i ndex: n[err}
whetein ‘n[err] is not greater than n[err ¢ charact erirsed .i.n: that sal d

third glass conposition i's a silicalger nla/alumna glass with 0. 1
-5000ppm mol ar of erbiumas a |asing additive :and that;.- the male ‘rﬁu”p of

Gei A= 1 where XoL3 WL ALt g8 & 0944k

n wnich is uno.es:.rang.\.y narrow ‘for some
applications. For example, it may be desired to operate a
frequency division multiplex which uses optical signals at
both 1530nm and 1550nmn. It has been found difficult to
achieve satisfactory amplification at both of these wave-
lengths because of the narrow operational bandwidth of the
erbium lasing species.

It has now been most surprisingly discovered that the
operational bandwidth of the erbium can be increased to a
satisfactory extent by the presence of only a small quantity
of =alumina in a host glass containing 3 - 30% mole of
germanium in silica. The fact that the concentration of
alumina is surprisingly low is of substantial operational
importance because the alumina has very little effect on the
other operational parameters of the waveguide structurs.

IEEE PHOTONICS TECHNOLOGY LETTERS, (Vol:2, No:1l) in a
paper by C Y Cheng describes a tunable erbium-doped fibre
laser pumped at 532nnm. This documept‘. mentions fibre
ampiifiers but no fibre amplifiers are described. The fact
that alumina broadens the gain spectrum of erbium is
mentioned and a fibre having a silica core with Ge-P-Al and
300ppm of erbium is explicitly disclosed. However, this
document contains no qguantitative information about Al or Ge
and  the possibility and importance of using low
concentrations of alumina is not mentioned.

According to this invention the core of an optical
fibre (ie, the path region waveguide structure) is wholly or
partly formed of a laser composition which has 0. lppm molar
to 5000ppm molar of erbium contained in a host glass which
consists essentially of 8i0,, GeO,, Al,0; and optionally
additives. In this composition the amount of the additive
(if present) is less than 5% by weight, preferably less than
1% by weight. The path region contains a mole % of the GeD,
and aX mole % of the Al,0;, wherein a = 3 - 30 and X is less
than 0.35 (eg, X = 0.01 - 0.25, ie, the mole ratio of the
Ge: AL is more than 2.8 and preferably Ge:Al = 1:0.01 - 0. 25.
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ih. An oﬁticaf fibre wavegui de according to claim13, wherein the val ue
of n[err]-n[err] is between 0.003 and 0.04 and the value of n3 is between

the values of n[err] and n[err]. 15. An optical fibre according to
either claim 13 or claim 14, wherein X |53vmth| n the range 001 to 0. 25.
16. An optical fibre accord| ng to any one of the preceding clains,
wherein the core contains subst ant ially no phosphorous. 17. An

optical anplifierqpnuhich, ze Q.TQ}Q,I L%%% r {kgﬁé AN SSI € O‘E;]ear{q’lst%—goup?%d to

optically coupled to an a i $al'50 op
an out put tﬁéﬁ?sﬁ}-§§toﬁaffp-ﬁpé th\mems@y 1tshefanpprbmma'@-adasmédmocompeu-ve

attenuated sjition and it consists entirely of the lasing composition.

In the second variant of the invention the core is
designed to be non-uniform. The concentration of the erbium
is greater in the centre of the core than at the periphery
thereof. Preferably the core consists of two regions, namely
an inner region and an ocuter region which surrounds the inner
region. The inner region is preferably of approximately
uniform composition and it consists entirely of the lasing
composition as spescified above. The outer region consists of
a different glass which may have the same refractive index as
the inner region. The inner region preferably constitutes
not more than a quarter, eg 5% to 23%, of the cross-sectional
area of the core.

(The concept on non-uniformly distributed lasing
additives in glass fibre waveguides is disclosed in EP 313209
and to Japanese equivalent JP 89/145881, Co-pending
applications were also filed on 13 October 1988 as US 257101
and CA 508531.)

The most important of the additives is phosphorous,
which may be present in the fibre in the form of a phosphate.
The presence of phosphorous reduces the viscosity of the
glass which makes it possible to work at lower temperatures.
The presence of phosphorous in the core helps to reduce the
risk of crystallisation by the Al1,0, and this crystallisation
is a substantial risk in certain preparative techniques. At
low concentrations of A,0, it is possible to avoid the use of
phosphorous in the core.

The preferred configuration is an optical fibre in
which the path region as specified above constitutes the
whole of the core which is surrounded by a cladding of a
different glass composition which has a lower refractive
index than the core. The preferred cladding glass
composition is pure silica, optionally containing melting
depressants such as phosphorous and fluorine to control the

refractive index.
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signals via the input fibre and to provide anplified signals at the output
fibre, and also wherein the anplifying fibre is optically coupled to punp
means for supplying punp radiation to provide power for the anplification;
char‘acterised in that said anplifying fibre is Imto 1,000mlong, and it
consists of a fibre as defined in any one of the preceding clains. 18.

An optical anplifier to claim 17, wherein the anplifying fibre is
10mto 200m I ong. 19. A nmet hod of anplifying optical signals at a wave-
| ength cl ose to 1550nm wherein said anplification is carried out in a

| asi ng conposition which forns part of the core of

3a

As well as the fibre per se, the invention includes

photonic amplifiers comprising a lasing length of fibre
according to the invention coupled to a pump for

TR e e
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-"17a - an optical fibre waveguide wherein said |asing conposition is a
silica-germania glass which contains erbiumas a lasing additive and

al um na to adjust the bandw dth of operation of the erbiumwherein said

| asi r\g «<conposition contains 0. 1- 500ppm nol ar of erbiumand the nole ratio
of Ge:rAl ='1: X where X is within the radge-0. 001 to 0. 35; wherein said
nmet hod conpri ses simultaneously providing said signals and punp radiation
into said |l asing conmposition so that the punp radiation produces a

popul ation inversion in the erbium wh&&dMSsai d signals are anplified by

| asi ng acti on.

1. An optical waveguide in the form of a fibre having a
core surrounded by cladding, said waveguide being suitable
for use as a photonic amplifier, in which at least a part of

t

he core is formed of a lzsin composition being a
silica/germania glass which contains erbium as a lasing
additive and alumina to adjust the bandwidth of operation of
the erbium, characterised in that said part contains 0.1 -
5000ppm molar of erbium the mole ratio of Ge:Al = 1:X where
X is within the range 0.001 to 0. 35.

2. An optical waveguide according to claim 1, wherein X
is within the range 0.01 to 0. 25.

3. An optical waveguide according to either claim 1 or
claim 2, wherein the silica/ germania glass contains 3 - 30%
mole of germania.

4, An optical waveguide according to any one of claim 1,
claim 2 or claim 3, wherein the whole of the core is formed

of said lasing composition.

5. ° An optical waveguide according to claim 4, wherein the
concentration of the aluminium and the erbium is uniform

throughout the core.

6. A fibre according to any one of claim 1, claim 2 or
claim 3, in which the core consists of an outer region which
surrounds an inner region and said inner region has a higher

concentration of erbium than the outer region.

7. An optical wavequide according to claim 6, in which

the outer region contains no erbium.
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20. A met hod ‘according to claim 19, wherein the punp radiation is at

ei ther 980nm or 1480nm wavel engt h. 21. Met hod according to either claim
19 or claim 20, wherein said anplification takes place over a path length
of> 1@mt o 200m
- ' - 16 -

8. An optical fibre waveguide suitable for use as a
photonic amplifier, which fibre waveguide comprises a
cladding formed of a first glass composition having a
refractive index r,, and said cladding surrounds a core which
is formed of a second glass composition having a refractive
index n, wherein n, is gresater than n,, and said first glass
composition is based on silica characterised in that said
second glass composition is kased on a silica/germania with
0.1 - 5000ppm molar of erbium as & lasing additive and
alumina to adjust the bandwidth of operation of the erbium
wherein the mole ratio of Ge:2l = 1:X where X is within the
rahge 0. 001 to 0. 35.

9. An optical £ibre waveguide according to claim 8,
wherein X is within the range 0.01 -~ 0. 25.

10. . An optical fibre waveguide according to either claim
8 or 9, wherein n, - n, is between 0. 003 &nd 0.04.

11. A glass fibre according to any one of claims 8 - 10,
wherein the first g¢glass composition contains £fluorine and
phosphorous to reduce the melting point of the silica glass
composition.

12, A glass fibre according to any one of claims 8 -11,
wherein the second glass composition contains 3 - 30% mole of

gexrmania.

13. An optical fibre waveguide suitable for use as a

vhotonic amplifier, which fibre comprises:

(a) a cladding region formed of a first silica glass
composition having a refractive index ng;

(b) an outer core region surrounded by said cladding
region and formed of a silica/ germania glass composition

having a refractive index n, wherein n, greater than n;; and
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(c) an inner core region surrounded by said outer core
region and formed of a third glass composition having a
refractive index n; wherein n; is not greater than n,;
characterised in that said third glass composition is
a silica/germania/alumina glass with 0.1 -5000ppm molar of
erbium as a lasing additive and that the mole ratio of Ge: Al

= 1: X where X is within the range 0.001 to 0. 35.

14. An optical fibre waveguide according to claim 13,
wherein the value of n,-n, is between 0.003 and 0.04 and the
value of nzis between the wvalues of n, and n,.

15. An optical fibre according to either claim 13 or claim
14, wherein X is within the range 001 to 0. 25.

16. An optical fibre according to any one of the preceding
claigs, wherein the core contains substantially no
phosphorous. o

17. An optical amplifier which comprises an dinput
transmission fibre optically coupled to an amplifying £ibre
which is also optically coupled to an output transmission
fibre, whereby the amplifier is adapted to receive attenuated
signals via the input fibre and to provide amplified signals
at the output fibie, and also wherein the amplifying fibre is
optically coupled to pump means for supplying pump radiation
to provide power for the amplification; characterised in that
said amplifying fibre is 1m to 1,000m long, and it consists
of a fibre as defined in any one of the preceding claims.

18. An optical amplifier to <claim 17, wherein the

amplifying fibre is 10m to 200m long.

19. A method of amplifying optical signals at a wave-
length close to 1550nm wherein said amplification is carried
out in a lasing composition which forms part of the core of

R
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an optical fibre waveguide wherein said lasing composition is
a silica-germania glass which contains erbium as a lasing
additive and alumina to adjust the bandwidth of operation of
the erbium wherein said lasing composition contains 0.1-
5000ppm molar of erbium and the mole ratio of Ge:Al = 1:X
where X is within the range 0.001 to ©.35; wherein said
method comprises simultaneously providing said signals and
pump radiaticn into said lasing composition so that the pump
radiation produces a population inversion in the erbium
whereby said signals are amplified by lasing action.

20. A method according to claim 19, wherein the pump
radiation is at either 980nm or 1480nm wavelength.

21, Method according to either claim 19 or claim 20,
wherein said amplification takes place over a path length of
10m to 200m.
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