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OPTICAL FIBRE WITH FLUORESCENT ADDITIVE
BT PATENT CASE A23747 (SUBS) (WP NO.0910P)

This invention relates to optical fibre with a
fluorescent additive and in particular to fibre which is
5 suitable for the construction of fibre lasers.
There is currently much technical interest in a wide
range of devices in which radiation at wave lengths of
0.3 um to 4 um is generated in the core of an optical
fibre. 1In these devices the fibre contains a fluorescent
10 additive which interacts with excitation radiation,
usually identified as the "pump radiation", to produce the
desired output. The devices take many forms, e.g.
broadband sources, super luminescent sources and
temperature sensors, but devices which display laser
15 activity are particularly important, especially in
telecommunications. It should be realised that
telecommunications uses laser activity in two distinct
manners namely optical oscillators and optical
amplifiers. However the same doped glass fibres are
20 equally suitable for a plurality of such applications (and
often for all such applications).
Stone and Nurrus in “Applied Physics Letters" (Volume
23, No. 7, 1 October 1973 at pages 388 and 389) disclose
lasers made of neodymium doped silica with end-pumped
25 fibre geometry. One of their systems has an active core
of fused sio2 and Nd o0, enclosed in a thin passive
sleeve of Slo2 ‘and Nb205 all enclosed in a fused
jacket of 8102. The diameter of the active core was
about 800 to 15um and the length of the samples was lcm.
The function of the thin passive sleeve is to increase the
guidance of the core and hence pump efficiency.
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This invention relates to optical fibre with a fl uorescent

additive and in particular to fibre whixh is 5 suitable for the
construction of fibre |asers. There is currently nuch .
techmical interest in a wde range of devices in which radiation
at wave | engths of 0.3 [err]mto 4 [err]mis generated in the
core of. an optical fibre. In these devices the fibre contains a

fl uorescent 10 - additive which interacts with excitation radiati on,

usual |y identifiedSaBa%eRE 3 f0§po4%dregridRs an eppicaduwavegnide

desired out put 1igHte sé€rdeC Bgvinaken 'EEEYVJ Qbr® su?r&mded by an iniroadband
sources, super i gfent solr ces erature sensors, but
devi ces which § %‘{3139 aygerand; an outerégtaidémg), 15Y‘%¥' pafh€ cul arly i nportant,

especial ly in refractive mebsmmmbqaéﬂ Qméddlnb §§1%bé|r haaho@e sed that
tel ecommuni cat L.ons W3ES {ha388 or2EHd Yhadr c[iaégﬁg Wieh"€S lower than

the refractive index of the core. Pump radiation is

launched into the inner cladding layer to which it is

confined by the outer cladding. The pump radiation makes

many passes through the core whereby its absorption by the
10 core is increased. The signal is generated within the

core.

It has long been recognised that the rare earth
elements, e.g. Nd, Er, and Yb, display fluorescent
properties which make them suitable for use as fluorescent

15 additives in optical fibre. Their fluorescent properties
make them particularly suitable for use in the laser
devices mentioned above. The operation of a fluorescent
device clearly depends on absorption of the pump photons
in order to raise ions (or other fundamental particles) of

20 dopant to an excited state for subsequent emission on a
different transition. 1In a laser device, this emission is
stimulated by the presence of a signal photon and,
therefore, the operation of a laser device also depends on
the interaction of radiation at signal wave length. It is

25 an object of this invention to make efficient use of pump
power launched into optical fibre. In the case of optical
amplifiers this means achieving high gain for small
launched pump powers whereas for optical oscillators it
implies a low lasing threshold.

30

Fibre according the invention has a fluorescent
~additive unevenly distributed over the cross section of
the core and having a higher concentration of the additive
at the centre of the core than at the core/cladding
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manners nanely optical oscillators and_optical anplifiers.
However the sanme doped gl ass fibres aréd - 20 equally suitable for a
plurality of such applications (and often for all such .
appt+cati ons). Stone and Burrus in "Applied Physics Letters”
(Vol une 23, No. 7, 1 Qctober 1973 at pages 388 and 389) disclose
| asers made of neodym um doped silica wth end-punped fibre

& qer] and RAbFHer oFPy WERRer BondiRe A qinadaisave shoua® ([3CUe of
Sigerr] and Ndeaily Oeeiodatedl iretbbos edgionsaof whedfibre where, | ggget 0of
?S[qe(ra;]r]m a?}'get@g%:@m%q’t ?ﬁ%@é?}%ﬁegﬂg\&ﬁirﬂf ByRP radi&bo teisf uncti on of
the thin passitgebe|erpested. t bovercopazerot ¢omcentrations ofuthance of the core
and hegce PUM SR Eivd 8A6Y1d be located where only low pump intensities
are to be expected.
In most pumping schemes the highest intensity of the
pump radiation will be located at the centre of the core
and it is appropriate to provide the highest dopant
10 concentration at the centre of the core with zero
concentration at its periphery. Preferably the core
comprises two zones, namely an inner zone surrounded by an
outer zone wherein the inner zone contains the dopant and
the outer zone contains substantially no dopant. Suitably
15 the inner zone constitutes less than a quarter, e.g. 5 to
15 O/o, of the cross sectional area of the core.
The fibre may be implemented in any glass system which
is compatible with the fluorescent dopants. Thus, for
example, the fibre may be implemented in conventional
20 silicate, phosphate and fluoride systems, eg. fluorides of
Zr, Ba, La, Al, Na and Hf or in silica systems, eg. Si0
with additives such as Geo2 to adjust the refractive
index in the core.
In a specific embodiment silica fibre has
25 (a) a cladding formed of 8102 with P205 to
reduce the melting point, and F to offset the
increase in refractive index.
(b} an outer core region formed of SiO2 with GeO,
to increased the refractive index and PZOS to
30 reduce the melting point; and
(c) an inner core region formed of SiO2 with
A1203 to increase the refractive index,
P,0¢ to decrease the melting point and
prevent devitrification and a fluorescent dopant
to interact with the pump radiation.

2
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2 US Patent 3 808 549 describes an optical waveguide |ight

sour ce havi ng an active core surrodhded by an inner cladding |ayer and
an outer cladding | ayer. The refractive index of the outer cladding is
| ower— than the refractive index of the i nner cl addi ng which is | ower

than the refractive index of the core. Punp radiation 5 is launched into
the inner cladding layer to which it is confined by the outer

The dimensions of the fibre are preferably such that
it is single mode at signal wave length. This implies
that it may be able to support several, e.g. up to 4 or 5,
modes at pump frequency. The fluorescent dopants of major
5 interest include the rare earth metals. Of these the most
important are Er  (which lases by the three level
mechanism) and Nd (which lases by the 3 and four level
mechanism)
One method of making silica fibre according to the
10 invention utilises the modified chemical vapour deposition
process usually identified as MCVD. HCVD is sometimes
known as the inside deposition process because the glasses
which eventually form the operative parts of the fibre are
produced by converting the equivalent chlorides into the
15 desired oxides which are deposited, layer by layer, on the
inner surface of a substrate tube. Usually a total of 10
‘to 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
20 are deposited. When all the layers have been deposited
the tube is collapsed to a rod which is drawn into fibre.
To make fibre according to the invention this
procedure is followed for the cladding and the outer
core. ThHe precursor of the inner core is deposited but
25 left in the porous state. Dopants, including the
fluorescent additive, are introduced as solution into the
porous layer. After solvent removal and conversion to
oxides as necessary, the porous layer is consolidated and
the tubular configuration is collaped into a rod which is
then drawn into fibre. '
It will be appreciated that this, i.e. soaking a
solution into a porous layer, is one of many known
techniques of introducing dopants into optical fibre. It

30
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cl addi ng. The punp radiation nmakes many passes through the core whereby its
absorption by the core is increased. -TRe~signal is generated within the
core. Rare- eart h-doped | ow | oss silica based optical fibres are known
fromJournnal of Li ght wave Technol ogy, Vol. LT-4, No.7, July 1986, pages
870-875, SB Poole et 10 al, are rare-earth-doped silica based optical

fi bres having a | arge non-I|inear optical effect are known from JP- A- 62

111 208. has, | on reco |sed that the rare earth
el enents, e.g hagpeqn a%g pd, 1in %Sco aNSE NI ther dBYIIOR, iser ¢ i es which
make t hem sui tprbl7edd @r smskl aﬂo;ﬁédJQéﬁ?&t'eeBé ion 1@@dnatge@5cof\e.0pt ical fibre.

h fl suitabl e for use
Tne{Le |§§é$s té@é%ﬁgﬁﬁégﬁ%gP ov %&b?par%b %ﬁ a fl uorescent
devi ce cl ear| yteidpreyd £oohoseh dopaiti by aﬁapthtlpmrmomhﬂtwhxpmﬁdor de{ ;0 Cat

an.excited state
for ' subseciie “SunrdBes TN SshRbt FchRrants ARBE Ine PnPheEATL: “Gevi co.
this em ssi on reguires @t high goacentyation pfedopanke ahf thke skgsal Mheot on and,
t heref ore, ede?ﬂ%{@é 'z%ﬂeoéanab@(} Eggder d(gwb?e tﬂh?ﬂg,dﬁﬁgg%ef%?et he

I nteraction of tion at sig
final collapse. Although there appears to be a risk that

further loses could occur during the final stage of the
10 collapse, this does not happen to any noticeable extent
_because:-

(1) The exposed surface is so small that the rate of

loss is minimal.

(2) The final stage only takes a time which is too

15 brief for noticeable loss to occur.

However we have most surprisingly discovered that,
when aluminium is used to adjust the refactive index of
the core, the loses of fluorescent dopant are not
noticeable. The aluminium can be introduced at the same

20 time as the fluorescent dopant, e.g. as Al(N03)3 in
alcoholic solution. During heating the Al(N03)3 is
converted to A1203

The fibre according to the invention can be used to
make conventional fibre devices which include a pump for

25 providing excitation radiation for the fluorescent
additive. '

The invention will now be described by way of example
with reference to the accompanying drawing which is a
cross section through a fibre according to the invention;

30 The drawing shows a fibre according to the invention
prepared by the MCVD process. This fibre has a residual
layer 10 which is the residue of the substrate tube used
in the MCVD process. The layer 10 has no optical |
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is an object of this invention to nake efficient use of punp power |aunched

into optical fibre. In the case dfaobtical anplifiers this neans
achi eving high gain for smal | Iaunched punp powers whereas for optical
oscH ators it inplies a |ow | asing threshol d. 25 Fi bre

utilised in one embodinent of the invention has a fluorescent additive
unevenly distributed over the cross section of the core and having a hi gher

corerel o oy fnck26n 29k #Br8'addns Y Bt a1 Bl daahg 1" 1
a core which is generally indicated by the numeral 14,

having an (undoped) outer region 12 an inner region 13

which contains a fluorescent dopant, e.g. Er, at a

concentration of .001 - 10.0 wt 0/o Er.

Fibre as described above was prepared by a
substantially conventional MCVD process in which a
substate tube was rotated in a glass blowing lathe while a
reactant gas was passed through its bore. In the course
of the preparation three 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. 1In 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 and outer
core, the deposit was fused to form a thin layer on the
inner surface of the substrate tube. In the case of inner
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 0, through §iCl,,
Soml/min of 0, through PCCl,.

The mixture of these two gas streams was diluted with
1.5 litre/min 0, and 1.0 litre/min He. In addition, 6
ml/min of CCl2 o Were included in the mixture. The
maximum temperature in the hot zone was 1600°C and the
flame travelled at 18cm/min.

Five cladding layers were thus deposited on a
substrate tube of 10mm inner diameter. These fused
together to form a cladding layer of 5102 doped with
P,0¢ and fluorine,

10

18]
m

3C

his Sheet Has Been Replaced

RUTITIT




3 boundary.

The hi ghest concentrations of additive should ideally be

| ocated in t hose regions of the &ifpre where, during punping, the
hi ghest intensity of punp radiation is to be expected. Lower or zero
concentrations of the additive should be | ocat ed where only | ow punp
intensities are to be expected. 5 I n nmost punpi ng schenes the
hi ghest intensity of the punp radiation wll be located at the centre
of the core and it is agprogriate to provide the highest dopant

o

concentration at (The B

periphery.  Pigé&fmbhyed
surrounded by an outer zone erern

whigh tihederdved Viiroh ther 8 céatration at its

£8 &ecaf@ﬁn'hggﬁlﬁaﬁé&&oggsthen?ggl y an inner zone

zone contal&s the dopant and

the 10 outer ¥Biegh dekeaitle Supionaeagisriy The Bfanligddyt ably the inner zone
constitutes jncr&fsest Opd rarpltAivE ingex Bf Bhé bitica [ffr Lhe Of the cross

secti onal area_of
S

i he

fluorine sffgﬁily reduces the refractive index. By
balancing the two concentrations the refractive index of
the five cladding layers is sunstantially equal to that of
pure silica. Thus the POCl3 and C C1L,F, are

2°2

processing aids which have little or no effect on the
10 performance of the final product which, therefore,
consists essentially of Sioz).

Eight layers to form the outer core were deposited

next. The reaction mixture used for each layer was
obtained by bubbling:-

15

200 ml/min at 0, through SiCl4
200 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,. These eight layers were

20 fused together at 1500°C and the flame travelled at 16
cm/min. This formed the outer core region which consisted
essentially of Si0, doped with Ge0, to increase the
refractive index and PZOS to facilitate processing by
lowering the melting point of the glass.

25 The precursor at the inner core was deposited in two
porous layers. The reaction mixture was obtained by
bubbling:-

200 ml/min of 0, through SiCl,
10 ml/min of 0, through POC1.,
30 and diluting with 1.5 litres/min of 02. The torch

traverse rate was 17 cm/min and the maximum temperature
was at 1300°C (which is too low to fuse the deposit).
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ln a specific enbodiment silica fibre has (a) a cladding
formed of SiJerr] with PlerrJ(err] tcbreduce the nelting point, and 1 5 F

to offset the increase in refractive index. (b) an outer -core
region formed of SiJerr] with Ge(Jerr] to increased the refractive

i ndex and Plerr]Jerr] to reduce the melting point; and (c)

an inner core region formed of SIA2 with Al[err]Jerr]

to increase the refractive index, P205 to decrease the nelting 20 point and
prevent devitrifiqabten andan bhbﬁlrl‘ﬁécgﬁlira@&?dﬂthéqmﬁi@rﬁ%taﬁ""th the

punp rad'atlonZSOC.) 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 ethanolic solution of
5 1M Al(N03)3
0.08M ErClB.
After soaking, the tube was drained, blown dry with
Nz for one hour, and returned to the lathe where it was
_heated at about 800° - 1000°C for a few minutes. This
10 completed solvent evaporation. The temperature was raised
to about 1900°% for collapse to a rod. This also
ensured conversion of Al(N03)3 to A1203 and
ErCly to Er,0,. The tube was flushed with Og/He
mixture during all of these stages (about 10 /o
15 (volume) of Cl, could be introduced into the 02/He mix
if a very dry product were required.)

The resulting perform had a core about 2mm diameter.
Analysis (using disperive X-ray techniques) confirmed that
Al and Er3+ were confined to the central region. The
reason for choosing a large core will be briefly explained.

The ultimate objective is a fibre having the dopant,
Er” , contained in a very small inner core, e.g. with a
diameter of 1 to 3um. It was decided to achieve this by
means of a fat outer core (8 layers), a thin inner core (2

25 layers) and a high overall draw ratio, i.e. length

extension of about 1:105.

The fatness of the preform made it difficult to handle
and it was drawn in two stages. First the external
diameter was reduced from 7.0mm to 3.2mm, i.e. an axial

30 draw of 1:4.8. The drawn rod was sleeved with a silica
tube and then drawn 1: 2.5x104 to give the product fibre.

(There is a well known problem that dopants are lost
during collapse from the inner layers of the preform.

20
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'4 The di nensions of the fibre are preferably such that

it is single node at signal wave Ieng;@._This I mpl i es that it may
be able to support several, e.g. up to™ or 5, nodes at punp °
frequency. The fluorescent dopants of mgjor 5 i nterest include the
raré& earth nmetals. O these the nost’ I mportant are Er (which

| ases by the three |evel mechani sm and Nd (which | ases by the 3
and four |evel mechani sm One nmethod of making silica

fibre accordi nmigOrédifits in a thin axial depletion zone. In the
process above described Al,0, was present and in the
presence of this compound no loss of ErS + occurred. )
The product fibre had the following measurements.

5 - Cladding (11)
OD Tum
ID  4um
RI matched to silica
Core Outer Region 12
10 OD 4un
ID 1.5um
Ero* NONE
Core Inner Region 13
Diameter 1.5um
15 Er’t 1wt %o
General Properties
oD 125um
LP11 Cut Off 790 nm
RI step 0.01
20 "RI step" denotes the difference between the RI of the

core and the RI of the cladding.
A possible theory of the operation of this fibre will
now be briefly indicated.
The considerations set out above are particularly
25 pertinant to dopants which lase as a three level system.
The three levels are:-
(a) The ground state,
(b) the pump level,
(c) upper laser level, {also known as the metastable
30 level).
The absorption of pump photon by a ground state ion
transfers that ion to the upper pump level from where it
decays non-radiatively to the upper laser level. That ion
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10 I nvention utilises the nodified chem cal vapour deposition

process usually identified as MCVD. [g Ls sonetines known as the
i nsi de deposition process because the gl asses whi ch eventual | y*
formthe operative parts of the fibre are produced by converting

t he ‘equi val ent chlorides into the 15 desired oxi des which are
deposited, |ayer by layer, on the I nner surface of a substrate
tube. Usually a total of 10 to 30 |l ayers are deposited. As

initially deposas etleh hfeturn to the g}bﬁﬁ& Stat@Qfl(auﬁhé)llth@ por ous materi al
Is imediately

sed ve a so upo ch subsequent
| ayers 20 tr?ﬂ'sé'tﬂ%rboél Fe@lve 4151907 !ﬁ"%‘;@g ﬁv%rq%eh dep05| ted
the tube is colathjsedtieo papulahmimmlve'rsiailr awsentiad farbiaser To

e 1 hE S Aol B8, APUER o' i pare n JalEOBRELT S, 3, ]| e
core issdeposi tdeganiutions from the ground state to the upper laser

level. Thus it is important to note that, at a particular

point in space, if fewer than half the ions have been

pumped to the upper laser level then the signal beam will

be attenuated at that point. '

10 It is therefore extremely desirable to preferentially
locate the fluoresence additive where the pump intensity
is highest, i.e. on the axis and to prevent there being
any dopant ions in the regions where the pump intensity is
lower.

15 The signal beam, which being single mode also has its
maximum intensity on the axis, overlaps well with the
excited dopant ions and thus effectively depopulates the
upper laser level.

In order to illustrate the benefit of the invention

20 comparative measurements were made on two very similar
fibres both of which used Er-' ions as the fluorescent
specles. The fibre, identified as "A", had the grot
ions located in a centre core Region 13 as shown in Figure
1. The comparative fibre, identified as "X", had the more

25 standard Er°' distribution, i.e. uniformly distributed
over the whole of the core. Details of both fibres are
given in Table 1.

Diameters (um) a X
Total 125 125
30 To Cladding (11) 6.0 6.0
To Core (12) 3.5 3.5
Inner Region (13) 1.0 NONE
RI Step - 0.0100+0.005 0.0095%0.005
LP,, Mode cut off (nm) 790 790
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25 left in the porous state. gants I ncl udi ng the

fl uorescent additive, are introduced-aslsolution into the por ous
| ayer. After solvent renoval and conversion to oxi des as N
necessary, the porous layer is consolidated and t he tubul ar
configuration is collaped into a rod which is 30 then drawn into
fibre. It will be appreciated that this, i.e. soaking a
solution into ap one f Known . t echni ques of
i nt r oduci ng dopan?goﬁ%ﬁt %ep rtg gﬂant was contained only

in the inner reglon 13. Based on this region alone
theconcentration of Er3' was 0.45%/0 wt or 0.037°%/0
wt based on the total core 14. For fibre X the
5 concentration of Er3+ was 0.050/0 wt based on the
total core 14.
The performances of the two fibres were compared by
measuring the "transparency power® of each. ,
To measure the transparency power a short length of
10 fibre is used so that pump power does not change
significantly along the length. The test comprises
launching the signal at wave length 1.54 um and pump at
wave length 528.7nm into the opposite ends of the fibre.
The input and output powers of the signal are measured for
15 several values of pump power. There exists a specific
pump power at which the signal is neither amplified or
attenuated and this power is known as the "transparency
power". This name is considered appropriate because, at
this pump power, the fibre simulates a perfeétly
20 transparent window. At higher pump powers than the
transparency power, the fibre amplifies the signal beam
whereas at lower pump powers the fibre attenuates the
signal beam. The transparency power is a direct measure
of the performance of the invention and the lower the

25 transparency power the better the performance. The
transparency powers of the two fibres was
Fibre A 0.8m¥W
Fibre X 1.4mW
Ratio 1: 1.75
30

Thus the fibre according to the invention gave gain at
much lower pump power than the comparative fibre.
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- 5- has been adapted, in accordance with the invention, to

provide a small, doped centre region in a larger core.
difficulty . i-nherent—in-MOVD i s that there is a

One
tendency to | ose

dopant by evaioratlon fromthe exposed-5i2 - i nner surface. This is not

(LTI R RS et

acceptable s
dopant at th
et chi ng,

j ust bef or'e

10

15

20

25

30

CLATMS

An optical fibre, suitable for forming fluorescent
devices, wherein said fibre has a core of a sgilica
glass composition which c¢ontains erbium as the
fluorescent dopant, characterised in that the core
also contains 21,0,.

An optical fibre, suitable for forming fluorescent
devices, said fibre having a core of Si0, with Ge0, to
adjust the refractive index and erbium to interact

with pump radiation characterised in that the core
also contains Al,0,.

An optical fibre which comprises:

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

(b) an outer core region surrounded by said cladding
region and formed of a second silica glass
composition having a second refractive index,
said second refractive index being higher than
said first refractive index;

(c) an inner core region surrounded by said outer
core region, wherein said inner core region is
formed of a third silica glass composition
having a refraction index substantially to said
record refraction index, wherein said <third
silica glass composition contains Al,0, and Er

in a form capable of undergoing lasing
transitions.

An optical fibre according to claim 3 wherein the
inner core region also contains GeO,.
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" final col | apse. Although there appears to be a risk that further

| osses could occur during the final stage of the col l apse, this
does not happen to any noticeabl e extent because: -

(1) The exposed surface is so snmall that18he rate of loss is
m ni mal . (2) The final stage only takes a tinme which is too
15 brief for noticeable loss to occur. However we

have nost s@&kprisi Aghpthcdcofefabrinating an optieh &ibnenivhieh fibyeto

adj ust the refract gyapades ohb corg rE €oR0T EontAeni A§SCErBl ukl UgEeSEENt
dopant are not notic ga QBQHF um ni um,.can be i ntroduced at the

sane time GLUPKESE d%’b%rﬂ cladgling rRod Q&Y e FRLA] BREROA
al cohol i c5sol uti oncompatiisigghehiel BgebBeochl ddbbei tinfelayers of cladding

converted to AL[er E::]rgc%rrrs]or material in a porous state and subsequently
fusing said cladding material so as to convert it from
a porous to a solid state, and thereafter depositing
one or more of said layérs of core precursor material
10 when is/are treated, while in the porous state, to
incorporate both erbium, as a fluorescent dopant, and

aluminium as a refraction index adjuster.

6. A method according to Claim 5 wherein the layers are
deposited on the inside surface of a substrate tube.

15 7. A method according to either c¢laim 5 or claim 6

wherein the erbium and the aluminium are converted to
oxides after incorporation in the form of nitrates.

A

This Sheet Has Been Replaced’




)

The fibre according to the invention can be used to make
conventional fibre devices which include a punp for provi di ng
excitation radiation for the fluorescent additive. * The
invention will now be described by way-ofLl4exanpl e with reference to
t he acconpanying drawing which is a cross section through a fibre
according to the invention; 30 The drawi ng shows a fibre _
according to the invention pr ABSERACHY t he MCVD process. This fibre
has a resi dual | ayer 10 which is the residue of the substrate tube
used in e rocess. The layer 10 has no optica

An op%gcawc¥?ﬂ%e for use En fibre lasers contains Er®* as the

lasing additive, together with Al,0, to reduce loss of the

5 lasing additive during fibre preparation. Preferably the
core has an inner region which contains the Ex®* and Al,0, and

an outer region which contains no Erd*.
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: l
- 6- “function. The fibre also has a conventi onal cl addi ng 11

a core which is generally indicated by the nuneral 14, havi ng an-
(undoped) outer region 12 an inner region 13 whi ch contains a

f.l uorescent dopant, e.g. Er, at a 5 concentration of .001 - 10.0 w
[erri/o Er. Fi bre as descri bed above was prepared by a
substantially conventional MCVD process in which a substrat et ube was

rotated in a glass blowing lathe while a
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react ant gas_was. passed. through its bore. In the course ... ... of the
prepar ati‘on three" dlfferent reactqnt m xtures, o - be speC|f|ed
bel ow, weré: used cpo o deEnwe oA Short segment’, of -t ubes: about 2cm | ong.
was heated/to. D {ﬂhﬂonta&aaunebW@trmwhngflmm Inthais
segment chlorldes wer-e-.canver:t.ed:i nto- QXIdes (;ch RN ‘defosi ted- as,a
por ous rlgp downst r eam .of % he: fl.amez.... As t he: flane traversed, '
the case ‘of claddlng% QUP?f ______________________ . core; the deposit was fusedto form
a thin layer on the- - -—="inner-surface of the-substrate- tuE Ererel N the |
case of inner core, a |lower tbnperature was used-se-that.- t'he..
deposit did not fuse whereby it renmai ned porous. The
reaction mxture used tgphgim pmgc*ﬁqgmmggscgm ADDPI®EUr sor was obt ai ned
by bubbling: - 7T er 1 tnro gh Sld [err],

BT PATENT CASE 223747 (SUBS) { NB 0B)

This invention relates to optical fibre with a
fluorescent additive and in particular to fibre which is
5 suitable for the construction of fibre lasers.
There is currently much technical interest in a wide
range of devices in which radiation at wave lengths of
0.3 um to 4 um is generated in the core of an optical
fibre. In these devices the fibre contains a fluorescent
10 additive which interacts with excitation radiation,
usually identified as the "pump radiation", to produce the
desired output. The devices take:many forms, e.g.
breadband sources, super luminescent sources and
temperature sensors, but devices which display laser
15 activity are particularly important, especially in
telecommunications. It should be realised that
telecommunications uses laser activity in two distinct
manners namely optical oscillators and optical
amplifiers. However the same doped glass fibres are
20 equally suitable for a plurality of such applications (and
often for all such applications).
Stone and Nurrus in "Applied Physics Letters" (Volume
23, No. 7, 1 Cctober 1973 at pages 388 and 389) disclose
lasers made of neodymium doped silica with end-pumped
fibre geometry. One of their systems has an active core
of fused SiO2 and Ndzo3 enclosed in a thin passive
sleeve of Sio2 and Nb205 all enclosed in a fused
jacket of Sio2 The diameter of the active core was
about 800 to iEum and the length of the samples was lcm.
The function of the thin passive sleeve is to increase the
guidance of the core and hence pump efficiency.

D
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90mM /mn of Qerr] through POCl [err]. 25 The m xture of these two

gas streans was diluted with 1.51litre/mn Jerr] and 1.0
litre/mn He. In addition, 6 m/mn of CO[err]F[err] were
included in the mxture. The maxi num t enperature in the hot zone
was 1600C and the flame travelled at 18cmimn.” 3C Five
cladding | ayers were thus deposited on2a substrate tube of 10mm

i nner di aneter. These fused together to forma cladding | ayer of

Siqerr] doped wt{g patent 3 8B6&4ol Fhsribesid bptival Nfaveguide
light source having an active core surrounded by an inner
cladding layer and an outer cladding layer. The
refractive index of the outer cladding is lower than the

5 refractive index of the inner cladding which is lower than
the refractive index of the core. Pump radiation is
launched into the inner cladding layer to which it is
confined by the outer cladding. The pump radiation makes
many passes through the core whereby its absorption by the

10 core is increased. The signal is generated within the

core.

It has long been recognised that the rare earth
elements, e.g. Nd, Er, and b, display fluorescent
properties which make them suitable for use as fluorescent
additives in optical fibre. Their fluorescent properties
make them particularly suitable for use in the laser
devices mentioned above. The operation of a fluorescent
device clearly depends on absorption of the pump photons
in order to raise ions (or other fundamental particles) of
20 dopant to an excited state for subsequent emission on a

different transition. 1In a laser device, this emission is
stimulated by the presence of a signal photon and,

therefore, the operation of a laser device also depends on
the interaction of radiation at signal wave length. It is

25 an object of this invention to make efficient use of pump

power launched into optical fibre. 1In the case of optical

amplifiers this neans achieving high gain for small
launched pump powers whereas for optical oscillators it
implies a low lasing threshold.

Fibre according the invention has a fluorescent
additive unevenly distributed over the cross section of
the core and having a higher concentration of the additive
at the centre of the core than at the core/cladding

1
wm
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POCl [err],

Sigerr]

i ncreases the refractive index of the silica but the 5
slightly reduces the refractive index. By
concentrations the refractive i ndex of 3

S

(The Plerr]err], which is derived fromthe
I ncorporated to reduce the nelting point of the
whi ch nakes the fusion easier. The Plerr](err]

substantially equal to that of

10

20

30

boundary. The highest concentrations of additive should
ideally be located in those regions of the fibre where,
during pumping, the highest intensity of pump radiation is
to be expected. Lower or zero concentrations of the
additive should be located where only low pump intensities
are to be expected. '

In most pumping schemes the highest intensity of the
pump radiation will be located at the centre of the core
and it is appropriate to provide the highest dopant
concentration at the centre of the core with zero
concentration at its periphery. Preferably the core
comprises two zones, namely an inner zone surrounded by an
outer zone wherein the inner zone contains the dopant and
the outer zone contains substantially no dopant. Suitably
the inner zone constitutes less than a quarter, e.g. 5 to
15 °/c, of the cross sectional area of the core.

The fibre may be implemented in any glass system which
is compatible with the fluorescent dopants. Thus, for
example, the fibre may be implemented in conventional
silicate, phosphate and fluoride systems, eg. fluorides of
Zr, Ba, La, Al, Na and Hf or in silica systems, eg. 5102
with additives such as Geo2 to adjust the refractive
index in the core.

In a specific embodiment silica fibre has

(2) a cladding formed of Sio2 with P,0g to

reduce the melting point, and F to offset the
increase in refractive index.

(b) an outer core region formed of §io, with GeO,

to increased the refractive index and on5 to
reduce the melting point; and

(c) an inner core region formed of SiO2 with

A1203 to increase the refractive index,

P,0; to decrease the melting point and

prevent devitrification and a fluorescent dopant
to interact with the pumo radiation.

slightly

fluorine
bal anci ng the two
the five cladding layers is
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pure silica. Thus the POCl[err] and CCl[err]F[err] are processi ng

ai ds which have little or no effect on the 10 performance of the
final product which, therefore, consists essentially of Sio[err]).
Ei ght layers to formthe outer core were deposited next. The
reaction mixture used for each |ayer wag obt ai ned by bubbling:- 15
200 M/ mn at Jerr] through SiC[err] 200 M/ mn of
Jerr] through Ged [err] 10 mM/mn of Jerr] through

POC [err]. The dimansdons wifuthe dibrehase preferaljyssueh 438t was dil uted

Yogether at 10001 & /0ot ol at, pIRT, A neadphe) S’ dnpfles | 1800 L
fornmed t he out dhatoite mepdiecoablhitohsuppast sexeral, e.g. upstert 08l 5y of
Siderr] doped pstl (e Phits 'FredentPC" RS 1ubFescent dopants of major .
5 interest include the rare earth metals. Of these the most
important are Er (which lases by the three level
mechanism) and Nd (which lases by the 3 and four level
mechanism)
One method of making silica fibre according to the
10 invention utilises the modified chemical vapour deposition
process usually identified as MCVD. KCVD is sometimes
known as the inside deposition process because the glasses
which eventually form the operative parts of the fibre are
produced by converting the equivalent chlorides into the
1s desired oxides which are deposited, layer by layer, on the
inner surface of a substrate tube. Usually a total of 10
to 30 layers are deposited. As initially deposited the
glass is porcus but the porous material is immediately
fused to give a solid layer upon which subsequent layers
20 are deposited. When all the layers have been deposited
the tube is collapsed to a rod which is drawn into fibre.
To make fibre according to the invention this
procedure is followed for the cladding and the outer
core. The precursor of the inner core is deposited but
25 left in the porous state. Dopants, including the
fluorescent additive, are introduced as solution intoc the
porous layer. After solvent removal and conversion to
oxides as necessary, the porous layer is consolidated and
the tubular configuration is collaped into a rod which is
30 then drawn into fibre. '
It will be appreciated that this, i.e. soaking a
solution into & porous layer, is one of many known
techniques of introducing dopants into optical fibre. It

This is the replacement sheet
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refractive index and Plerr](Jerr] to facilitate processing by

| owering the nelting point of the glass. The precursor at the
i nner core was deposited in two porous | ayers. The reaction m xture
was obt ai ned by bubbl i ng: - 200 M/ mn of Jerr]

through Sid[err] _ 10 M/ mn of Jerr] through POC [err]
30 and diluting with 1.5 litres/mn of JQerr]. The torch
traverse rate was 17 cmmn and the maxi mum tenperature was at

1300[ err] C (whingh peent a8aptew, tia hessrdafice detlpthe)invention, to
provide a small, doped centre region in a larger core.
One difficulty inherent in MCVD is that there is a
tendency to lose dopant by evaporation from the exposed
5 inner surface. This is not acceptable since the invention
requires a high concentration of dopant at the axis. The
depleted zone can be removed, e.g. by etching, just before
final collapse. Although there appears to be a risk that
further loses could occur during the final stage of the
10 collapse, this does not happen to any noticeable extent
because:-
(1) The exposed surface is so small that the rate of
loss is minimal.
(2) The final stage only takes a time which is too
15 brief for noticeable loss to occur.

However we have most surprisingly discovered that,
when aluminium is used to adjust the refactive index of
the core, the loses of fluorescent dopant are not
noticeable. The aluminium can be introduced at the same
time as the fluorescent dopant, e.g. as Al(N03)3 in
alcoholic solution. During heating the Al(N03)3 is
converted to A1203.

[ %)
o

The fibre according to the invention can be used to
make conventicnal fibre devices which include a pump for
25 providing excitation radiation for the fluorescent
additive.
The invention will now be described by way of example
with reference to the accompanying drawing which is a
cross section through a fibre according to the invention;
10 The drawing shows a fibre according to the invention
prepared by the MCVD process. This fibre has a residual
layer 10 which is the residue of the substrate tube used
in the MCVD process. The layer 10 has no optical
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(Note. In all bubbling operations the |liquid was at
At this point the tube was renoved fromthe | at he
were introduced into the porous |ayers by

an ethanolic solution of 5
0.08MErd [err].

dry with

1o

N

(23]

3C

function. The fibre also has a conventional cladding 11,
a core which is generally indicated by the numeral 14,
having an (undoped) outer region 12 an inner region 13
which contains a fluorescent dopant, e.g. Erj at a
concentration of .001 - 10.0 wt °/o Er.

Fibre as described above was prepared by a
substantially conventional MCVD process in which a
substate tube was rotated in a glass blowing lathe while a
reactant gas was passed through its bore. In the course
of the preparation three 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 and outer
core, the deposit was fused to form a thin layer on the
inner surface of the substrate tube. 1In the case of inner
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 0, through 8iCl,,
80ml/min of 0, through POCl;.

The mixture of these two gas streams was diluted with
1.5 litre/min 0, and 1.0 litre/min He. 1In addition, 6
ml/min of CCL.F, were included in the mixture The
maximum temperature in the hot zone was 1600 O and the
flame travelled at 18cm/min.

Five 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
P205 and flucrine.
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Nl err] for one hour, and returned to the |athe where it was heat ed

at - about 800[err] - 1000[err]C for a few mnutes. This 10 conpl eted
sol vent evaporation. The tenperature was raised t o about
1900[err]C for collapse to a rod. This al so ensured conversion of
Al (NJerr])[err] to Alferr]Jerr] and ErC[err] to Er[err](err].
The tube was flushed with Qerr]/He 7 _ m xture during all of these
stages (about 10[err] 15 (volune) of CdJ[err] could be introduced into

the Clerr]/He m x (me poc, Ufich YElabrflias PEAPYSE BRe, MUl red )

The resulting preform re abou Anal ysi s
(usi ng di sperslwmofét}ﬁ‘i é@hﬁﬁiﬂgés‘ahecmﬁhlnmlﬂha@f the 810, Al and Erferr]

were confined p,béﬁglaggglttmgl f\{sqgho&gleghemlg@p sll?ﬁgwn for choosing a

| arge core wil rief ultimte objective
is afibre havﬂ-wqalﬁéso@}faﬁﬁfl’acuve index-of ckhq Slbkﬁﬂ dbedie n a very smal |

inner core, e.gyd¥ind S1ightly reduces the refractive index. By
balancing the two concentrations the refractive index of
the five cladding layers is sunétantially equal to that of
pure silica. Thus the POCl3 and C C12P2 are
processing aids which have little or no effect on the
10 performance of the final product which, therefore,
consists essentially of Sioz).

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

15 200 ml/min at 0, through SiCl4
200 ml/min of 0, through GeCl,
10 ml/min of 0, through POC1,.
The mixture of these three gas streams was diluted
with 1.5 litres/min of 0,. These eight layers were
20 fused together at 1500°C and the flame travelled at 16
cm/min. This formed the outer core region which consisted
essentially of 8102 doped with GeO2 to increase the
refractive index and on5 to facilitate processing by
lowering the melting point of the glass.

The precursor at the inner core was deposited in two
porous layers. The reaction mixture was obtained by
bubbling:-

200 ml/min of 0, through 8iCl,
10 nl/min of 0 through POCl
30 and diluting with 1.5 1i tres/mln 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).

N)
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dianeter of 1 to 3[err]lm It was decided to achieve this by means
of a fat outer core (8 layers), a thin inner core (2 25 | ayers) and a
hi gh overall drawratio, i.e. length extensi on of about 1:10[err].
The fatness of the preformmade it difficult to handle and it was
drawn in tw stages. First the external di aneter was reduced from
7.0mmto 3.2nm i.e. an axial draw of 1:4.8. The drawn rod was
sleeved with a silica tube d&hd then drawn 1: 2.5x10[err] to give

e 27art, 102 Grote. 1, atp ekl RFA oo ol e FRHRE MR AT e
pref orm 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 ethanolic solution of
5 1¥ Al(N0_3)3
0.08K Ercla.
After soaking, the tube was drained, blown dry with
X, for one hour, and returned to the lathe where it was
heated at about 800° - 1000°C for a few minutes. This
10 completed solvent evaporation. The temperature was raised
to about 1900°% for collapse to a rod. This also
ensured conversion of Al(N03)3 to 21,05 and
ErCl3 to Er,0;. The tube was flushed with 08/He
mixture during all of these stages (about 10 /O
15 (volume) of Cl2 could be introduced into the OZ/He mix
if a very dry product were regquired.)

The resulting perform had a core about 2mm diameter.
Analysis (using disperive X-ray techniques) confirmed that
Al and Er3+ were confined to the central region. The

20 reason for chocsing a large core will be briefly explained.

The ultimate objective is a fibre having the dopant,
Er3+, contained in a very small inner core, e.g. with a
diameter of 1 to 3um. It was decided to achieve this by
means of a fat outer core (8 layers), a thin inner core (2

25 layers) and a high overall draw ratio, i.e. length
extension of about 1:105.

The fatness of the preform made it difficult to handle
and it was drawn in two stages. First the external
diameter was reduced from 7.0mm to 3.2mm, i.e. an axial

30 draw of 1:4.8. The drawn rod was sleeved with a silica
tube and then drawn 1: 2.5x104 to give the product fibre.
(There is a well known problem that dopants are lost

during collapse from the inner layers of the preform.

i
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This results in a thin axial depletion zone. In the
process above described Al[err]derr] was present and in the
presence of this conmpound no | oss of Er[err] occurred.) _
pr.oduct fibre had the follow ng neasurenents. 5 G addi ng (11)

9

This results in a thin axial depletion zone. 1In the
process above described A1203 was presegt and in the
presence of this compound no loss of Er” + occurred.)
The product fibre had the following measurements.
Cladding (11)
0D 7um
ID 4um
RI matched to silica
Core Outer Region 12
0D 4um
ID l.5um
Er>* NONE
Core Inner Region 13
Diameter 1.5um
Erot 1wt 0
General Properties
0D 125um
Lpll Cut Off 790 nm
RI step 0.01
"RI step” denotes the difference between the RI of the
core and the RI of the cladding.
A possible theory of the operation of this fibre will
now be briefly indicated.
| The considerations set out above are particularly
pertinant to dopants which lase as a three level system.
The three levels are:-
(a) The ground state,
(b) the pump level,
(c) upper laser level, (also known as the metastable
level).
The absorption of pump photon by a ground state ion
transfers that ion to the upper pump level from where it
decays non-radiatively to the upper laser level. That ion
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QD T7[err]m

ID 4[err]m RI

mat ched to silica Core Quter Region 12 10

D 4[err]m

NONE

Di anet er

Gener al
LP[err]
20

ID 1.5[err]m Er[err]
Core | nner Region 13

1.5[err] m-15 Erferr] 1 wt [err]

Properties 10 oD 125[err]m
Cut Of 790 nm Rl step 0.

10

20

25

30

o HeRPretlFHOLR Ik ol RERBCASERIGSAIRGE R of the

transition, i.e. gives out a signal photon. In order to
achieve the population inversion essential for laser
operation it is necessary to pump more than half the
dopant ions from the ground state to the upper laser
level. Thus it is important to note that, at a particular
point in space, if fewer than half the ions have been
pumped to the upper laser level then the signal beam will
be attenuated at that point.

It is therefore extremely desirable to preferentlally
locate the fluoresence additive where the pump intensity
is highest, i.e. on the axis and to prevent there being
any dopant ions in the regions where the pump intensity is
lower.

The signal beam, which being single mode also has its
maximum intensity on the axis, overlaps well with the
excited dopant ions and thus effectively depopulates the
upper laser level.

In order to illustrate the benefit of the invention
comparative measurements were made on two very similar
fibres both of which used Er3+ ions as the fluorescent
specles. The fibre, identified as "A", had the grot
ions located in a centre core Region 13 as shown in Figure
1. The comparative fibre, identified as "X", had the more
standard Er3+ distribution, i.e. uniformly distributed
over the whole of the core. Details of both fibres are
given in Table 1.

Diameters (um) a X

Total 125 125

To Cladding (11) 6.0 6.0

To Core (12) 3.5 3.5

Inner Region (13) 1.0 NONE

RI Step 0.0100+0.005 0.0095%0.005
LP,, Mode cut off (nm) 790 790
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core and the R of the cladding. A possible theory of the

operation of this fibre wll now be briefly indicated.

The consi derations set out above are particularly 25 pertinant to
dopants which | ase as a three |evel system The three | evels

are: - (a) The ground Stfi (b) the punp I|evel,
(c) upper laser level, (also known as the netastable 30 | evel ).

The absorption of punp photon gé)a ground state ion transfers
that ion to the uppethepoasge lofvEibrer hrhhendopant twas containeddeniyys

non-radi ativel y, 8ot {ifhePPP&1ch2FE" 4263l on thi&lrdg@6n alone
theconcentration of Er3+ was 0.45°/0 wt or 0.037°/o
wt based on the total core 14. For fibre X the
5 concentration of Er3+ was 0.05°/o wt based on the
total core 1l4.
The performances of the two fibres were compared by
measuring the "transparency power" of each.
To measure the transparency power a short length of
10 fibre is used so that pump power does not change
significantly along the length. The test comprises
launching the signal at wave length 1.54 um and pump at
wave lehgth 528.7nm into the opposite ends of the fibre.
The input and output powers of the signal are measured for
15 several values of pump power. There exists a specific
pump power at which the signal is neither amplified or
attenuated and this power is known as the "transparency
power”. This name is considered appropriate because, at
this pump power, the fibre simulates a perfectly
20 transparent window. At higher pump powers than the
transparency power, the fibre amplifies the signal beam
whereas at lower pump powers the fibre attenuates the
signal beam. The transparency power is a direct measure
of the performance of the invention and the lower the

25 transparency power the better the performance. The
transparency powers of the two fibres was
Fibre A 0.8nW
Fibre X 1.4n¥W
Ratio 1l:1.75 N
30

Thus the fibre according to the invention gave gain at
much lower pump power than the comparative fibre.
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can then return to the ground state via the |asing transition, i.e.
gives out a signal photon. In order to ~achieve the popul ation
i nversion essential for |aser operation it-1is necessary tao_punp

nore than half the This Sheet Has Been Replac

| . (Wi

CLAIM
1. An optical fibre, suitable for forming fluorescent
5 devices, wherein said fibre has a core of a silica

glass composition which contains erbium as the
fluorescent dopant, characterised in that the core
also contains Al,0,.

2, An optical fibre, suitable for forming fluorescent
10 devices, said fibre having a core of S:i.O2 with Ge0, to
adjust the refractive index and erbium to interact
with pump radiation characterised in that the core
also contains Al,0,.

3. An optical fibre which comprises:
15 (a) a cladding region formed of a first silica glass
composition having a first refractive index;
(b) an outer core region surrounded by said cladding

region and formed of a second silica glass

composition having a second refractive index,

20 . said second refractive index being higher than
said first refractive index; _

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

core region, wherein said inner core region is

formed of a third silica glass composition

25 B having a refraction index substantially to said

record refraction index, wherein said third

silica glass composition contains Al,0, and Er

in a form capable of wundergoing lasing
transitions.

30 4. An optical fibre according to claim 3 wherein the
inner core region also contains GeO0,.
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5 dopant ions fromthe ground state to the upper laser =~ ~ 7 leve
Thus it is inportant to note that, at a parti cul a'hlsSheetHasB Réplacadspace

if fewer than half the ions have been punpe Iaser
| evel then the signal beamw || be attenuat

nt
It is therefore extrenely desirable toipreferentiall ate t
fl'uoresence additive where the punp intensity S hlghest I.e. on

the axis andsto preyvecdders: tFa'ng.catlng anaeﬁt.d;%%.mfiﬁés ldi'n.tcﬁﬁ £5 $FH0NS
where the punp intensity is beam

whi ch bei ng singl e ARFLHSH fas qare region rrﬁ?%”ilmgenﬁ#h&u@h @fe axis,
overl aps wel | Wthﬂ]h.&)rescent a@pﬁlnttedaﬂap@rﬁladurﬁn@&%?im&s 19 e\ Bloy

depopul ates the aser, | evel
I Tobtrat 8 the: bendMPHHTRHE §HF, Sifenn OF depositing layers of cladaing

precursor material in a porous state and subsequently
fusing said cladding material so as to convert it from
a porous to a solid state, and thereafter depositing
one or more of said layers of core precursor material

10 when is/are treated, while in the porous state, to
incorporate both erbium, as a fluorescent dopant, and
aluminium as a refraction index adjustexr.

6. A method according to Claim 5 whexein the layers are
deposited on the inside surface of a substrate tube.

15 7. A method according to either claim 5 or claim 6

wherein the erbium and the aluminium are converted to
oxides after incorporation in the form of nitrates.
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20 conparati ve nmeasurenents were made on two very simlar

fibres both of which used Er[err] ions as the fluorescent speci es.
The fibre, identified as "A", had the Er[err] ions located in a
centre core Region 13 as shown in Figure 1. The conparative fibre,
identified as "X', had the nore 25 standard Er[err] distribution, i.e.
uniformy distributed over the Wlole of the core. Details of both
fibres are given in Table 1. ~mD ameters ([err]m A
X ot al apszacey ATELETT LIS o

Cl addi ng (11) ORTIQAL FIBRE WITHEFLORESCENT ADPATEy e (12)

3.5 An dprical £ibF¥r RRWE QB FlBle lasers cohtBins Ex’* as BEBE
Rl step 0.0100+0. 005 . .0. 00950, 005 LP[§£the|Vbde

cut of f (nmlasing qggitive, togeghgr with Al1,0, to reduce loss
5 lasing additive during fibre preparation. Preferably the
core has an inner region which contains the Ex® and Al,0, and

an outer region which contains no Exd*,

Fig. 1
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In the case of fibre A the dopant was contained only

1/1
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Tios72404- 1vos
in the inner region 13. Based on this region al one t he
concentration of Er[err] mas 0.45[err]/o w or O 037[err]/o S WL
based on the total core 14 ~For fibre X the 5 S concentratlon of

0 total core 14.!. 3~-'?"
The perfornances of ﬁhe tmo flbres wer e conpare&'by L ‘masuring ‘tHhe |
"t ranspar eficy; power:". of.each To neasur €’ the transparency o
power. a shoft l.en tm of -, flbre i s used €o that punp - powver::does: net
changei“:r:?ﬂ"W'jtgnyftcantly al'ong the length. The test conprlses :
| aunchi ng t'he “signat—at--wave:iength 1.54 [err]ntand punp at pfefer wave
| ength 528. 7nminto the opposite ends of the fibre.— - - The i-npuit--and-
out put powers of the siQRAaICALEFIBREWWETH f ®LUGBESCENT §§ypfp¢Evalues of
punp power. There exists a specific punp power at which the
signal is neither anplified or -

This invention relates to optical fibre with a
fluorescent additive and in particular to fibre which is
5 suitable for the construction of fidbre lasers.
There is currently much technical interest in a wide
range of devices in which radiation at wave lengths of
0.3 un to 4 um is generated in the core of an optical
fibre. In these devices the fibre contains a fluorescent
10 additive which interacts with excitation radiation,
usually identified as the "pump radiation®, to produce the
desired output. The devices take many forms, e.g.
broadband sources, super luminescent sources and
temperature sensors, but devices which display laser
activity are particularly important, especially in
telecommunications. It should be realised that
telecommunications uses laser activity in two distinct
manners namely optical oscillators and optical
amplifiers. However the same doped glass fibres are
20 equally suitable for a plurality of such applications (and
often for all such applications).
Stone and ﬁurrus_in "aApplied Physies Letters" (Volume
23, ¥o. 7, 1 October 1973 at pages 388 and 389) disclose
lasers made of neodymium doped silica with end-pumped
<3 fibre geometry. One of their systems has an active core
of fused SiO2 and Nd203 enclosed in a thin passive
sleeve of 8102 and Nb 205 all enclosed in a fused
jacket of SlO2 The dl=meter of the active core was
about 800 to 15um and the length of the samples was lcm.
30 The function of the thin passive sleeve is to increase the
guidance of the core and hence pump efficiency.

[
(¥}

This is the replacemént sheet

4 1 SEP 1998

Date:



attenuated and this power is known as the "transparency power " .
This name is considered appropri ate because, at this punp power,
the fibre sinmulates a perfectly transparent wi ndow. At higher
punp powers than the transparency power, the fibre anplifies the
si gnal beam whereas at |ower punp powers the fibre attenuates the
signal beam The transparency power is a direct neasure of the
performance of the invention and the |ower the 25 .. . transparency power
the better the YRPeHNeh&8 54pdescribes an opiiggsyyayeaiide Ihesoyrest havwirg t wo

‘;:: B; gsx""aa?\ active corels.uia;%x/wded dy & ﬁdér claddingRgtyie{)%nﬁrgN outer claddifg:la\{ﬁr75 _
Thus t he Thielmeéaateointiexgof thet diaed cladding ds lgepetigm theatefractive index ofiche | ower
punp pOWEI\rrmgrhc?QddLlrbge w ?éﬁ’ ?sr l%we\r/?hafni phreeiefractive index of the core. Pump radiation
5 is launched into the inner cladding layer to which it is confined by the outer
cladding. The pump radiation makes many passes through the core whereby its
absorption by the core is increased. The signal is generated within the core. Rare-
earth-doped low-loss silica based optical fibres are known from Journal of
Lightwave Technology, Vol. LT-4, No.7, July 1986, pages 870-875, SB Poole et
10 al, are rare-earth-doped silica based optical fibres having a large non-linear optical
effect are known from JP-A-62 111 208,
It has long been recognised that the rare edrth elements, e.g. Nd, Er, and
Yb, display fluorescent properties which make them suitable for use as fluorescent
additives in optical f.ibre. Their fluorescent properties make them particularly
15 suitable for use in the laser devices mentioned above. The operation of a
fluorescent device clearly depends on absorption of the pump photons in order to
raise ions (or other fundamental particles) of dopant to an excited state for
subsequent emission on a different transition. [n a laser device, this emission is
stimulated by the presence of a signal photon and, therefore, the operation of a
20 laser device also depends on the interaction of radiation at signal wave length. k
is an object of this invention to make efficient use of pump power launched into
optical fibre. In the case of optical amplifiers this means achieving high gain for
small launched pump powers whereas for optical oscillators it implies a low lasing
threshold.
25 Fibre utilised in one embodiment of the invention has a fluorescent additive
unevenly distributed over the cross section of the core and having a higher

concentration of the additive at the centre of the core than at the core/cladding
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S 12 - CLAI M5 1. A method of anplifying
optical signals, which nethod

boundary. The highest concentrations of additive should ideally be located in
those regions of the fibre where, during pumping, the highest intensity of pump
radiation is to be expected. Lower or zero concentrations of the additive should be
located where only low pump intensities are to be expected.

5 In most pumping schemes the highest intensity of the pump radiation will
be located at the centre of the core and it is appropriate to provide the highest
dopant concentration at the centre of the core with zero concentration at its
periphery.  Preferably the core comprises two zones, namely an inner zone
surrounded by an outer zone wherein the inner zone contains the dopant and the

10 outer zone contains substantially no dopant. Suitably the inner zone constitutes

less than a quarter, e.g. 5 to 15 %/o, of the cross sectional area of the core.

In a specific embodiment silica fibre has
{a) acladding formed of SiO, with P05 to reduce the melting point, and
15 F to offset the increase in refractive index.
(6) an outer core region formed of SiO, with GeO, to increased the
refractive index and P,05 to reduce the melting point; and
{c) aninner core region formed of Si0O; with
Al;0;, to increase the refractive index, P,0g to decrease the melting

20 point and prevent devitrification and a fluorescent dopant to interact with the

pump radiation.
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conprises:- (i) Launching said optical signals into an optical fibre
containing a fluorescent additive; erbium being said fl uorescent
additive (i) Si mul t aneousl y | aunching punp radiation into said fibre

wher eby photons of said punp radiation are_absorbed by sai d
erbiumto produce a popul ation inversion whi th

has been adapted, in accordance with the invention, to
provide a small, doped centre region in a larger core.
One difficulty inherent in MCVD is that there is a
tendency to lose dopant by evaporation from the exposed
e inner surface. This is not acceptable since the invention
requires a high concentration of dopant at the axis. The
depleted zone can be removed, e.g. by etching, just before
final collapse. Although there appears to be a risk that
further losses could occur during the final stage of the
10 collapse, this does not happen to any noticeable extent
because:-
(1) The exposed surface is so small that the rate of
loss is minimal.
(2) The final stage only takes a time which is too
15 _ brief for noticeable loss to occur.

” However we have most surprisingly discovered that,
when aluminium is used.to adjust the refractive index of
the core, the losses of fluorescent dopant are not
noticeable. The aluminium can be introduced at the same

20 time as the fluorescent dopant, e.g. as Al(NO,); in
alcoholic solution. During heating the Al(H03)3 is
converted to Alzoa. i

The fibre‘according to the invention can be used to
make conventional fibre devices which include a pump for
providing excitation radiation for the fluorescent
additive.

The invention will now be described by way of example
with reference to the accompanying drawing which is &
cross section through a fibre according to the invention;
20 The drawing shows a fibre according to the invention

prepared by the XCVD process. This fibre has a resicual
layer 10 which is the residue of the substrate tube used
in the MCVD process. The layer 10 has no optical

1
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sustains stinulated em ssion of signal photons so as to amplify
sai d optical signal; wherein the signals and the punp radi ation are both
| aunched into the core (12,13) of said fibre and the core consists
essentially of silica, the erbiumand alumna to adjust the refractive
index and to reduce |oss of erbiumduring fabrication of said optical
fibre.

function. The fibre also has a ccnventional cladding 11,

a core which is generally indicated by the numeral 14,

having an (undoped) outer region 12 an inner region 13

which contains a fluorescent dopant, e.g. Er, at a

concentration of .001 - 10.0 wt °/o Er.

Pibre as described above was prepared by a

substantially conventional MCVD process in which a
substratetube was rotated in a glass blowing lathe while a

reactant gas was passed through its bore. In the course
16 of the preparation three 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. 1In this
segment chlorides were converted into oxides which

13 deposited as a porous ring downstream of the flame. A&s
the flame traversed, in the case of cladding and outer
core, the deposit was fused to form a thin layer on the
inner surface of the substrate tube. In the case of inner
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:-

700m1/min of 0, through SiCl,,

90ml/min of 0, through POCl,.
- The mixture of these two gas streams was diluted with
1.5 litre/min 0, and 1.0 litre/min He. In addition, 6
ml/min of CCl,F, were included in the mixture. The
maximum temperature in the hot zone was 1600°C and the
flame travelled at 18cm/min.

Five cladding layers were thus deposited on a
substrate tube of 10mm inner diazmeter. These fused
together to form a cladding layer of 8102 doped with
P,0; and fluorine.
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2. A met hod of anplifying optical, signals, which nethod

conprises:- (i) Launchi ng said optical signals into an optical fibre
containing a fluorescent additive; erbiumbeing said fl uorescent
additive; (i) Si mul t aneousl y Iaquthg punp radiation into said
fibre

(The P0c, which is derived froa the POCl,, is

incorporated to reduce the melting point of the Sio2
which makes the fusion easier. The P,0; slightly
increases the refractive index of the silica but the

5 fluorine slightly reduces the refractive index. By
balancing the two concentrations the refractive index of
the five cladding layers is substantially equal to that of
pure silica. Thus the POCL, and C Cle2 are
processing aids which have little or no effect on the

10 performance of the final product which, therefore,

consists essentially of Si°z)'

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

200 ml/min at 0, through SiCl,
200 ml/min of 0, through GeCl,
10 nml/min of 0, through POC13.

The mixture of these three gas streams was diluted
with 1.5 litres/min of 02. These eight layers were
20 fused together at 1500°C and the flame travelled at 16

cm/min. This formed the outer core regicn which consisted
essentially of 8102 doped with Geo2 to increase the
refractive index and P205 to facilitate processing by
lowering the melting point of the glass.
zs The precursor at the inner core was deposited in two
porous layers. The reaction mixture was obtained by
bubbling:-
200 ml/min of 0, through siCl,
10 nml/min of 0, through POCl,
30 and diluting with 1.5 litres/min of 0,. The torch
traverse rate was 17 cm/min and the maxinum temperature
was at 1300°C {which is too low to fuse the deposit).
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wher eby photons of said punp radiation are absorbed by sai d

erbiumto produce a popul ation inversion which sustai ns
stinul ated em ssion of signal photons so as to anplify said
optical signals; , -8 - - 13-

(Note. In all bubbling operations the liquid was at
25%.) 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 ethanolic solution of

5 1¥ Al(N03)3
0.08% Ercl3.

After soaking, the tube was drained, blown dry with
X, for one hour, and returned to the lathe where it was
heated at-about 800° - 1000°C for a few minutes. This

10 completéd solvent evaporation. The temperature was raised
to about 1900°%C for collapse to a rod. This also
ensured conversion of Al(No3)3 to Al.0; and
Ercl, to Er,0,. The tube was flushed with OB/He
mixture during all of these stages (about 10 /o
15 (volume) of Cl, could be introduced into the 02/He mix
if ‘a very dry product were required.)

The resulting prefimn- had a core about 2mm diameter.
Analysis (using dispsifive X~ray techniques) confirmed that
Al and Er>* were confined to the central region. The

2¢ reason for choosing a large core will be briefly explained.

The ultimate objective is a fibre having the dopant,
Er3+, contained in a very small inner core, e.g. with a
diameter of l:to 3um. It was decided to achieve this by
means of a fat outer core (8 layers), a thin inner core (2

25 layers) and a high ovefall draw ratio, i.e. length
extension of about 1:10°,

The fatness of the preform made it difficult to handle
and it was drawn in two stages. First the external
diameter was reduced from 7.0mm to 3.2mm, i.e. an axial

30 draw of 1:4.8. The drawn rod was sleeved with a silica
tube and then drawn 1: 2.5x10% to give the product fibre.
- {There is a well known problem that dopants are lost
during collapse from the inner layers of the'preform.
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wherein the signals and the punp radiation are both [ aunched into the core
of said fibre and an inner part (13) of the core consists essentially of
silica, the erbium and alumna to adjust the refractive index and to
reduce loss of erbiumduring fabrication pf said optical fibre, and an
outer part (12) of the core consists essentially of silica and germania to
adj ust the

This results in a thin axial depletion zone. In the

process above described Al,0, was rresent and in the
. PR o

presence of this compound no loss cf ET occurred. )

The product fibre had the following measurements.

Cladding (11)

wm

0D Tunm
ID 4unm _
RI matched to silica
Core. Quter Region 12
10 0D 4un
ID  1l.5um
Er>" NONE
Core Inner Region 13
Diameter 1.5um
15 Ert 1wt %
General Properties
oD 125zm
Lpll Cut Off 790 nm
RI step 0.01
20 "RI step" denotes the difference between the RI of the

core and the RI of the cladding.

A possible theory of the operation of this fibre will
now be briefly indicated.

The considerations set out above are particularly
pertinant to dopants which lase as a three level systea.
The three levels are:-

(a) The ground state,

(b) the pump level,

(c) upper laser level, (also inown as the metastable
36 level).

The absorption of pump photon by a ground state ion
transfers that ion to the upper pump level from where it
decays non-radiatively to the uprer laser level. That ion

N
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refractive i ndex. 3. An optical amplifier adaptéd for the anplification

of an optical signal wherein said anplifier conprises:- (n

An optical fibre waveguide which contains a , fl uorescent
addi tive, erbium being sai d - 10 - fluorescent additive;
(rr) | nput means adapted for | aunching "an opti cal

can then return to the ground state via the lasing
transition, i.e. gives out a signal photon. 1In order to
achieve the population inversion essential for laser
operation it is necessary to pump more than half the

5 dopant ions from the ground state to the upper laser
level. Thus it is important to note that, at a particular
point in space, if fewer than half the ions have been
pumped to the upper laser.level then the signal beam will
be attenuated at that point.

10 It is therefore extremély desirable to preferentially

locate the fluoresence additive where the pump intensity

is highest, i.e. on the axis and to prevent there being

any dopant ions in the regions where the pump intensity is

lower.

The signal beam, which being single mode also has its
maximﬁm intensity on the axis, overlaps well with the
excited dopant ions and thus effectively depopulates the
upper laser level.

In order to illustrate the benefit of the invention
20 | comparative measurements were made on two very similar
fibres both of which used 2r3t jons as the fluorescent
species. The fibre, identified as "A", had the grst
ions located in a centre core Region 13 as shown in Figure
1. The comparative fibre, identified as "X", had the more
standard Er3+ distribution, i.e. uniformly distributed
over the whole of the core. Details of both fibres are
given in Table 1.

1=
w

(3%
wn

Diameters (um) .Y X
Total 125 125
30 To Cladding (11) 6.0 6.0
To Core (12) 3.5 3.5
Inner Region (13) 1.0 NONE
RI Step 0.0100£0.005 0.0095£0.005
LPll ¥ode cut off (nm) 790 790
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signal into said fibre for anplification; (rrr) Punp neans

optically connected to said fibre for provi di ng punp

radi ati on adapted to interact with the erbiumso as to
produce a popul ati on inversion capabl e of sust ai ni ng

stinmul ated em ssion of si gnal  phot ons, sai d stinmul at ed
em ssi on constituting anpltfication of said optical signal;

In the case of fibre A the dopant was contained only
in the inner region 13. Based on this region alone
the concentration of Er3+ was 0.450/0 wt or 0.0370/0
wt based on the total core 14. For fibre X the
cencentration of Er3+ was 0.05°/o wt based on the
total core 14.
The performances of the two fibres were compared by
neasuring the."fransparency power" of each.
To measure the transparency power a short length of
10 fibre is used so that pump power does not change
significantly along the length. The test comprises
launching the signal at wave length 1.54 um and pump at
wave length 528.7nm into the opposite ends of the fibre.
The input and output powers of the signal are measured for
several values of pump power. There exists a specific
pump power at which the signal is neither amplified or
attenuated and this power is known as the "transparency
power". This name is considered apsropriate because, at
this pump power, the fibre simulates a perfectly
20 transparent window. At higher pump powers than the
transparency power, the fibre amplifies the signal beanm
whereas at lower pump powérs the fibre attenuates the
signal beam. ‘The transparency power is a direct measure
of the performance of the invention and the lower the
transparency power the better the psrformance. The
transcarency powers of-the two fibres was

wy

-
w

(¥}

Fibre A 0.8n¥
Fibre X l.4n¥W
Ratio 1:1.75
30 Thus the fibre according to the invention gave gain at

much lower pump power than the comparative fibre.
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wherein the core of the fiber consists essentially of silica, the erbium
and alumna to adjust the refractive index and to reduce | oss of erbium
during fabrication of .said optical fibre, and the itens (Il1) and (Ill) are
bot h connected to the said core. - 12 - '

CLAIMS

1. A method of amplifying optical signals, which method

comprises:-

(1) Launching said optical signals into an optical fibre
containing a fluorescent additive; erbium being said
fluorescent additive

(ii) Simultaneously launching pump radiation into said fibre
whereby photons of said pump radiation are absorbed by
said erbium to produce a population inversion which
sustains stimulated emission of signal photons so as

to amplify said optical signal;

wherein the signals and the pump radiation are both launched into
the core (12,13) of said fibre and the core consists essentially
of silica, the erbium and alumina to adjust the refractive index

and to reduce loss of erbium during fabrication of said optical

fibre.

2. A method of amplifying optical signals, which method

comprises:- '

(i) Launching said optical signals into an optical fibre
containing a fluorescent additive; erbium being said
fluorescent additive;

(ii) Simultaneously launching pump radiation into said fibre

whereby photons of said pump radiation are absorbed by
said erbium to produce a population inversion which
sustains stimulated emission of signal photons so as

to amplify said optical signals;

* c L M S *
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T - 14 - 4. An optical anplifier adapted for the arrpllflcatlon of _an
optical signal wherein said anplifier conprises: Anotlcal
P 9 mp mp TmsSheetHasB p

e U

wherein the signals and the pump radiation are both launched into

the core of said fibre and an inner part (13) of the core
consists essentially of silica, the erbium, and alumina to adjust
the refractive index and to reduce 1loss of erbium during
fabrication of said optical fibre, and an outer part (12) of the
core consists essentially of silica and germania to adjust the

refractive index.

3. An optical amplifier adapted for the amplification of an
optical signal wherein said amplifier comprises:-

(1) An optical fibre waveguide which contains a
fluorescent additive, erbium being said
fluorescent additive;

(11) Input means adapted for launching an optical
signal into said fibre for amplification;

(ITII) Pump means optically connected to said fibre for
providing pump radiation adapted to interact with
the erbium so as to produce a population inversion
capable of sustaining stimulated emission of
signal photons, sald stimulated emission

constituting amplification of said optical signal;

wherein the core of the fiber consists essentially of silica, the
erbium and alumina to adjust the refractive index and to prevent
loss of erbium, during fabrication of said optical fibre and the

items (II) and (III) are both connected to the said core.
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fluorescent additive, erbiumbeing said fluorescent additive;

(I') Input neans adapted for |aunching an opti cal . signal into
said fibre for anplification; (') Punp nmeans optically connected
to said fibre for
- 14 -
4. An optical amplifier adapted for the amplification of an

optical signal wherein said amplifier comprises:-

(1) An optical fibre waveguide which contains a
fluorescent additive, erbium being said

fluorescent additive;

(IT) Input means adapted for launching an optical

signal into said fibre for amplification;

(ITII) Pump means optically connected to said fibre for
providing pump radiation adapted to interact with
the erbium so as to produce a population
inversion capable of sustaining stimulated
emission of signal photons, said stimulated
emission constituting amplification of said

optical signal;

wherein an inner part of the core of the fibre consists
essentially of silica, the erbium and alumina to adjust the
refractive index and to reduce loss of erbium during
fabrication of said optical fibre, and an outer part (12) of
the core consists essentially of gilica and germania to
adjust the refractive index the items (II) and (III) are both

connected to the said core.

T
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provi di ng punp radi ati on adapted to Interact with the erbium so
as to produce a popul ation ' I nver si on capabl e of sustaining
stinmul at ed em ssion of signal photons, said stinulated

em ssion constituting anplification of sq#gl - optical signal;
wherein an inner part of the core of the bre consists

ABSTRACT
OPTICAL FIBRE WITH FLUORESCENT ADDITIVE

An optical fibre for use in fibre lasers contains Er3* as the
lasing additive, together with Al,0, to reduce loss of the

5 lasing additive during fibre preparation. Preferably the
core has an inner region which contains the Ex® and 21,0, and
an outer region which contains no Er®.

Fig . 1
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essential |y of! silica,’ the: erbiumand alumna to adjust the refractive

i ndex and to reducé | oss of erbiumduring fabrication of said optical
fibre, and:an outer-part (12) of the cqre consists essentially of silica
and germania‘to “adjust the refractiveXidex the items (11) and (111) are
both connected-to-t-he-sai-d core. -

wh;;;15m££émgié£;i;%;nd the pump radiation are both launched into
the core of said fibre and an inner part (13) of the core
consists essentially of silica, the erbium, and alumina to adjust
the refractive index and to reduce 1loss of erbium during
fabrication of said optical fibre, and an outer part (12) of the
core consists essentially of silica and germania to adjust the

refractive index.

3. An optical amplifier adapted for the amplification of an
optical signal wherein said amplifier comprises:-

(I) An optical fibre waveguide which contains a
fluorescent additive, erbium being gsaid
fluorescent additive;

(I1) Input means adapted for launching an 6ptical
signal into said fibre for amplification;

(III) Pump means optically connected to said fibre for
providing pump radiation adapted to interact with
the erbium so as to produce a population inversion
capable of sustaining stimulated emission of
signal photons, said stimulated emission

constituting amplification of said optical signal;

wherein the core of the fiber consists essentially of silica, the
erbium and alumina to adjust the refractive index and to reduce
loss of erbium during fabrication of said optical fibre, and the

items (II) and (III) are both connected to the said core.
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