OPTI CAL AVPLI FI ER AND LASER This invention relates to an optical anplifi-er,
and in particular to a | aser incorporating an opti cal anplif?é?f‘ﬂﬁb’]ﬁﬁact
“that an efficient, inexpensjve and reliable 5 visible |aser source would
have on data storage, display technol ogy, undersea communications and
optical processing has provided the stimulus for nmuch recent work on solid
state visible |l asers. One approach that has yielded nuch success is the use
~of upconversion processes within rare earth doped 10 naterials to produce
| aser emssion at a wavelength S|gn|f|cantly shorter than the punp
wavel ength. Applied to- bul IRQEELEA RQAN R&Rn denonstrated at ..
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R. M., TONG F., SILVERSMITH, A. J., AND LENTH, W.: ’'Violet cw
15 neodymium upconversion laser’, Appl. Phys. Lett., 1988, 52,
(16), pp. 1300-1302, and MACFARLANE, R. M.: ‘Dual wavelength
visible upconversion laser’, Appl Phys. Lett., 1989, 54,
(23), pp. 2301-2302, respectively). GUnfortunately, all of
these schemes require liquid nitrogen cooling. However, the
20 recent demonstration of yisible lasing at 480nm in 'I'm3+ -
doped fluoride fibre (see ALLAIN, J. Y., MONERIE, M AND
POIGNANT, H.:~ 'Bluel upconversion fluorozirconate fibre
laser’, Electron. Lett., 1990, 26 (3), pp. 166-168) coupled &
with the demonstration of room température lasing at red,
25 green and blue waveléngths in praseodymiunm doped
fluorozirconate glass fibre (see SMART, R.G., HANNA, D.C.,
TROPPER, A.C., DAVEY, S. T., CARTER, S.F., SZEBESTA, D,: 'CW
upconversion lasing at blue, green and red wavelengths in an
infrared-pumped Pr3+-doped fluoride fibre at room
30 temperature’, PD paper, CLEO 91, Baltimore, Maryland, USA
(also published in Electron. Lett., 1991, 27, (14), pp 1307-
1309) has dramatically changed the wviability of such
upconversion pumped laser schemes.
The applicants have determined that significant gain
35 at 850nm can be achieved when erbium doped fluorozirconate



The appli,cants have det.erm ped that significant gain 35 at 850nm can be
achi eved when erbi um doped fl uorozirconate -2- fibre is punped at 800nm
This has been reported in Wiitley et al "23dB gain up--conversion punped
erbi um doped fibre anplifier operating at 830nnt, Electron.. Lett., 17
January 1991, pp 184-186 and in Mllar et "al® "Efficient up-conversion 5
punpi ng at 800nm of an erbium doped fluoride fibre .laser operating at
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The upper | aséhs,,elelvetnpnde thepy Iatedpurndhe tesgu et itde abpoteni (Rigf 1).
801nATpunp phofr?”ﬁui]@ &P&ngésd%éﬁhwigﬂog¥ﬁ§um (BEr: YLiF,) this is a well

known transition, and has resulted in upconversion lasing at
15 551nm when cooled to 77K. (See McFarlane ibid - Appl. Phys.
Lett 54(23)) .

In such bulk crystal lasers, ions are excited into the
upper laser ‘level predominantly through an ion-ion
interaction between ions residing in 'the' I1i/1z manifold.

20 However, in lightly—doped fluoroz:.rconate fibre, ion-ion
interactions are negligible, and the dominant excitation
mechanism is attributed by the applicant to excited state
absorption (ESA) of pump photons. | | .

_ Fig. 1 repre’sents the energy levels of the trivalent

i..,i 25 erbium ion, with the relevant green 1lasing transition
indicated between the. ‘s‘m level and the 4115/2 ground state.

The upper laser level may be populated by the sequential

absorption of 801nm pump photons in a process which involves

' excitation of ground state ions into the. 19,2 band, some of

30 which then branch into the Iu/z and the I13/z levels. These
ions are then further excited by pump photons into the _‘Fa/z.
the ’H,,,, and other levels. A large proportion of the ions in
these higher energy levels then relax into the 483,2 upper
laser level, from which a direct transition to the ground

35 state is responsible for the green emission. B '

‘The present invention provides an optica_l amplifier
comprising a fluorozirconate waveguide doped with erbium
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excitation of ground state ions into the [err] band, sone of 30-which then”
branch into the [err] levels. These ions are then further excited by punp
photons into the 4F3/2 the 2H and other levels. A |large proportion of.
the ions in 11/2 these higher energy kevels then relax into the [err],upper
| aser level, fromwhich a direct ‘transition to the ground 35 state is
responsible for the green em ssion. The present invention provi des -an
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nunerical — apperture GOT 01 F conat e i ced 0 a silica~
fibre sofermedr dydidopiami #aﬁﬂ-éoﬂf%éﬁcédéﬁﬁer%laq‘%rSE%&WP@G canH:bEh

dopant concentration would 1ead to compact (short wavegu:.de'.
length) devices _ ' '
15 The. 1nventlon has been demonstrated in standard ZBLAN
' fluor021rconate 'waveguides, the proportlons .of the glass
components is not expected to be cr:.tical
. ~ The. pump may be coupled to the flbre by any: known.
'_approprlate technique L The- high numerical apperture-
20,'fluor031rconate flbre may be spllced to a silica fibre so
' that readz.ly ava:.lable fused couplers, for eéxample,  can be
used to couple pump and slgnal sources to the doped. fibre.
The Smm energy level of the erblum ions can be excited
by pump wavelengths :Ln the ‘range 791nm . to 812nm, preferably.
25 801nm. . .

: '(;) |

- The ' inv.ent'ion'." a_lso prOvj_.d__es a _las_er.'compri'si-ng- an
optical amplifier and a pair of reflectors, the. optical
ampllf:.er being as deflned above, and the reflectors being
pos:.t:.oned one at each end of the wavegulde, the reflectors
50 def:.nlng a resonant cav1ty and hav:.ng reflectiv:.ties such as
" to provide 1as:|.ng actlon at about 546nm when the waveguide is’
| pumped by the pumpn.ng means. _
' The reflectors, which _may be ~mirrors or ' other
reflectors such as Sagnac loop reflectors, define a Fabry-
35 Perot cav:.ty, and in known manner -are selected to provide
reflections sufficient to sustain las;ng only at the desired
' wavelength._



used to coupl e punp and 5|gnal sour. : ie- doped fibre. The [err]
energy |evel of the erbiumions can*be:exct d by punp wavel engths in the
range 791nmto 812nm preferably 25 801nm The invention al so provi des a

| aser conprising an optical anplifier and_a,pair of reflectors, the
optical anplifier being as defined above, -and the reflectors being
positioned, one at each end of the waveguide, the reflectors 30 defining a

resonant cavity and e | |

at about 546nm when t ¥h u&%fejd e(étt: ?%luﬁn‘;e%&;%ﬁéeﬁaﬁ%eﬂdﬁ samm%imtm
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desired maveleﬁgzﬁ 13/2 mt he green ssion su r'om
conpetitiors Wolnky-1lilved 4‘Igyzerteraﬁ@mm stagesi tTorthe 801nmm§nm$|smg,
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necessary to RS +ou lived, [err] erm nal state.
In the 801nm pdgyked scheme, this condition is met through the strong punp

ESA out of [err] stake phl BeenFRuna0ps fl%ri%f}:ﬂ.re'ﬂﬂdedsfet&@mpmelength
wavel ength of about 971nm In this 97 unpi nq,.sche
is all owed tocfuiaRPWp 9H e [EFfTh$§v§?¥B§E§uF%a§gr53 & é“%é%#f%# %n '
|O];1 Vte :‘ ?Ing In t__la(?gisafal&mﬂ t&ex?amnp ¢nntnet+rqg ,izohevel'sefqndvxthhsthedp?es'éh?
wavegui de - ampnTriood o TEERELEERRE Mat CBEO8R 15700770, 01 weoo (1 C
by WEJght) t he IenguheofdbpenuopyMncentrations useful with the prgxg t
invention are governed by certain general criteria applicable
to doped waveguide amplifiers. For low &OPant levels of
15 about 0.01 wt% (100ppm by weight), the length of the doped
waveguide must be long enough to provide the reciuired gain,
but this competes with the fibre background loss of about
0. 2dB/m which effectively diminishes the amplifier or laser
~ performance. To optimise the length-density product, values
20 of concentration of O. 1wt% (1000ppm by weight) are typ:.cally
chosen. At a concentratlon of about 1lwt% (10fppm by welght),
various ion-ion interactions occur which degrade the
amplifier or laser performance. At concentrations in excess
of about 4wt% (4x10%ppm by weight), the glass becomes unstable
\,,/ 25 and unusable. These considerations are well known,-' and the
level of dopant r'equired in a given application can be
readily determined. ' ' | ‘. |
These considerations are well known, and the level of
dopant required in a given appllcatlon' can be readlly
30 determined. Thus, the upper limit to dopant concentration is
.- imposed by the effect of the ion-ion interactions. _'I‘hJ.s
process occurs when two or more ions are sufficientiy close
to each other within the fibre to exchange energy. 'Such an
energy transfer usually results in one ion being excited to
35 a higher energy level and the other ion decaylng to the
ground state. Though,'in-SOmefcases,'tﬁis mechanism can be
usefully employed to excite a particular energy level, it is
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wavegui de nust be | ong enough to provide the required-.gain, but :-this =
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fibre, otal propagation |0ss consists of two conponent one due to~
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15 condition is satisfied for- dopant ' concentrations above'.
0. 001wt% (10ppm by weight) ~ As such this sets the practical o
lower limit to dopant concentration
on the basis of the above criteria, Waveguide lengths
will generally be in the range 0.1 to 10m, with lengths in
20 the range 1 to S5m being preferred, . B
The present invention also provides a method of
'amplifying and providing la51ng at a wavelength of around
' 546nm, as described in the claims.

The invention will now be. described hy ‘way- of

;(fii;.

35 example, with reference to the accompanying drawings, in

" ‘which: | o |

' Figure 1 is a diagram showing the energy levels of a
trivalent erbium ion in.a fiuorozirconateihost;'

Figures 2 and 3 are schematic ‘diagrams of first and
3d second forms of laser constructed in accordance with the.
" present invention; .

Figure 4 is a graph of the absorbed pump- power at
threshold as a function pump wavelength for the laser of
Figure 2; ' - -

35 Figures 5 and 6 are graphs of the power emitted at a='
- wavelength of 546nm by the lasers of.Eigures_z and 3 when
pumped at at 801inm and 971inm respectively,.as a function of



10-also (i, e. the _ionic Ioss I‘cent is linearly proportional
to the dopant concentratlon) | na“doped™fibre device, on clearly wants
the useful ionic loss to domnate the parasitic background | oss. For
er bi um doped fluoride *fibre of typical loss and with typical fibre
paraneters, this 15 condition is satisfre® ~for dopant concentrations
above 0. OO wW % (10 ppm by weight). As such this sets the practical |ower
limt to dopant cqri;:entratleﬁ On.the_ basi s of. the«above criteria,
wavegui de | end@d 9% RRUIRf é“l’?/r’oe 39 1 he range 0. 1 to 10m with lengths
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ar ourt” 546nm e I nvention now
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level, a proportzl.on of which excited ions then branch into
&.4‘ : : the long-lived Iu/z and 113,2 states. These ions then undergo
further excitation through the sequential absorption of pump
photons. This process of pump excited state absorptibﬁ (ESA)
15 excites ions into the ZH“,Z and 4F3,2 states, from where they
decay non-radiatively into the 4Ss,2 upper laser level.

In the second excitation scheme, pump light at a
wavelength of about 97lnm is used to excite ibns into the
Iu/z state from which ESA of pump photons promotes ions into
20 the ‘1!:"7,2p state. Non-radiative decay from this level then
establishes a population in the 83,2 upper laser level, from
. which green lasing can once again occur to the ground state.
Referring now to Figure 2, a laser according to the
. present invention is based on a 2.4m length of standard
Nt 25. formulation ZBLAN fluorozirconate fibre 2 doped to about
0. 05wt% (500ppm by weight) with erbium ions. The fibre An is
0.007 and the LP11 mode cut-off is 790nm. The fibre
background loss at both pump and signal wavelengths is
estimated to be around 1.2dB/m. A simple Fabry-Perot laser
30 cavity is formed by butting an input end 4 of the fibre 2
against a dielectric mirror 6, the mirror being highly
. reflecting at'546nm and highly transmitting at 800nm/850nm;
and by butting an output end 8 of the fibre against a mirroxr
10 which is 65% reflecting to green light and highly
35 transmitting at 800nm/850nm. 801nm pump light is derived

from an Ar* pumped Ti: Sapphire :.laser 12 which is end-fire
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of laser constructed in accordance wth the. present invention. 5 =
Referring to Figure 1, lasing at a wavelength of 546nmis achi eved by
“establishing a popul ation i nversi on between the [err] upper |evel and t he
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| aser 30 caV|ty i s formed %{eruttlng an_ i nput -end the fibre 2 against
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highly transmtting at 800nn 850nm and by butting an output end 8 of the
fibre against a mirror 10 which is 65%reflecting to green light . and
highly 35 transmtting at 800nnf 850nm 801nm punp light is‘'derived
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froman Are punped Ti: Sapphire laser 12 whitch is end-fire  |aunched
through the. input mrror 6. A punp’™blocking filter 12 is used to separate
the remmant punp and green emnmission after transm ssi-on through the output
mrror 10.'5 Fig. 5 depicts the evol @ion of output power at a
wavel engt h of around 546nm wi th the absorbed punp power at a wavel engt h of

The th hol d._f asi. I bsor bed punp power, which
ot bsponds. 1o PASEG Hen PARPRRRLRERR TEBhyFReEORBRFRER LABAN: Eraned t1on
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Figure 4. Lasi mgtAca dm ithd gregpreepuldube bassaihednasing pumpuvvelengths
e don e OB £ES 18R, K0 HEA '\ BRUln U Cld el Sl O5bR R BT o
to punp wavel em@sh adhissvead ars 2080 & fpume wavelbengghtdf e80bhn. f oTheSnelative
change 1n PUP (RNHANG e FPR0S Juli w4 POHERGeRAR1GSE" Chah 298y UifkiESe in
o lasing threshold for +5nm change in pump wavelength) means
that standard Fabry-Perot laser diodes could 'be used as a
15 pump source. It should also be noted that the lasing
threshold rises more rapidly when the pump wavelength is
moved to longer wavelengths. This asymmetry could possibly
be explained by the presencé of an ESA at 550nm between the
4113,2 and 259,2 levels. In tuning the pump wavelength, the
20.  relative rate at which ions are pumped out of the 4113,2 and
41_.11,2.. levels is changéd’-, ESA from the 4113,2 level being
centred at 790nm, and ESA from the 4]_:11,2 level being at
810nm. The sharp rise in lasing threshold observed when the
_ pump wavelength is tuned beyond 805nm ¢oﬁl_d, therefore, be
A 25 explained by a reduced pump depopulation of the 4113,2_1eve1,'
coupled with the strong signal ESA in the green from this

level. . ' _
As mentioned above, simultaneous -la'sing at 850nm and
546nm is observed under certain conditions, 'though at present
30 it is not clear exactly what dictates which"la'sing transition
dominates. It is also noted that, if the laser is not
operated for a-'p'eriod'”of time greater than a few hours, then
the 850nm transition preferentially lases instead of the
green transition, the green lasing threshold having risen -
35 significantly (>1W). However, once lasing has been achieved
in the green, the green threshold drops consistently to a
value around 100mW, whereas the 850nm lasing is 'suppresed.
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15 punp sour ce. It should also be noted that the | asi.ng threshold rises
nmore rapidly when the punp wavel ength is noved to | onger wavel engths. This'
asynmetry coul d possi bly.be expl ai ned bé’ t he presence of an ESA at 550nm .

&

between the [err] levels. in tuni ng thd punp wavel ength, the 20 rel ative
rate at which ions are purrped out of the [err] and [err] | evels is
changed, ESA from t he . 1 evel being, ceptred.a - and ESA fromthe
[err] |eveP*fel H‘&“‘QFY&B PhESERAT pp?gge E tkfaas‘HBr?dJ’f scrﬂﬂﬂm%?:‘v-‘éd

when -t he prbspm&l eogbhghs dirﬁﬁobtﬂetyond [Envdsttigitle Meesais® cofbei €5
expl ai neds@(, o%a &e%égﬁd ﬁ&i{ﬁ%&iemp“' ation of the [err] | evel., coupl ed wi.t h _
i*n _

the strong si gnal reen fromthis level. As nenti oned above\;’
si mul t aneous | asSpgcsradsoranakysisicnafi stbbsergmrundbﬂseertamss:.on )

condi spn3 nal BaNal i sNSANOD 1dsd S0k EbRSEREXSERRY Wi AlER

whi ch | asi ng transr tion dom nates | so note
is not opffaPBy ¥8r 38R o¥astaAFRRBSyr LAY @ru"lpnaﬁaﬁe+8%gﬁ5ur%ndt rﬂﬂﬁqlﬁe

850nm t r apaklsh oR PeRiRges] | als yybesas | Bt epchrtfi #ia,0r een thandudgie the
green lasin %hr eshol d having risen 35 significantly (>1W. . However, once
l'asing haSP g& FUBhi eved in the green, the green threshold drops -
consistently to mhsaslnper@fﬁiicﬂeﬂovammsch 80 1880 ranip Yt ot are

suppr e S 4 f r QGe th e

contt dXErfpnvertdel s ATDLeofl 1 BRE AP UL AR 1 3%, | NP8 kione

sever al hqu;tperreuar@hberar emnPnesi gongiderne the emump aseerci’ecrﬁm on 5
i ndi cat esygbARb sRCAR ks %a&s&ﬁs alodd NEF €RQUENELE QW %%%fi&m 483'*”

vari ations |n puNp vvavel ength , govver causi ng changes, as yet: - e
quanti fi ef@ing; ﬁll_gﬁl@. o e X AL &F 'i?um n & system with such complioated'

population dynamics‘ it is difficult to- predict the exact"-
15 -effect which these losses will have on the device efficienoy
| and threshold but a reduction of the 2 QdB single pass pump-'
loss and the 5. 8as- round-trip loss at the lasing wavelength-
will result in a substantial increase in overall efficiency
_ aAs described above, when pumped at 80inm the green.
20 emission suffers from oompetition with the 4-level 850am
o _ lasing transition. 'I‘he applicants have determined that, for
lasing to occur on this 483,2-4113,2 tre_nsition, ‘it is

neoesse-_ry to pump ions out of'the IOng-lived, 113,2 terminel."
state. In the 801nm pumped scheme described above, this —

"25_' condition is met through the strong pump ESA out of the 113,2 | U
level. . _ : . : :

Figure 3 shows. 'an embodiment similar'to that of Figure
2 with common elements assigned the same reference numerals.
In this case the laser is pumped by a 97inm optical pump

30 signal derived from the Ar pumped Ti: Sapphire laser 12. In
this pumping scheme, a population is allowed to build up in
the 113,2 level to reduoe the likelihood of lasing at 850nm.
As in the embodiment of Figure 2, a laser cav:r.ty is formed
hetween a highly-reflecting mirror 6 and a mirror 10 65%

35 reflecting to green wev_el_engths The 3m .fluorozircona_._te .
fibre 1_'4 used in Figure 3 has a An of 0. 01:';4,-.-and a cut-off

| ‘wavelength of around 790nm. The fibre background loss at the



green Ilght is around 11%  This’ Tlgure IS, qw te remarkabl e when one
considers the punp excitation nechani sm angat he background loss in the
fibre at both punp. and signal wavel engths. n a systemwth such
conplicated population dynamcs, it is difficult to predict the exact 15

effect which t b.%sg?se%%g; B & S0 L HGa eV & et To, Iﬁ@msmmrfép%ﬂs

but a reductio siL ngl e pass

| osssand t
round-trip | 039%{1%%@9%' BORAG ket '6\;41? 1oag,|at jthe, RURR #aelangth of

increase in oveyAldm.ef f14i€08Y. méasmwédw WK, tihe nEpupeed 4aha¥el WHown
the green 20 em,ssion suff;rsfromcorrp nvmthl%ge4le el 850nm

| asi MY transitiGRT FRESRpp13LAAT s SRR mhﬁeoa‘f ved FheR RYmPipge at
occur on tHi 97 Irmi;r | amdgnsalichwugh t 85|0$un4 ftueseacente pisp ohsesrwed, ofno

the long-1ived, “{3 {né?ﬂffé‘% $kahStea.! N t he 801nm punped schene
condrt

descri bed above""o ron"Ts net throujg_;h the strong punp ESA out
of the [err] IeveI FiFdgures §hehowan thoevedbntionnofad asi ndhapusputi pawer

2 with common '1by @&gé]@:gﬁé éf"imféffﬂi&rlcé‘séwr@f adisguiél 3.hi s.l'lfézﬁmp

the laser is purrped t'h ca nal der fromthe
punped Ti: Sappﬂﬂﬁﬁ?h%r”mr‘w?ﬁ ERi éownﬁpﬁer?e efkgOmy b)éﬁﬁlcé’ﬁd()n jand the

alloved to pyilsd age I@ffh@iehwehd@asés) todmee wWith |ﬁ@pé@ﬂdtef laasiciged
at 850nm As in the enbodi neﬁ of %g t a, laser ca g;d
bet ween a hi ghBRMRAMEFng THE rBR* Hﬂdoﬁ RiFr BPVEE Bés/eé’e?efils % for a

green wavel engtifEunched epdinp f boweez ofc Gi00md.f i bre 14 used in Figure 3 has a

An (l}fg,(o' 014, and a ¢ eog%g\’\%\ﬁeé ?.Werlxgox? Wde%owom :Egﬁpfé:}ytqzre lasing

‘backyf ound | oss at th 4 4
at 54énm on the 53,2 - 115,2 transition of erbium, in a

15 fluorozirconate glass host when pumped at wavelengths of
either 801lnm or 971nm. ‘

In both pumping schemes, lasing output powers in
excess of 20mW have been observed combined with slope
efficiencies in excess of 10%. Though further measurements

20 are required fully to assess the relative merits of 801nm and
971nm pumping it appears that suppression of the p&rasitic
850nm lasing transition can be achieved by pumping at a
wavelength of 971lnam.

The potential impact of an efficient and reliable

25 visible laser source is vast. The particular attraction of
either of the above schemes is that they employ a single pump
laser operating at a waveiength compatible with the present
range of commercially-available, high power FP laser diodes.
Erbium doped fluorozirconate fibre lasers may offer efficient

30 means of converting practical semiconductor laser d-iodes into
the much coveted blue/green region of the spectrum.

Figure 7 shows an embodiment similax to that of Figure
3 with common elements assigned the same reference numerals.
In this instahce, the 971nm pump signal is obtained from a

35 semiconductor laser (18) which is expected to _operate
succesfully on the basis of the fibre characteristics



punp wavel ength has been nmeasured as 0. 25dB/m which foqr thls cavity
corresponds to a 0. 75dB | oss at the punp wavel ength of 971nm I nitial .
measurenents using this fidore 14 have shown that green |asing can indeed be
achi eved when punping at 5 971nm and, alhhough 850nm fl uorescence is
observed, no conpeting lasing is noted Figure 6 shows the evol ution of.

| asi ng out pgh+ i th_]aunched punp power for the | aser of. Figure 3. The :
punp 't hr esho%gg?wn%?!oe\\#es ?% OXBmn abs%?‘b@gnQSC)@WI -aalboted) ,8 oK t N3 L8 sIQpe |

ef ficiency $ﬁ@%Eagéycﬁ@rlsﬁnmwbhiﬁespgstei 3’ wer. The

maxi mum out put power observed is.27mNfor a+%@n§}§ p%%@%ra ieﬂ(ﬁ#ﬂN
The present invention provides roomtenperature |asing at 546nm on the %
[err] transition of erbium in a 15 fluorozirconate. glass ‘host- when - punﬁgﬂ
at wavel engths of either 80lnm.or 971nm In both punping schenmes, lasing"
out put powers in excess of 20mN have been observed conmbined with slope
efficiencies in excess of 10% Though further neasurenents 20 are required
fully to assess the relative nmerits of 80lnm and 971nm punping it appears
that suppression of the parasitic 850nm/lasing transition can be achi eved
by punping at a wavel ength of 971nm The potentlal i npact of an efficient
and reliable 25 visible | aser source is vast. The particular attraction of
ei ther of the above schenes is that they enploy a single punp|aser.
operating at a wavel ength conpatible with the present range of
commerci al |l y-avail abl e, high power FP | aser di odes. Erbi-.um doped
fluorozirconate fibre |asers may offer.efficient 30 means of -converting -
practical sem conductor | aser di odes into the nuch covet ed bl ue/ green '\;j
region of the spectrum Flgure 7 shows an enbodinent sinmilar to that of.
Figure 3 with comon el enents-assigned the same reference nunerals. In this
instance, the 971nm punp signal. is obtained froma B

;‘l)



35 seni conductor laser., (18) which is expected to operate succesfully

'on the basis of the fibre characteristics det erm ned above Punping at
about [err] with a sem conductor source is also expected to be readily
achi eved. 12 CLAIMS 1. An optical anpkifier conprising a

fluorozirconate wavegui de doped with erbium4fons, and an optical punp nmeans

coupled to the wavegui de to. provi de an oe%ﬁ%gﬁpurrp signal 5 for exciting
the erbiumions into the [err] energy le ) exci-ted state absorption of

punp photons, characterised in that said punp signal is capabl e of -
providing a popul ati Qflh | RHEHANAN AmpRiEiWP | eBmpResweRN hhesl fbkbzgRebdkte
Ievel*;‘sgﬁ-nd t he energz,é_eve,l B &her_egy the a I|f|eraefélow des ﬁﬁtical- 10 gain
at about 546nnfaveduidandopef FiEh SIrbduy S B4 3F PELRRT cPHRPLHAEANS
waveguide is i¢olupkedotm thearwapidwiale ftdrprodide ain apmlcdl epump shaneed
inclaiml pr im2., rei,n the optical p si,gnalsas ayel '
t he range o$ 1%%9??1‘511?0 1 r%% bel'% %nn?irrgpilgf’i ﬁ{gas g(;(zaie%leewlﬁ ggglgj% %E}
wher ei n t he opexcitedustatiegradis deptiomaet| pugph phiotansut @goanacterised Am
anplifier as claiqy kR cl ad 4 I eyt he :
i fedaii B ?ﬁ?ﬁl?o;é?pcfeﬁcr.l f‘%nﬁaﬁaiﬁ?e of VPHSV{8inl¥ a population

fluorozirconate waveguid to between 20 O wt % (1 Oppnt by wei %rﬁt)
e

and | wt % [ err i Byesgight9f rbium Apngpietresn fhec S menaras igvals and
wherein the fligor 0Ziehediept 61 SpEIULHRredydaiRsd &RpRi FREEMPRSHF i@ UbpOL el %
(toapom by et gl S R0 Upene

\/ 2. An amplifier as claimed in claim 1, wherein the
waveguide is ‘in the form of an optical fibre.

3. An amplifier as claimed in claim 1 or claim 2, wherein
the optical pump signal has a wavelength in the range of
15 791inm to 812nm. | | |

4, An amplifier as claimed in claim 3, wherein the
optical pump signal has a wavelength of about 80lnm.

5. An amplifier as claimed in any one of claims 1 to 4,
wherein the fluorozirconate waveguide is doped to between
20 0.001wt% (10ppm by weight) and 1wt% (10‘ppm by weight).

6. An amplifier as claimed in clai.m '5, wherein the
fluorozirconate waveguide is doped to a maximum of about
0.1wt% (10°ppm by weight) with erbium ions.

7. An amplifier as claimed in claim S, wherein the
25 fluorozirconate waveguide is doped to about 0. 05wt$% (5x10%ppm
by weight) with erbium ions. '

8. An amplifier as claimed in any one of eclaims 1 to 7,
wherein the optical pump source is a semiconductor laser
diode.

g



7. An amplifier as clainmed in claim5, wherein the-25 fluorozirconate
wavegui de i s doped to about 0. 05wt % (5x|I Q2ppm by weight) wth erbiumions.
8. An amplifier as clainmed in any one of clains 1 to 7, wherein the
optical punp source is a sem conductot3l aser diode. = 13 9. A | aser
conprising an optical anplifier and a pair of refl ectors, the optical
anplifiey, bel ng asasraxald&q:mu aaﬂepﬁwanalmphfnes aﬁBdat paikeblrect ors
- bei ng p05| ed one_.at ea ofl tC% Wﬁvggl i de, ; fl,ect ors defining
a resonﬁﬁ ERFTy Th IBNAGR; AN ESA % 58 cA&ip %p Ao PRY PESI ng
~action &®™f adimitmé%rtnv&;erand\d:hm\maﬁletetmss poBiRg mtysihéopedppng AEams:
10 AdPerP o TPllabBebl AT Pne!PEEFbBLLUE ABEIAELY 3 268 oHbREOTE 10

_Arreto yln an.. enrelonofthe

v. si bbe apyeichy uandt hévﬁr%d”@ #\@ﬁ#gas ow%aaﬁytmjrﬁm*@i%e Lasing

f I uor ozigaans eafll abouLORS4 gvith mﬁguhde viRRfhdd hi €1 uliPd® by t @hBr oDt e
said erbiumjons-into the [err] |evel by ‘excited state: absorption; and 15
coupl i né"’t"?%“}ﬁ)t‘?‘%%’i‘sm gnal to be anplified into said wavegui de wherein the
wavegui de provides optical gain at around 546nm t hrough sti nul at ed em ssi on
fromth err] | 0 fs i t L
havi ng :l%vel é:\ngta%er ]Ef?sn cla‘rj'gﬁeenrgaﬁ"i'g’1 ?:g% 5‘?@ é%é%&g?é‘t@@%%?%ﬁq@’tgg 20

met hod (ﬁﬁﬁ)rmslrr@rsopt i cal ly punping a fluorozirconate glass wavegui de
doped with erbiumions. to create a popul ation inver SI on of . er bi um'i ons

bet ween the [err] energy. level and the 4l enersg-%/ 12
10 A method of amplifying an optical gnal in the green.

region of the vis_z.ble sp_ec_t_ru_m, the_ meth_od_ compr:_.s:ing. \J
optically pmﬁping a fluoroz_ir_qonate?'gla'ss_ optical
Waveguide doped with erbium ions to"promot'e 's'-'ai'd erbium ions
into the 83,2 level by exc1ted state absorpt:.on, and
15 coupling the optical s:.gnal to be ampl:.fled into sa:.d
' 'waveguz.de wherein the wavegulde provides optical gain at
around 546nm through stimulated em:.ssion from the 83,2 level.

12, A method of ampl:.fying an optical s:l.gnal hav:.ng a
wavelength in the green region of the visible spectrum, the
20 method compr:n.sing ,
optically pump:.ng a fluoroz:.rconate glass ‘waveguide
' doped with erba.um ions to create a populatlon inversion of ¢
erbium ions between the S3,2 energy level ‘and the 115,2 energy
level wherein erbium ions are promoted to the S3,2 energy.
25 level by excited state absorption; and. '
coupling the optlcal s1gnal to be amplifled 1nto said
waveguide, wherein the wave_gulde provides ‘optical gain at
around 546nm through sti_mulated' '_emission of photons from
erbium ions relaxing from the 'S, level back to the ‘I,
30 level. I B

13. A method of providing laser _e'r_r_lis-_"s_'ion:'_in the green

region of the visible speotrﬁm, the meth’od_- comprising: _
optically pumping a laser cavi_ty, ‘the cavity

comprising a fluorozirconate glass lasing medium doped with

oy




l-evel wherei.n erbiumi.ons afre pronoted.to-the [err] energy 25 | evel by
excited state absorption; and coupking the optical signal to be anplified
into said wavegui de, wherein the wavegui de provi des optical gain at around
546nm t hrough stinul ated em ssion of photons fromerbiumions relaxing from
the [err] level back to the 30 level. 13. I4A method of providing |aser

em ssion i n the green region of the visible spectrum the nethod

conprising: opthian )iol’p?urmhﬂg refldciyers savenged  .abeutcdliq ymedipm stag
a fluorozi rCCH@ff‘n&'ﬁﬁ% da?ﬁ'ﬂg, %@r‘ér{‘ndgﬂﬁd Bl ?1ng ﬁf@&&&bb%‘ ostitation

refl ectors arranged, about the nediumto_definhe wh re|n salrd
punpi_ng pr od eRECES bOR uPA: | P Yy o QPB N DSEVERE (RS orﬁ/be?QQenItshe enerayid

15/ ener gy |Eh/@i'él§JYb§X@bcb&d:eﬁt 3t D S 9 oNdanbeibiereitd Bt dhetaGed
em_SSI on ag aenlessslfgnwai\:/ q]aqsfné)fwa%oe uénéé? Iasbc%t?\glpaergm is provided.
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