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-1- H CGH P%WER DEVI CES Rel at ed Appl I cations 5 Thi s appl pepusososarai ns
the benéfit of U S. Provisional Application No. 60/041, 185, filed March 21,
1997, the contents of which are incorporated herein by reference. 10
Background of the Invention Sem conductor -kasers in comon use t oday

I ncl ude edge-emtting diode |lasers and vertical cavity surface emtting

| asers (VCSELsS). In an edge- enﬁ-ﬂGI-hBGWERrLASEBdhEMéSctor gai n nmedi um
for exanple a quantumwell sem conductor ,structure, is 15 formed on a
surface of a sem conductor substrate. Cavity mrrors are formed or

ot herwi se pqQsitioned,. A posite sides of the substrate, perpendicular to

t he subsiramz’g@m, forma resonant. cavity which includes the gain
nmedi ug Electrical or optical punping of the gain nediumgenerates a 1aser
beam whi ch propagates in a direction al ong t he plane of the subsirate. 20

Edge-eni tting | asEhis application elpims ghenbene thekemefit of Hod. Brovisionad dpplicationNo. devi ces.
Avai | abl e cq ey

are used, 1 SORGHR. e Maarth 2N, 195, cifloshetp e which A ShoiBbrald ffein b2

| asers. Hi gr}e , typically greater than a few hundred mlliwatts,

adapt ati ons of edge-emtting |asers comonly operate in high order spati al
nodes and at nultiple frequencies. This 25 prevents their use in

applications which require hngh power |aser output in a single spatial node

and/ d0 at a Background of taeJONENUqe enitters al so have a significant degree

of astigmatismand a beam aspect ratio which is generally large, making it

difficult - to focus the beamto a snall spot, which prevents their use in

those applicati Or&ﬂﬁbbﬁdhct(ﬁqusereuﬁcdmun ase mdapunclhémadgemmmmgdmdqdaﬂers gnd

in edge-emtting |asers al so makes eqﬁ}encg doub] i ng of the |aser
c

out put usi ngventieal cavity S@&@mmtw&@cﬁﬁh) laser,a WD
98/ 43329 semiconductor gain medium, for example a quantum-well semicontédiCS@aEute] 4s

15 formed on a surface of a semiconductor substrate. Cavity mirrors are formed or
otherwise positioned on opposite sides of the substrate, perpendiwlz_n"to the substrate
surfaces, to form a resonant cavity which includes the gain medium. Electrical or
optical pumping of the gaiin medium generates a laser beam which propagates in a
direction along the plane of the substrate.

20 Edge-emitting lasers are among the most common semiconductor laser devices.
Available commercially as individual units and in linear bar arrays, they are used, for
example, as an optical pump source for pumping solid state lasers. High power,
tYpit_:ally greater than a few hundred milliwatts, adaptations of edge-emitting lasers
com;lxonly operate in high order spatial modes and at muitiple frequencies. This

25 prevents their use in applications which require high power laser output in a single
spatial mode and/or at a single frequency. Edge emitters also have a significant degree
of astigmatism and a beam aspect ratio which is generally large, makmg it difficult to
focus the beam to a small spot which prevents their use in those applications which
require a focused output beam Poor beam quahty in edge-emitting lasers also makes

30  frequency doubling of the laser output using nonlinear optical materials difficult and

inefficient.



-2- In conventional VCSEL |asers, cavity m.rrors,are formed or ot herwi se
positioned %&Eﬁgﬁ te faces of a seniconduct or gal n medi um grown on

sem conduct rate. Electrical or optical punping genera?€§"§9?’3§4€?
beam em:tted in a direction orthogonal to the plane of the substrate. 5
Conventional - VCSELs find application in optj.cal conmmunications and opti cal
i nterconnect systens. VCSEL | asers are characterized by generally |ow

fundament al spati SERQ

mlliwatts (nmA cgﬂnfl nugﬁé%‘géegé%%&&%ﬁ g §ulr'ét+¥g1rf6&ﬁ%r ac‘?ﬁl iﬁlg%pgsmoned
smal | f undangmbpposite Facesl ofrsbmibmmiucr gﬁﬁﬁé&nm)gtdmﬁom&damwﬁdﬁddﬁmﬂstmte
m croneters err]rr) Larger area VCSEL emtters, wth beam 10

di ameters o txicg} 6B pptical PUMPIRG generatesa Jaseribeam emitied inpdirection arthoganalde
hundred mWV o u However, operation of conventional VCSELs at
hi gh power a{‘i‘& gﬂ%gﬁﬁ%’e generally carries with it the penalty of an

out putsbeam havi ngofivétitiopa ' VCSERA fird apﬁdﬂioxﬁﬂcbﬂﬁéht ¢dth@uhicBEsRdeSptichld an

external cavity VCSEL configuration, referred to in the art as a vertical

ext er nal cavinggrcennectisystems.t VGNEL hsem a(&/mtyl;xzqmbngenerally loxt findamental

reergtoL serves asg%m,titogﬁ%%o %er al cay lI%%%&deyl ces can
provide i ghtha
Lyot cal Ty r oEupy i o fitne SW&%“&%%@W%“%WM%

for exanpl e, opthederderiof saavemltqmtomatmr@m)d Lm'gdarpaVc%EIpmmmem, wnhdmmt e
t he seni conductor. See, 20 V. Sandusky and S. R, J, Brueck "A Cw

ext er Ml cavdiametess pp the elfﬁenof AQO | G40 PTOgHes ORMP Wﬁ‘!ﬂg&/fq}% 0y

?/CEEL ?ﬁBaﬁle ern%“tk’gw y proﬁ%’e‘;ﬁg‘l@ cg%b%%dﬁ?bg% E%e%ngﬂ&'ﬂd

fundanent al g diain tchtﬁesoﬁﬁE;ttthemltywmajtpﬁbﬂinimﬁﬂ@hfgﬁmﬂéi
was used. See- M’ Iey, C. Wlson, K Y. Lau and_J. S. Smith, "High

single- 25 smhakmé%md«m&hnﬁ frequenciesm l@m@rmmkwnwwgwweeﬁmnmg

vartous. | ascreTetbRF i Bk B as & FEA Gt Par oty 50hee' S Bler (BCSEL

frequEsCY CogutGial fifielfor sty b e Pl doupler. 'Exiernil 669 WECSBEddvices can
i ntroducing a non-linear material, for exanple KTP, KTN, KNbO3, and

Li NoQ[ err] mmxderiugh@tsfvndpaental spatial modqnmtmmMC%EIbQQMm dent on

t he non-1i near eri.al is,conv fre uenc. on-1| i near
materials are ref VAQHs; otk on ﬁ’gt fﬁ@"“é’r‘{&‘f%ﬁq@ erpithn onduc?orriasers
typically resulted in low output power. The work of S_andusky and Brueck, for example,

produced low output power and used optical pumping to excite the semiconductor. See
20 J. V. Sandusky and S. R. J. Brueck, "A cw external cavity surface-emitting laser"”,
~ Photonics Technology Letters, vol. 8 pp. 313-315, 1996. In a study by Hadley et al., an
electrically excited VCSEL in an external cavity produced 2.4 mW cw and 100 mW
pulsed in a fundamental spatial mode. In this case, an emitting area up to 120 um was
_ used. See M. A. Hadley, G. C. Wilson, K. Y. Lau and J. S. Smith, "High single-
25 traverse mode output from external cavity surface emitting laser diodes", Applied Phys.
Letters, vol. 63, pp. 1607-1609, 1993.
For various laser applications, a beam generated by the laser is subjected to
frequency conversion or frequency doubling. This is accomplished by introducing a
non-linear material, for example KTP, KTN, KNbO,, and LiNbO, into the laser path.
30 The frequency of a beam incident on the non-linear material is converted to a second

frequency. The non-linear materials are referred to as "doubling crystals" where the
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- 3- propertwoggmjgg material is such that it serves-to doubl ep §,§%g ncy
of a beam'traversing the crystal. Efficient frequency conversi onﬁﬁB £

materi al generally requires a high-intensity, single nbde incident beam
Frequency doubling of sem conductor |asers-3has been denonstrated in the
past to 5 varyi ng degrees of success using a doubling crystal nounted

external to propertioef teimiterigl iisoctethae fteserves tb dpublErthe dregpericytsfaabeant om
edge-em tting diode |asers are usually highly divergent and have

si gni fi cant traypesing thetarpyak sEfficient MW%%@F&%PY&QWQMMEWMEWS
degrades the L.cal .fiel hase front fromthat which is

i deal | y req 8%' i f’st%I%ﬂP%ﬁ%édéaﬁ oubl i ng. Experinments have been
carried out in Wyehu &egddwnh g bf Séhhit8nductor Rséts ES bb@F@émoistiatsd mtAE pastitd

an optical waveguide fabricated in a non-linear material in order to

mai nt & n t hevarying degrees efduccnssammg g doublingsernystal mqmtedewemdr@ mdgeImmgmg
This tech I I t d I d
aser s whi o s s Favics; cHhe Sitbin tsaims from cget-aaviive diods Taders 3 Bty Highly
th t I

e exter nal g %ﬁ%avyéfgﬂq‘gnisgﬂa% Ic§awveqm.m Cof bty Hhich ich,

har ness beam poWter to enab I ent conver si o,

by Gunter, HRlegfades die eptical ﬁeltll\intdnsmand phase dednt from tthatswliich mtde'anyikeqmred for
frequency doubling with |aser diodes", Proc. of SPIE, vol. 236, pages. 8-
1980, denonsfficienifre@igney ﬂpeblyisey n%mmiw besn Gagried opt Buhichdbs hght from

di
Cont iflrar 1o iBaP T80 B T ticl o o Sk v VoutlietabiPited 38 3 it blieria in
1014, 1987, el @y@sinfis tﬁwbmcapﬁeld intemsiey wér soRiierelftlety Ibiliﬁtﬂatﬁllbn@tm dPhis

| aser and KNbGB in an external ri ng resonator to increase the circul ating

power to ac ne@mququcggamllymmpbcménndm nelativelysioyw powen «ygdalasglrs whighihawuel

tesanancy ofsufehtegta sty . Bundf MAGASE HeBh Rlio s tRERERAVCHRS ¢ | e
non-1inear cryst ahﬁm%&ﬁm&&&%en&pm havé hffethpieditd Ws&axﬁgb@érfdxm

al i gnnent and wavel engt h control " circulitry to maintain frequency
| ockilfy. Su rafﬁcxyntﬁonvhfsmmvehﬁmtrtedlhnqlmmssmtempeﬁunm et al. liNonlinead opticaln

Flndanent al cEEs 49t peFal eoenrmbig il na diSSS" b 3 shiey w2360 °
af orement i ongded gIyigt qbs@,r@em&m&aieaqsev &ficiehy ReqgeGIY dolbARY bPBiodehssr
radiation using potassium niobate KNbO, in a single-pass doubling configuration. In
another technique, Koslovsky ‘et al., Optics Letters 12, 1014, 1987, employed a single
20 spatial mode, edge-emitting diode laser and KNbQ; in an external ring resonator to
" increase the circulating power to achieve frequency conversion. The Koslovsky
configuration required frequency-locking of the single-frequency laser to the Fabry-Perot
resonance of the ring cavity as well as matching the temperature of the non-linear crystal
to both frequencies. This required complicated crystal alignment and wavelength control |
25 circuitry to maintain frequency locking. |

Summary of the Invention

The present invention is directed to an apparatus and method for generating high
power laser radiation in a single fundamental spatial mode, in a manner which
30 overcomes the aforementioned limitations. The laser of the present invention, when

configured in an external cavity, is especially amenable to frequency conversion of the



configured in an external cavity, is especially anmenable to frequency

conver si ong‘pzé%&lag” WD 98/ 43329 _ :
PCT/ US98/ 0 ¥A4%7 out put beam as it provi des beam power derRGYVPEWES§R
suitabl e path | engths for efficient frequency conversion. In a first

enbodi nent of the present invention, the apparatus conprises a resonant
cavity defined between first and second partial reflectors. The geonetry of

cavi 1y nodcouutrem Bt bieies HRER Roret IRERRL Ble® ARl B F el

_ energy sourf{gqRiey goAvssioe gain mediumviithinm a first volume. This causes
spont aneous and stinulated energy em ssion to propagate in the gain nmedium
in a direction thnafirstrembodimentcofithe paesent invention, tthe apparatuy cemprisessy e¢sopant

em ssion, in tur opti cal | a cond frrgt D ' ' 10
Shout the fqavity dpomedbetiiea bt AT seBond Balas Fetiotts e BralieY of e fondu
ffieientl . . ; . . h ool '
The cher gy Savity Hefined Hhddnientd) Splth by s eracl Y inddb. T BERGHYINA W
f undanent al disposed within¢hé resonarteavity,Bandoart ¢énergy source energizer theygaift médium

cavity such that the fundanental cavity node is,  coupled to both the first
and second VEhia§rst; Sre rigis W?WWWW‘%&E(& energy emission to

transversel y-d| 3 | o @nﬁ Pﬂr% 'E'?mf ' pelgatI

wasted, is grﬁgkéaggaﬁgﬁ%g}géﬁ y 2139 un glr)rgnta %ﬁ%m?%t?dow ng{l;@ﬁgﬁ%\;}gordgll
power effi cThaadnsverse emissivn) in then,cdptivally paips a secand veiugter ofcthe ghimcknsdinin
the cavity mrrors are_.selected to match the fundamental cavity node to the

crosi0sect i dheut the first velums. Whendhe intensity of the spentapgoys sayission isisyficienthy

Fronsbot n{ ! HARASTARH Rk AkadlBHE i Beclcbhad S, OB SRRV pAip e s
appl y wher earid\@cohd RElunfiR€s .%u;%léd iirito 3hé figidameftall @svisPMbié lasePB&am. N a

preferred enbodi nent, the first volune is substantially cylindrical and of

cross sectional Byzptimizing[the gpometny of the eavityrstich thag the fundampntabeavity mpden

annul us of puter, gross-.,sectional . di anete er,r] _and ipper.cross-sectional

di anet er D[’ércio}‘pleﬁﬁgi"m ﬁle %gag%%ﬂgsggiumgs, “@'F]o?’tfﬁ@é oﬁﬂ*er@rsgms)lmm lally

crosgs sect | @aidvbdseiodizaited irfto tHd'gecBAd RoltRl, Whith wotd etheBlite bewmebd0fs a

sem conductor material in a vertical cavity configuration. Alternatively,

t he gai n neibstead captutesl by thecfindimentalobéagn,simpreving the overall power efficiency of the
laser. To effect this, in a preferred embodiment, the cavity mirrors are selected to match

the fundamental cavity mode to the cross-sectional diameter of the second volume. In

this manner, the laser energy in the fundamental spatial mode is efficiently extracted
20 from both first and second volumes of the gain medium. Similar results apply where the
| output energy is in a higher order spatial mode.

In a preferred embodiment, the first volume is substantially cylindrical and of
cross sectional diameter D,, and the second volume is substantially an annulus of outer
cross-sectional diameter D, and inner cross-sectional diameter D, , the first and second

25  volumes being substantially cross-sectionally concentric.
| The gain medium is preferably formed of a semiconductor material in a vertical
cavity configuration. Alternatively, the gain medium may be formed of a solid state
~ material having an active jon which has absorption in the spectral region of the gain
transition. Examples of such solid state materials include Er:glass, Yb:glass, and
30 Yb:YAG. In the case of solid state materials, pump energy would be preferably
generated by optical means, for example a diode laser.



mat eri al having an active ion which has absorption in the spectral region’
of the gai jot i on. Exanpl es of such solid state materialg include
@t()i{g as é‘f’g{] 8/05472

Er: gl ass, s, and 30 Yb: YAG In the case of solid
materials, punp energy would be preferably generated by optical neans, for .
exanpl e a di ode | aser. W98/ 43329 -5-

PCT/ US98/ 05472 -5- A nonlinear crystal nay be pl aced. in the optical cavity
or external to th%dnﬁﬁ@irér@sﬁhﬁﬁﬁ%e?ﬂ]ﬁbehéiﬁ%egpﬁﬁ!ﬁaﬁllzeﬁﬂeﬂﬁthalﬁ)‘tﬁeﬂh&éi’to

materials for nonlinear conversion include KTP, KT No(ferr], and -
Li No( er r] changetheilastir cwitput-foesiuencyra t Siitablesmatétinlssfor ponlinear cohversiopdniciude

LiNo err]. A f ed enbodj.nent qf .the present invention,
descr! bed: FTRCKIN. KNPy, =4 ESh0n inf Bricglintbapdleg mafesils 5070 38 R RHAADT ng
power | evel . S1d WSS of 100 kWin a fundanmental spatial node for a 1 mm
di amet er beam ese’’l evel s are sufficient for producing harnonic

conved si on of t h& prefetredesrhbddimentt of the presentinvention, describvaat inrdetdil beélowa s
exanpl e, frequen%i doubl,ing i n a, sem conduct or g)vn{ igurati onr;@itlgv% &l nAs
gain 10 capahlg gﬁP%PB&@‘&WM&WHPS RAVET 5Y§ S gxCess ot M@ nm
and a freq | N4t e '
Bascri pt i oiiBfamaRioaaPiioR for 1 difh dlatiErek Bedth SMhelB YSR H inericetor

feat ures arpiodubing hagacniiconversionvsiithe Aihdairehtab eadifiei B4 nbh-difieANBa®Plal As
particul ar description of preferred enbodi nents of the invention, as

i | | ust r at ecnj example,sfzeqiepey donbling ing sysicppdugtorceonfigurationrusing GalnAsgaint er s
refer, to the sane rts.thyou ut the dif nt Vi . The.drawi ngs are
not ecessm%‘ﬂgﬁﬁ&n@mﬁ%i?‘ﬁeﬁgg@aﬁgwﬁtﬂlligédmb%qﬁai ng“ryati ng
the princi goabled odtphft inthe Bhied: grééh wavelengths. F! G 1 is a perspective view
of a VECSEL | aser configuration in accordance with the present invention.
FIG 2 is a cutaway side view of the configuration of FIG 1 illustrating

transverse propagati on of spontaneous and stinul ated enission fromthe
first punped volune into the second annul ar volume in accordance with the

present i n\&gﬂg&gﬂ- on of the D:g_\m'%G 3 is a perspective view of a VCSEL

| aser configuratron rrrustrati ng e relationship of the first punped

vol kfe and t he sEmofategoingland otheriobgects; featares dad@dvantages of the invention will be
apparent from the more particular description of preferred embodiments of the invention,
as illustrated in the accompanying drawings in which like reference characters refer to
the same parts throughout the different views. The drawings are not necessarily to scale,
emphasis instead being placed upon illustrating the principles of the invention.

20 " FIG. 1 is a perspective view of a VECSEL laser configuration in accordance with

 the present invention. | _

. FIG. 2 is a cutaway side view of the configuration of FIG. 1 illustrating
transverse prdpagation of spontancous and stimulated emission from the first pumped
volume into the second annular volume in accordance with the present invention.

25 FIG. 3 is a perspective view of a VCSEL laser configuration illustrating the
relationship of the first pumped volume and the second annular volume in accordance
with the present invention. '

FIG. 4 is a perspective illustration of an optical amplifier configuration in
accordance with the present invention. -

30 FIG. 5 is a side view of a coupling configuration for coupling output energy into
a fiber-optic. '



with the present invention. FIG 4 is a perspective illustration of an
optical anmpljd 4 Lonfiguration in accordance wth the preseng | jon..
30 - W(fﬁ £95 is a side view of a coupling configurati BﬁT}fq%gg}}’s“n
coupling output energy into a fiber-optic. WD 98/ 43329 -
PCT/ US98/ 05472 -6- Detailed Description of.gPreferred. Enbodinents FIG 1 is
a perspective view of a preferred enbodi nent of the present invention, in a
VECSEL configuiagtd Pas | F5Efefled efig| Udes a sem conduct or
substrate 20, I'TS ace o Ich s Tormed a sem conduct or -
quant um wel I gai nFIGgl ina érspektive view of a psaferred embodimeds of ther presentjihvention,

p-Bragg reflector, is fornmed on the guant well region 22. A second
external r ef ek VECSH. configygations tEae 158e5 i -t%"#’ﬂ%?smcﬁ’@é?‘?}?r strafe-20,
di stance between LI . ggg&i ref ag-“ - L s
respective c'm%?ﬁ%gédc?e&it%@@gl @n angr??‘té]:l&cﬁggﬁs 1)./ mc}é&g@&i’%@@ggg&z - A
refl ec§or 30fiish réfidettsii 262 flerasnpiéla PBREH dbflevtor, iy fofiiedWn the qohfiumlwell region
accordance with a VECSEL configuration; however, 10 t he second

reflector 3022w second externab reflegtor|39\is pesitianedeepnogite dhexfest reflactor2G; ofbie f ace
f th bst.at e t id VCSEL fi ' .that f

of the pr osclibtan Beshieqh e il sa feeond FeleBltif 26,30 a0 lpkin flbertih RAYAGRE®
partial ly angifite 4 finki¥memhl @ty HodE6(R " THE Second refledisy 30 iciflustiited ay'ahace 42

of the substrate 20 facing the second reflector 30 preferably is treated
with an antiextefnabcavityrmircartin#§G4 2, inswcdrdascet with g \BEGSER enfjgutionShowever,

traversing that interface wll ss Wwth mnimal refl ectjon, desirabl e

feat oG no | BeerdndarBarior 0 FHy AFFAAVED;BC TARETE dhclly, sggett the 620l dres o
illustratio f r t‘ﬁ.ﬁ#,}-'s ' h
an annul ar g?lgcs%lrﬂl’tcﬁé? a’c%}r??gdgtaegg?ﬁga%m g %ISPP eﬂzt 3 -tfg} ?F@@b%%gw&w

annul ar cont inventith, alislteginr ‘reflector astused her@imincludpo pattially andtor dhlly heflective
substrate 20. 20 The resulting current fl %38 i?s:(bgﬂ%neral ly conical in

shape, the bmateriglyangfor Jetaces cIhrsuriacsd21afdhe supsimate 2Q facing thosoeqnd yefigctor
peak of the %ﬂfeg%%ﬁﬁﬁ 1B S ﬁ%@%&éﬁonwﬁiﬂg £V dubn 10 g?g%@?e%e*@ 60

general ly ci Cross section and energrizes a first su
cylingsical tegversihgat dfiteifice will pass adittominithal téflecfion,sa desitablefedtardas owell a

known in the prior art.

As shown in the cross-sectional illustration of FIG. 2, the resonant cavity is
pumped electrically through an anmular electrical contact 28, causing current 38 to flow
. between annular contact 28 and circular contact 40 on opposite faces of the substrate 20.
20 The resulting current flow 38 is generally conical in shape, the base 39A of the cone
. being at the annular contact 28 and the peak of the cone 39B being near contact 40. The
flow in the peak 39B is generally circular in cross section and energizes a first
substantially cylindrical volume 44 of the gain region 22, the first volume 44 being of a
cross-sectional diameter D,. The diameter D, is preferably substantially greater than the
25 thickness of the gain region 22.

The excited gain region 22 of diameter D, generates stimulated and spdntaneous
emission, represented by arrows 48, which travels in a direction transverse to the |
-propégation of the cavity laser beam. In standard prior-art VCSEL or VECSEL lasers_ .
such energy would escape out the Sides of the device or would otherwise be wasted_;;

30 energy not contributing to the output beam 32. Inthe conﬁgufation of the present

invention, this transverse energy 48 is absorbed in.a second annular volume 46



cross-sectional diameter Dierr]. The dianeter Dierr] is preferably
substanti a er than the 25 t hi ckness of the gain ' 22. Th
excited‘gawg?ggig?n 22 of dianeter Dlerr] generates stinulat e%éghgﬂms%n
spont aneous em ssion, represented by arrows 48, which travels in a
direction transverse to the propagation of74{he cavity | aser beam In
standard prior-art VCSEL or VECSEL | asers, such energy woul d escape out the
sides of thqrffindas @ fstpempéd eolinge Tids Wbsorbell efergy serves t g thé 8écond
contributing to the output beam 32. In the configuration of the present -

i nvent i on, vdlumet46apsodding gaie and thesefore power intaithefundamensaldasesrmode 690! une
46 WD 98/ 4332

ST/ USoB) 05ars - When fhe Glestrisa) of petical pupning pbthe fFt srgionRy prodyess gy, this.
eNer gy S Vigin P Tir bOth (hE tafitverfl HidloBimdinl diftchBnd|2Sihod Kk tridirst Fah

power into The aser node 60. "When the electrical or opti
punpi $ig of Iehgthfislarger dpinathe Ringituflinal gaindesgtiyamore stimslatedi emission can bocurtiat h
the transverse and | ongitudinal directions. Since the traverse gain 5

|l engt.h is |thagdiregtion Iargerdhe dimensionybh rthe greAter the et gaip;fay stimulated

em ssion ¢ | Lf L:Qn. 1 ' ' .t he
greater th:%gﬁéépﬁﬂ? E}?ﬂs‘{e?%u‘ﬁg%ggﬂ'e n}1i|; g@?ﬂoﬁ{‘?‘ﬁrq‘ﬁ@t‘?ﬁ‘ﬁg&\% r% ér%a‘?: ‘ﬁl% .
Hi gher out pydcalR@\6f theffiall diSsipdtinGexd thé Hnitl ot byaatddaophiclepfadatien Bitithe optical
di ssipation and the limt set by catastrophic degradat |_oninbai; the opti cal
power densipowendenisity onrthe serfage afifbe semicondunier sy the dongimdingh directiim aFor

st 18yt heh e aren 65Aces, HaiicRol Bt b o8t 6 i FRBimoReK B g mierse
reduci ng t hgifiiafed! dmiBGVR thérOBY RidaLRE ttﬂt% gbeﬂan%wer%eﬂvéraeﬁ%mcieﬁse?ési on al so

occurs but becones | ess inportant for | ar ger area devi ces. t he
adj acent r eSpontaneous emisyimmialso ocdrs bht bdvomes iless liniportantfios heolargexrageanediceso

a |l esser exient the spontanequs emndssion),_ then the ener t hat_. ot herw se
moul - e Y5386 afidcert Faplon 1s GRMERRY 6 AbRRILG SUPLLA, SRS Gl S50 8 IPET on
Derr] tot Igl‘;% | | | he
second regi%ﬁe‘g)z(thgggo e ey?%g%%s%?)?ﬂﬁﬁﬁé@g?%ﬁ%&a}?ﬁl irgg??lgﬁri%?}ggg%&s? ng
t he Xt er natanbe used t8@ptically pump ¢ha sevoré regios D,aquhd extenthay it witlrprodwcegai n
medium The external cavity myrror, 30 will fix or " Iarrg" t he

i i the .
total area SRIRi ¥ enprey Bumped o Biesecond yegionD, can be exiracted, ip &@'&iﬁ&waﬁf
th d i 1 1. . :
ocr eacen’ JFRR LA ne™ e ERErfl mifror R85 4 £EE VAR QB 5 on e

gain medium. The external cavity mirror 30 will fix or "clamp" the gain in the total area
defined by D, and D,. There is a limit to the extent of the second region D,, as the

20 degree of transverse pumping decreases with decreasing intensity away from the center
 ofthe pumped region. This limit is related to the dimension D, and the pumping
intensity (electrical or optical) in the area defined by D,
Given the mode waist diameter D,, the technique for designing a cavity which

would provide a suitable radius of curvature R for the second reflector 30 and the

25 suitable optical cavity length L. is well known in the art. See, for example, Herwig
Kogelnik and Tingye Lee, "Beams, Modes, and Resonators", CRC Handbook of Lasers,
CRC Press, 1971, pg. 421-441. The second diameter D, is a function of the excitation
level and the diameter D,. The design would be optimized for maximum output power
limited by the circulating power density, which is limited by catastrophic degradation of

30 the semiconductor, and the thermal power dissipation from the second diameter D,. The
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operating power levels. In a |laser cavity conprising a single flat mrror

26 and a si swbstantially. squal 4p the ﬁﬁémet%l?zr?ﬁ SOIAREYIA PPEIating iPG_E"eBieVGlﬁ'- v a lageR
as shown i %co&\pﬁsﬂ% g?ﬂl%léjﬂft%ﬂ{'&r% Sid & Qin&ﬂ?cdn@%g sp%@ﬁBal%ﬁerlso having

a radius of curvature R as shown in FIG. 2, the mode beam diameter on the laser chip w;

and at the output mirror w, is characterized by:
20
w,? = 4AL/n[R - LY/L)* M

w,? = 4\AL/w[L/R - L)]* @)

25 where L is the cavity length and A is the wavelength of the output laser beam 32 as
described in Kogelnik et al. cited above. It is clear from these equations that the
diameter of the fundamental laser mode can be made equal to the outer diameter D, of
the second volume 46, for example by adjusting the cavity length L for a specific radius
of curvature R. Alternatively, the radius of curvature R may be selected for a specific

30 range of cavity lengths L. Instead of curved mirrdrs, a flat output coupler 30 may be



and at the output mirror wWerr] is characterized by: 20 Werr] =

Alerr] L/ [ eniid bé/dazd) /Ll [err] (1) Werr] = qerﬂd{#’%ﬁ@‘{‘ L/ (R
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thickness for a single layer of gain material would have its wavel ength

somewhat sHpandgap is dependent oartbe thukness of thequantm, wellrandrtherefare anaquivalent
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uni formy grow such strucCtures and by the practical threshold current
densify f orthicknksssonthe toumber ofgnantuimni wellsl caud®Hbereasedi todhtrpasethe gain toi t h

only one Orov%r&)ex}llve gﬂ?ﬂt&&?vity losses for efficient operation. This is limited only by the ability

to uniformly grow such structures and by the practical threshold current density for such

structures. Conventional VCSELSs typically operate with only one or a few quantum

wells between very high reflectivity mirrors. Such devices exhibit low optical gain and
20 therefore would not operate as efficiently as the apparatus of the present invention.

- The elecfrical current or optical pﬁmp energy injected into the laser device can be
provided by any of the well-known methods, for example in G.P. Agarwal,
"Semiconductor Lésers", The American Institute of Physics Press, pages 146-157. Ina
preferred embodiment of the present invention, most of the injection current 38 is

25 directed into a circular region of a diameter equal to or less than the diameter D, of the
fundamental spatial mode as defined by equations (1) and (2) above.

As described above, low efficiency frequency doubling of diode laser radiation
using edge-emitting diode lasers has been demonstrated in the past by Gunter and
Koslovsky et' al. In contrast, the preferred embodiment of the present invent-i:)mn“e—x;lploys

30 a VCSEL or VECSEL vertical cavity laser structure in which the total single pass gain is
-signiﬁcanﬂy lower than in edge-emitting lasers. In addition, the output from the vertical
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frequency cinventisn can be bpertatedninfopulsed; gaimswitshedy or amddegjocked configutatiotetoof

the cavity such as in the 15 recent | y-studi ed peri odi cally-pol ed
nonl i near  niicEeasq the optigal paWEHARd therelogs tedpptingar donversion elficlenby. The

present invention applies not only to harmonic frequency conversion, but also to sum and

difference frequency generation. In a preferred embodiment, the non-linear material
20 includes Fabry-Perot resonances such that the laser operates in a single ﬁequency. An
exemplary configuration is illustrated in FIG. 2, which includes an intracavity non-linear
crystal 58 between the substrate 20 and external mirror 30.
Each prior art configuration mentioned above, for example the Sandusky et al.
and Hadley et al. configuration, was limited by matching the cavity geometry to the
25 extent of the pumped volume only, unlike the present invention which extracts energy
from the first pumped volume in addition to the second volume energized by transverse
energy emission generated in the first volume. _
. The output power in the present invention can be magnified by increasing the
diameter of the mode volume, as described above. Peak output power levels, for

36 _ example in excess of 10 kW, can be generated from a gain area of one millimeter in
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KTP, and KNbG3. For exanple KTP can be phase matched to convert 1 [err]m
radi ati on i lsersgpeeatingandhe AQQ pm wavelength range.

Many configurations for intracavity frequency doubling that are well known in

the field can be used in the present invention. For example, a focusing lens can be
positioned within the laser resonator defined by the mirrors 24 and 30 to increase the
20 power density. The technique would allow use of very short lengths of nonlinear
" materials or nonlinear materials with lower nonlinear figures-of-merit.

For doul;ling materials such as KTP and KNbO,, active crystal lengths can be
significantly less than 1 cm for the circulating power levels possible in the present
configurations. Shorter nonlinear material lengths provide wider temperature and

25 wavelength phase matching conditions. For KNbO, for example, a crystal length of 1

- mm or less can provide a temperature phase matching bandwidth of more than several
degrees Celsius and a wavelength bandwidth of several nanometers. Such broad |
acceptance ranges malie__t_h_g manufacture and operation of such devices significantly

more practical. The wavelength niay be controlled by the selection of the alloy

30 composition of the gain medium material, while precision wavelength control is
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coul d be nmperaté as efficienthein the pmenguwegmrpbmeuse@tgmhmen@n ow optical gain.
The net gain must be sufficient to overcome losses in the external cavity including the
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free carrier loss in the substrate material 22 and the optical losses in the nonlinear
material and associated anti-reflection coating on the intracavity optical elements.
20 FIG. 2 illustrates a typical quantum-well device 22 formed on a semiconductor
| substrate 20. A highly reflective mirror 26 is grown on the back surface of the device to
provide one of the mirrors of the laser resonator. The top cladding layer serves as a
~ conductive contact which can be antireflection coated 42 and which has low optical
absorption at the laser wavelength. In an alternative embodiment, a layer of electrically-
25 conductive material with an optical bandgap greater than the second harmonic radiation
serves as the conductive layer with a second layer, of thickness less than the diffusion
length of carriers, transparent to the fundamental laser radiation and absorbing the
second harmonic radiation grown between the active material and the thick wide-bandgap
material, would allow the optically excited carriers to diffuse into the gain region. The

30 thick conductive material may comprise for example, deposited tin oxide.



solid state lasers as punp sources. Conventional vertical cavity
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guant um'mepﬁgd{;/m very-high-reflectivity cavity mrrors. SUCW%ﬁﬁ%@é‘%y
not operate as efficiently in the present invention because of inherently .
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22 and the opigifAé fleqheRsy bperhtith MaY bei@Rieved! fof erdmpld b 1mesduRifran etalon
anti-reflection coati'ng on the intracavity optical elenments. 20 -
FIG 2 ill isthextavitya Algernatively,thetnom-linear criestal 58 may also sexve@s afrequency
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back surfaSHlegHVe§IEMEBY i ce to provide one of the mirrors of the |aser

resonator. Th iﬁé- l,q ' _W' bk M &Eﬂﬁan
be antirefl ec?:;htg(rlla%co tgﬁe%ﬁg%?%vﬁgg@%\%g%tﬁi ca ér\a‘t’%?o‘rept | 0%1 at” the

| ases waveligvegtibn attractive ab haungd of/gpplichtichsnincluding prajeetion tlisplays opticalldise 25
conductive materjal_w th an optical bandgap greater than the second

har moni ¢ r &eAdandowrite raptisabholographic memery, foragp o and,biorflyprescener sensgesy | Foxr

{ undanen: afts cask OF DrbieGicH sty e Bitades bR Sli e cbhARRHT B exafivlcr®
grown bet wegiblubSvavelcngth 4id Sfeen wavelbngthecduld B prodied BY dttaienitii @dbling the

woul d allow the optically excited carrrers to diffuse into the gain region.
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non-linear crystal 58 may al so.serve as a Trequency Selective elene The
abi l ity toPywermeaycbe scaidd usingnaxrhysof suchidevidegh Quupwtrpower fexelsefkseyveral ¢ens
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Gal nAs sem conduct or | asers whose outputs could be selected in the 10
wavel engt haFra¥ Jevice o equipy souplers, mayraomprise 3o afray of Jihegraphically-pradueedt

doubl i ng binary optical mirrors or micromirrors whose positions are precisely aligned with the

center of the diode laser emitting areas.
A projection display. sys_t'em employing the present invention could be operated using
20 various light valve devices such as liquid crystal spatial light modulators, micro-mitrors
" such as those sold by Texas Insmﬁnents, ahd grating deflector light valves such as those
- developed by Silicon Light Machines of Sunnyvale, California. For an array of laser
sources, all elements of the light valve could be illuminated by every laser source by
allowing the individual laser beams to expand so they overlap in the far field. In this
25 way, the failure of one element would not significantly degrade the operation of the
system. Binary optical lenses may be used to focus the Iaser light in a top-hat
distribution onto each pixel.of the light valve to make efficient use of all available laser
radjation. | | .
While this invention has been particularly shown and described with references to
30 preferred embodiments thereof, it will be understood by those skilleci in the art that



material s include KTP for the green wavel ength and KNeG3 for the blue
wavel engt-r{’g Power nmay be scal ed using arrays of such devices. Qutput power
| evel s of W@PEHR%t ens of Watts may be generated. Since the RER/PSASOSE4TIM"
such an array would {ack coherence between el enents of the array, the
effects of speckle would be significantly,reduced so as 15 not to
affect the quality of the projected inage in the display system In the

case of an_atray,device,.the.. C QPR .

7% hogr apnFEAPR/HaREcR 6 fat i Al o ¥ e BRteiB 3Rl el Btfp e,

POSi ti ONS  gific BRESESHR! Of tBé iiRAtomks Befirpd YCME Abpeidelingaiisode | aser eni tting

areas. A projection’display systemenploying the present invention could be

ope { at IedI us |h ?@szg eixa:nplc'af am aerativet embodxmeﬁh\ﬁlﬁf§ mmr?scmvaqgrlmamgmoﬁl

spati a | nodul. at or.,s, M cro-m rrors.suyc se, SO exas

IS_nls_t r uneE_tg‘FHﬁﬁF:g%‘ﬁnﬂaﬁﬁg?ﬁ%W‘gt; Waﬂ?é#gmﬁegcg@h %q'ﬂﬁg%seﬁlte)vel oped by
iligon Li : 70 Confi ; bftss®da

sourges, aﬁ{;ﬁﬂ emarf{lgﬁ% f’?ﬁ‘éaﬁ"g‘ﬁt 3%I ve éc‘gﬁ%& ne lﬁefgﬁieﬁ%‘%%gu%yreveryte

| aser sour 20, dyemiconductor gdin medilin 28, ahd b firstrreflectos 260 Note that asecondy
overlap in the far field, In this 25 the failure of one el,erre:}\t:
Ktal

woul d_not soflpstar e At Fefluired pa dhe mabﬁ?%ﬁ‘\?@b doesnas ngludecrespnant cavity
cach pi ol O Ve 18 or 62 Buh i 22 s pfiped i Q8 AEPAlor el Sl S0 0

radi ati on. THSifiret vohube 49\ig pEnerhlly efosHeetionally hﬁuuaf,lmVﬁTgwmmr®' CAkbed

wth references to 30 =~ preferred enbodi nents thereof, it will be
unddPst ooddeseribhd abovsithiscguses transvesse stimulated andspostanenws propagation of

PCT/ US98/ 05472 -,14- i in f d. det aj | de t herei
it hout  dofBerEY A5 ek becnnd SHRAROEE abbhe it G VOREE 24, InFbbereHedacr nog by
t he appendgghbpdiien®, théSecshdVoNRE 46 G subidtantihRy BREHME iPEHdeHie®RiBh, theldfamétet S

a perspective illustration of the present invention configured as an
optical anpeéingiRy A6.incidentrbeaimc5Q efsdiamster D, andwoffa fixst amphitude tihdiregted atithe

o oo el . SrPiabion o B ShAGAe o BB 2 s e e onc
S ASEL" i o SMAE Ao ey TR o 300 it
el ectri cal ontpubheans 52 of simijar digmeter D,. The output beam 52 is amplified by the
energized gain region 46 and is therefore of higher intensity than the incident beam 50.
A plurality of such gain elements may be used to increase the total gain of the system.
A second alternative embodiment is illustrated in FIG. 5, representative of a side
20 _ view of an optical coupling configuration. A single mirror/lens element 70 includes a
first concave face 72 which opetates as a resonator mirror for VECSEL laser 78, and a
second convex face 74 which operates as a focusing element for directing laser radiation
32 into fiber—optic 76. The fiber-optic 76 may comprise single-mode or multi-mode
fiber, and is positioned at the focus of the laser radiation 32 such that the laser energy is
25 directed substantially within the numericzﬂ aperture of the fiber. The reflectivity of the
first surface 72 is optimized to maximize output power from the laser device 78, while
the second surface 74 and the input surface 75 of fiber optic 76 are anti-reflection coated

at the laser wavelength to minimize reflectivity.

30



The first volume 44 is generally cross-sectionally.circular, having a -

di aneter Qfodidasad’s 10 descri bed above, this causes LT RS6E

stinul at éd and spont aneous propagati on of energy 48 into a secondimsfune 46
about the first volunme 44. In a preferred enbodi nent, the second vol une 46
is substantially circular in cross-secti o5~ the dianeter bei ng D2. An

inci dent beam 50 of. diameter Dierr] and of a first anplitude is directed at
t he punped reglw&iﬁéasseﬁmy 3RO hiifro¥di edifer 50719 aﬂgﬁwmﬁgosl%&ath the
first volune 44 15 : d second vol ume 46. The Tncident beam 50 reflects
at mrror ﬁﬁxmﬂellaserehmpdwascmlplmg; pnd xstﬁmdtfsingnﬁvemkmmtechmqmmer

E{err] The eam 52 is,anmplified b rgj zed In [eglon 46 and

'S t her ef ofeH w EFng . SROFXing rjasex qlﬁlesdgﬁae ﬁ?ﬁnws qned; 4 Pty of
ch gain g,l_&gf

:gcong Ial ternative e% mﬁﬁg Fﬁé%r at @H&#E#ghy%?@e% gtsag&f ve of a

si de520 Thxsvemvodﬁnennoffmltnahdmta@bldfg redudtioplofahe aambéy 6f Optical elements
mrror/lens elenment 70 includes a first concave face 72 which operates as a
resonat or FequUirsd tpcfﬁcuamm mgﬁbﬂsby nporporgting the fuastienof a savitymipror and

operates a t for directing |laser radiation 32 into
fiber-opt|§n$g&8§x Sﬁﬁﬁge hay conpri se single-node or nulti-node
fiber, and is p03|t|oned at the focus of the laser radiation 32 such that
the | aser energy is 25 directed substantially within the nunerical

aperture of the fiber. The reflectivity of the first surface 72 is

optim zed to nmaxi m ze output power fromthe |aser device 78, while the
second surface 74 and the input surface 75 of fiber optic 76 are
anti-reflection coated at the | aser wavelength to mnimze reflectivity. 30
WD 98/ 43329 PCT/ US98/ 05472
-15- During assenbly, the nlrror/Iens elenent 70 is aligned and posi ti oned
to maxi m ze | aser output power coupllng, and is fixed using well-known
techni ques, including soldering, epoxying and/or |aser welding. The fiber
is then positioned to accept the focused radiation 32 and is set
accordingly by any of the above techniques. 5 Thi s enbodi nent offers

t he advantage of a reduction of the nunmber of optical elenments required to
focus energy into a fiber by incorporating the function of a cavity mrror
and an output lens into a single elenent.



-16- CLAIMS: 1. A vertical cavity surface emtting |aser conprising: first
and secondgr&;d/ §rs defining a resonant ‘cavity, a gain rredl um di s éﬁosed .
wi thin sai resonant cavity; and an energy source for energl al n

mediumwithin a fi

n said resonant cavity
fundanmental cavity node at ed Lgser beam said eﬁgéq %c@ BEEN
causes opti cal ener\m\“‘rm“ wﬁi‘i opagate in said gain redi u

di rection substanti Se« 10 sapghifdndanental cavity node; said
transerve energy enission optically punps a second vol une of said gain

medi um aboul claimd first volune; the energy within said first and second

vol unmes is coupled into said fundanental cavity node. 2. The | aser of
claim1, whbrei A lsercmpHsingy) une is substantially-cylindrical and of

cross-sectional dia B)‘

annul us of outer crggég ‘I?JOVIEI e eriﬁﬁgugiﬁgﬁégaﬁﬁé Bgéd?gé%@% n

di anme§er D err] defiiing afﬁmaamaﬂﬁl am odl®! unes being substantially
cross-sectionally concentric. 3. he | aser of any preceding claimfurther

conprising: a seni cegdincmediugBisposedewithinesaid resonand cguitys anddi um i s f or med
on said substrate and both said substrat.e and sai d al n nﬁ_dlu re.inside

sai d resonant cavit {2 CACIEY SPHECG 19L gpetgizing Saig 2an. et rYORyme,faid
' di
gai n medi um CO”Téhér% oBrctCCRusing ?gg&g{eﬁf&mﬁsmﬁo ro A%‘s&ée @lsfase% n§ ik 4n

wherein said gain I um conpr i | edst one quant nduct or
mat eri al st ruct ardirection sabistargtially tfinsvérse ¢o saifl fuhdamental cavity miadessdid second

reflector is directly adjacent fo said sem conduct or terial at.ihe second
end. ?é The | S2BSVese eRSIBY, %msmepepﬁﬂghmmwe v Ofas@‘i:&‘!@r nal

to said sem conguekah BBhEEHI® First volume, said energy within said first and second volumes

being coupled into said fundamental cavity mode.

2. The laser of Claim 1 wherein said first volume is substantially cylindrical and of
1'5 | cross-sectional diameter D, and said second volume is substantially an annulus of
" outer cross-sectional diameter D, and inner cross-sectional diameter D,, said first

and second volumes being substantially cross-sectionally concentric.

3.  The laser of Claim 1 wherein the gain medium comprises a material selected from
20 the group consisting of semiconductor, multiple-quantum-well semiconductor and
| solid state.

4.  The laser of Claim 1 wherein the energy source energizes the gain medium with

electrically pumped current.

25
5. The laser of Claim 1 wherein the energy source energizes the gain medium by
optical excitation.
6.  The laser of Claim 1 further comprising an annular electrode and a circuiar_
30 electrode disposed on opposite sides of the gain medium which, when energized,

pump a first cylindrical volume of the laser.
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8. The | aser of any preceding claimwherein the first and second

ref | ect or syeyog/485%9f |-ger—ed—+—n—aeeeledanee with said fundamentalg (fl%% de..
e rca

vol ume and t her eby pr | on-17Aver si on and stijmu
em ssion, the transverse extent of said first volunme being suhst

9. The taser of any further conprising an
energy source for el e ﬂit “l“g said gain nedi um w ’tﬂl"B &l TfHAl%gEEN

greater than thehé MsekoEChainl 1 Aitltbr Totipti¥ingl 4 non-Tikeat mitbi'xabﬂlstsddnin&he path
further conprisi nglea first contact adjacent to said first reflector

seni conduct or ilager hepmcfon adjusting, the fsequenepof thabeamy first end; and a
second contact disposed on said sem conductur material at a second end,
opposite to the first end, wherein said first and second contacts arc

adapt ed {0 g 1 angpL lase} EOYERT vmeetﬂmé fn-fhefihaeahl ¥ diééﬂﬂgédl Sithie® tHe faSdr
vol une of said active region, and said first and second tacts define an
el ectyical enercgavityat h through said sem conductor nmaterial, said active
region, and said first reflector. 11. The device of claim 10, wherein said
first contact is of substantially circul ar shape, and sai d second contact

I s of substgnti A -@Fﬁ. vV

surface emgtatr nﬁ%gassgfﬂo C a‘{%@ﬁo ?)%ETI r%gratﬁag S %édg?@%%%ﬁgdéitg%e
directly adj acen‘fsext@vﬁdye first reflector and the second contact is directly
adj acent to said sem conductor material at the second end. 13. The |aser
of any of cI ainms 1 through 8. wherein said energy source the gain medi um by

ti I+ at f '
'S i red it TBF faretpt Clift Sk bk T millaBaFisneRied 6 gkl "
sai d solid stat somtﬁgloﬁmrSmee@ehbamwbwdqmb@amabﬁdKNHUI sing
Erngl ass, Ybglass, [err] Yb: YAG 16 The | aser of any precedi ng cl ai'm

further conprising a non-linear material disposed in the path of the |aser
beam for adjust the f t he be 17. T er o aim 16
wher ei n thgﬂlnon ﬂg”gﬁeﬁ %B%Wt‘h?tﬁ"?ﬁ’é‘c@%r E‘g\%?‘?t

resonances such that thie laser operates in a single frequency.

15
12. The laser of Claim 1 further comprising an intracavity tuning element selected
from the group consisting of an etalon, a birefringent element, a prism, and a

grating.

20 13.  The laser of Cla1m 1 further comprlsmg a condur.:twe material transparent to the
' .fundameﬂt'ai mvelength and absorbent of second harmomc radiation grown

_-‘ad_]acent to the gam regxon such that second harmomc light is absorbed in said

conductive material and electrons and holes diffuse into the gain region to increase
the efficiency of second harmonic radiation emitted in a forward direction.
25
14. The laser of Claim 1 operated in a pulsed or mode-locked configuration.

15. Multlple lasers of Claim 1 configured as an array of addressable elements.

30
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18. The laser of Claim16 wherein the non-linear, material is disposed
.external tog. t | aser cavity: : aser of Claim16 wherein the

e
non- | i near %Pﬂ?ar"?ﬂ i he group consisting of RCHAISIB(ERITES
peri odi cal | y-pol ed Li Wﬂmﬂmumbm 20. The laser @f.Claimi6
wherein the non-linear *materd aln | es Rgbzy- Perot resondHiESHELT MASTBEEN
the | aser operates in a single frequency. -19- 21. The | aseRrrafaCEDY

precedi ng clai mfurt her ri,sd an intracavity tuni etemrerg—selirched
From t he gr S8 cORoRET of AR 4 ulfer Brisfifly A opite HHeM pafFRR & Tog? Fectyve
and a grating. Zgrface i h3@ndtfandiissiVeNuPfibe Osaid AtssWREoPbratits A 8Hid Hrbty
all of the excitation energy fromthe first said volune that is absorbed in
t he second sai d cawity mefléctore saitltsecondytrarismissive afaceifors fornsing tenergyeoutput from
fundanmental cavit de. 23. The laser of any preceding claimwherein
stinmul ated opti éﬂ-{d fERE-on fromthe first volume propagates substantially
in a @rection transverse to the direction of the fundanental cavity node
and optically excites the gain mediumin an annul ar second vol une

surroundi ng 13ai dieplaseradfl Qlaj 16 evhek¢in the fiest refectivesuefaye j3rcvtivave) and wherein
popul ation inversion in the gain mediumwthin said second volunme, 24. The
| aser of any prdbesecendaelectiveisurfaceiseoB¥eantially all of the excitation
energy fromthe first said volume that is absorbed in the second said
volume is emtted by stinulated emi ssion into the fundanental cavity node.
25. Mul'tipl g8l asHieSlasér cFClaih @6 FaHhét confri¥ipOd Fibetlopde Beviag ad lififit sBfface
addressabl e el enents. 26. A nethod for inproving etficiency of a |aser

devi d@, conpri sialignedto raseive sridgfocused energyoutp@ni ng first and second
reflectors to thereby define -a fundanental em ssion node of the |aser
device; positioning a first contact on the first reflector to thereby
define a fi rlﬁ:t VAh BPBcdl dedice *6AipH8inge0! on of the laser device; electrically
energi zing the first contact to thefeby generate optical energy em ssion in
the first volunme, prasearetndugtonsubstate;ener gy al ong the active region from
the first volune into a.second vo] une_i nmedi at el ad}?c nt. to the first

vol ume, to thereby dprerucondpclor igain medium,onya first face of said substrate; and

15 ' an energy source for energizing said gain medium within a first volume, said |
‘energy source causing optical energy emission to pi'opagate in said gain medium in
a direction substantially transverse t6 said first irolume, said transverse emission
optically pumping a second volume of said gain medium about said first volume,
such that an input beam of a width approximately equivalent to the cross-sectional
20 ‘ width of said second volume and directed at said second volume is amplified by

energy in said first and said second volumes.

-_—
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-20- second vol une;—and auapting tne Tirst and second reflectors to couple

the optic e the first and second
the optl aﬁ‘%wﬁﬁb’ w POI/USFosiTY O
T3]

t emssi rret hod of claim 26, further
conprising the foll omnge s ps posrt ioning a sem conduct terial |ayer
directly adjacent to the active region atl9 side renote frU‘HthHZFﬁ'im@g
reflector, and positioning a second contact on the sem cqnduct REFInRIFgy | aFN

| ayer to tmrew &féd}ﬁ{)ﬂﬂng ectrical energy path through The Senreerductq
mat eri al |‘ayer between irst contact. and the second contact within the
| aser - devi ce. 28. ZIsemicanductopsubsteafais 26 or 27, further conprising a step

O omeert g, L bRk e SPSEOA g o Y post i oning o

first and second reflectors defining a resonant cavity including said substrate

5 and said gain medium, said resonant cavity defining a fundamental cavity mode;
and | )
an energy source for energizing said gain medium within a first volume, said
energy source causing optical energy emission to propagate in said gain medium in
a direction substantially transverse to said fundamental cavity mode, said
10 transverse emission optically pumping a second volume of said gain medium about
said first volume, said energy within said first and second volumes being coupled

into said fundamental cavity mode.

21. The laser of Claim 20 wherein said first volume is substantially cylindrical and of
15 cross-sectional diameter D, and said second vqlunie is substantially an annulus of
outer cross-sectional diameter D, and inner cross-sectional diameter D,, said first

and second volumes being substantially cross-sectionally concentric.

22. The laser of Claim 20 further comprising an annular electrode and a circular
20 electrode disposed on opposite sides of the gain medium which, when energized,
pump a first cylindrical volume of the laser.

23. The laser of Claim 20 further comprising a non-linear material disposed in the path
of the laser beam for adjusting the frequency of the beam.
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