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The present invention is directed to optical elenents, and, nore
particularly, to couplers for linking one optical deV|ce to anot her
and conprising one or nore axially-- grad-ed i ndex-based el enents.
BACKGROUND ART 15 : Coupl ers are optical elenments that join a
| i ght source, such as a |aser diode, a light-emtting diode, an

optical fiber, or other light source, to a light collector, such as a
phot o detector, an optical fiber, an optoelectronic chip, an optical fiber,

and the liKke. Prior art couplers conprise either (1)
homogeneoussgl ass, or PAZIAKLYeGRADEDINDEXBASED GOYPLERS aspheri cal
or cylindrical surfaces, (2) optical fibers and optical fiber based
cylindrical lenses, and (3) radially-graded i ndex of refraction gl ass
cylinders or rods. The honpbgeneous gl ass, optical fiber based
cylindrical, or plastic lenses require air space and have a | ow

numerical aperture or light collectippCyNICCALWIEE D results in less
| i ght being delivered to the collector than was 1 ncident on the coupling

lens. In addition, - 25 honbgeneous gl ass or plastic | enses are incapable
of correcting for spherical, aberrat.i i.ch results |n I nefficient
coupling, tfiiess anp&ﬁﬂ?f"f‘ ﬁt@&d&ﬁf@%chgﬂ clemgnts,eqhd, more particglatly, tp,
nul tipl e el emenbipldkSof gﬁﬂe bptical devicd @ Aisttel ah@® Béthprisifis! Bhe€ of Rdre éJHElly--
The radi al |l y-graded index ass cylinder |lenses when functioning with

sur - fa@@-ahmdﬁobwﬂnl}memjht at the lens exit surface, overcorre one
of the problens of hono-

BACKGROUND ART
15
Couplers are optical elements that join a light source, such as a laser diode, a
light-emitting diode, an optical fiber, or other light source, to a light collector, such as a
photo detector, an optical ﬁber; an optoelectronic chip, an optical fiber, and the like.
Prior art couplers oompﬁse either (1) homogeneous glass,. or plastic lenses with
20 either spherical, aspherical or cylindrical surfaces, (2) optical fibers and optical fiber
based cylindrical lenses, and (3) radially-graded index of refraction glass cylinders or
" rods The homogeneous glass, optlcal fiber based cylindrical, or plastic lenses require air
| space and have a low numencal aperture or hght collection value, which results in less
~ light being delivered to the collector than was incident on the coupling lens. In addition,
25 __:_jlion_xog_et_x_eotte_ glass_orplastlc lenses are incapable of correcting for spherical aberration,
" . which results in inefficient coupling, unless an aspherio surface is formed on the lens.
Finally, multiple elements are required in order to sufficiently couple the light .
The ret_i_ially-graded index glass cylinder lenses when functioning with flat sur-
 facesand focltSing light at the lens exit surface, overcome one of the problems of homo-
30 geneous gléés lenses. Further, the radially-graded index glass cylinder lenses comprise a
single optical component, thereby overcoming another problem of homogeneous glass

lenses. However, these radially-graded index glass cylinder lenses are incapable of cor-



30 geneous gl ass |l enses. Further, the radially-graded index gl ass

cyl i nder | a¥Qe&/1986pri se a singl e optical conponent, BRECEUSHINIT20
over com ng anot her probl em of honbgeneoud gl ass | enses. However,
t hese radi al | y-graded index glass cylinder |enses are incapable of cor -
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PCT/ US97/ 19720 recting spherical aberrations or of forming small focal points, esulting in ineffeientg

herti cront - o pfiolanct Whild coifing beRBnaRal B3 e Fbi iy ayns e

i nproved by f oreurveg sarface on ﬂ:ewxuedrfmrd‘falmaleﬁs) tﬁehﬁlv@ﬂﬂage 6f4 ﬂacsauﬁée ish@st,' @ds.

the advantage of a flat surface is |ost, and air space
i ntroduced i nt oAt ME SPRRGHIS 1RGP o the, gpunlng %h%%Mdbkg@ﬂP‘ﬂ rl@@?ﬁ cylinder
| enses whengco | |
function wt h ;ﬁ%ﬁéae?rgvhbhg&lplﬁxgg%g requi rﬂlieerlrl;grl\&%an ose %ﬂg%@%n %’gg’ﬂgfa“m

1|‘ocu5| ng | |h gp]t Spacareqummmil(ihBe ftlilrl ab'mtaygoffocusmg lt;gitlt% a&latd%ﬁdadenm radi-
enses Wt at, surface ck suffjcient bat at ch_manuf act urin
r epr oduci bi | i tyatné'tﬂﬁ‘;‘?%ﬂﬁ e B’eb? méa%ﬁéee@&a@hgmbﬁ@muﬁ
their effecti Vere?rodumbﬁl i8F Sdchl tﬁ&glEﬁBeQ%:Eﬁ&I%ﬁEé FaridsOR ﬁgﬁaess ﬁgﬁ‘ eh?&we

strict manufacturing tol'erance spec cations
devi ces to be efotaldength bﬁemarmspom)mmhdb vatisfiothe sumﬂ:mm@cnmng toRtafna@aﬁmﬁ-

Addi ti onal | i all rad d i ndex coupling_.enses with curved, surfaces
have l%he #9%9% °6me viges do be \Fﬁ‘i"?‘}ﬂ} Ry predyged withopt goupling
curvature in or OAl RAIRE gx?&]% ﬁ!%ineé i
i ntroduced by tﬁgﬁ?égssﬁ?iggn | dgiqlangro | 0 Hfmxé%?és &ﬂtgﬁggd %‘%ﬂfcﬁghave
| enses that is memsa@mtagebﬁmquumgmuiamngldegn@wmdemrmnmmmm&mﬁnmﬂS
nal ly, radially,gr.aded index refraction c ling lenses are limt I n
t he amount of |thg inherent B W%ﬂ&hﬁféahpﬂalfmeﬁwegﬁ%pm&@as 'r&fﬂ‘oldﬁ’ﬂeg@ﬁll"e Hgé%dex
which is sever ahahgdmSthbseSensel tiat Wikthited by th S%)b&fs e&lhfcg‘?eﬁsai’ -y
e |nvent|0n to

graded index lenses that are central to t escri
her eunder. 15  nally, radially graded index nﬁmﬂ@ehomcoaplmg)lenm lareclimidécein thé amount of in-

conprises a sin effl cient at hers .and.fo
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In accor dance Wahrbetﬁmwﬁmwmmalwegmmndme@s&mwsa% thénﬂ&ﬁﬁenote%e
that 25 conprises a single I ens conponent, conprising at |east one

axi al l y-graded 4%@&@%*@@“ fraction el ement. Wen the optical
coupl er conponent in- . de refrac
el enent, a homgenegﬁjggﬂg rr@t{ h@%ﬁ@ﬁt%&“ﬁ%ﬁf%%’@we’mm o

20 ciently gathers and focuses light.
DISCLOSURE OF INVENTION

| In accordance with the present invention, an opﬁcal couplef is provided that

- 25 | compnses a smgle lens ‘component, compnsmg at least one axzally-graded mdex of re-
fraction element. When the optical coupler component mcludes one axially-graded in-

dex of refraction element, a homogeneous “boot” element is cemented on entrance sur-

face to provide plano-plano coupling, When the optical coupler includes two or more

. axially-graded index of refraction elements, both entrance and exit surfaces are planar.

30 The optical codplér component may be sized to provide focusing at its exit surface.
The axially graded index-based couplers of the present invention comprise a sin-

gle component, thereby reducing the number of components and the concomitant com-



face to provide plano-plano coupling. Wien the optical coupler includes two
or more WO94R188| | y-graded i ndex of refraction el enents, RSTASAIEOCe
and exit surfaces are planar. 30 The optical coupler conponent nay be
sized to provide focusing at its exit surface. The axially

graded i ndex-based c | er f the present invention c ri se a_si,n- .
gl e conmponent , DI ?Qﬁﬁﬁ?rﬁﬂﬁrﬂe?ma@f 0 gﬁ%ﬁ@?ﬂqgé’% ricated with
concom tant COMlano-plandend8hdeddsurfaces, thereby obviating the need rmin

PCT/ USO7/ 10720 PP » thereby obviating the need for forming costly qurved,

of the optical fegusimgsurfagesand thus aueidingfthe introduction pif eir spaces whichf cabse inefeastd
wth pl ang- pl ano _ent.r.ance: exit surfages, thereby obyjiatjng the need
for forning cosaﬁpsm rs\%%{m%r and Cospayen Yéﬁ&ﬁtmé‘) %X’Fﬁﬁgfya%?‘ﬂﬁlﬂﬂj‘@tﬁéhat
i ntroductiog othawé KightRagslmg\bdifnfeatsse | ncreased - al i gnment

sensitivity and consequently add steps to the assenbly of conponents that

5 | hgve | i ght couplQther ebiests, featnses, end adva_n'falgesbof the préséns invention wdll béamtaapes,
cons: derat | on rephdBof [EBRRrahaR B the dolfine e Eirintion, e Feompanting

drawi ngs, in Wafingd, ke wikéle 1R Gefertast oiiratoss FRRseClle fdalifed ﬁ%‘@ﬁgﬁh&\l

t hroughout the™ FI GURES. 10 . BRIEF

OF THE DRAW NGEIGURES. The drawings referred to in this description
shoul d be #Jgder stood as not being drawn to scal e except if
specificalTy noted. 15 " FIG lais atop plan view of a prior art

coupl er conprising a pluralBRIEPDESTRIPTION OFTHRBROWINGS onponent s;
FIG 1b is a side elevational view of the prior art coupler shown in FIG

| a; FIG 2a is a perspective view of a prior art coupler
conprising a radiall 'Qi}ilgﬁ I . C onent . g Fl 2b is
a perspective view (;lfynea pr i gsr r%f?x?edchl ﬁﬁﬁgtﬁg‘%’pp%ﬁg?"ﬁ bglmoog%n%t being
prising a radi drdwh @rsealedxepbifspeificallyabted. ' FIG 3 is a side

el evational view of _an axjally-graded coupler con'ﬂ)onent of the :
present in¥ention; FIG.laisa top planview 9ha pyomart cenplericomprisiog al plutality efthiozo-

bi axi al | y-grad nt of the 25 present invention;
Eeeiy o e

FIG 4b is a si e onal view of a biaxially-graded collinmator
conponent of FIG. 1b is a side elevational view of the prior art coupler shown in FIG. 1a;

FIG. 2a is a perspective view of a prior art coupler comprising a radially-graded
glass component;
20 FIG. 2b is a perspective view of a prior art collimating/focusing element com-
prising a radially-graded glass component;
FIG. 3 is a side elevational view of an axially-graded coupler component of the
| ';')feseht invention;
FIG. 4ais aside elevational view of a biaxially-graded coupler component of the
. " FIG. 4b is a side elevational view of a biaxially-graded collimator component of
the present invention;
FIG. 5_a'_'is a side elevational view of a quadaxially-graded coupler component of
 the present inimhtion, comprising two biaxially-graded components rotated 90 degrees
30  withrespect to each other and cemented end-to-end;
FIG. 5b is a top plan view of the quadaxially-graded coupler component shown
in FIG. Sa; '



the present invention;
quadaxi al | YW@ pgthas86 coupl er conpen Dresent i rRCIMSIGNIT20
conprising two biaxially-graded conponerts 90 degrees 30 wth

respect to each other and cenented end-t#-end; FIG 5bis a
top plan view of the guadaxially-graded coupl er conponent shown in
FIG 5a; FIG. 5c is an end-yigw ofithe guaigmyy d epuplen¢onpanent shown in
quadaxi al I y-gr, : X ' FI G ba;

FIG 5c is an € v?gwdoﬁ’ﬁﬁém?}%sm@%ﬁ?%ﬂc&%’f%?!'gr aded conponents
shown in FI GSFICE@a&@dg‘éi%pedﬁBiv@éWﬁepi the Driehtatién bf Reo biisflyppstled
5 FIG 5d is an end view of the quadaxially-graded coupl er

conponent showrcdupler componenisaprionste joiring togethep te formytherguadardally-gradeds epnples
focus spot; . . . FIG 6a is a perspective view depicting the
orientation 5of ?ov\rrgogfngk?néll | y-graded cou- pl er conponents, prior to

joining together to FIG. Gblifa perspeblive eicw/ofthe dasiiakiallpgbided @6Wsler component 6Pt ;

and 10 .FIG .6b is _a perspective view of the quadaxial]ly-graded
coupl er conponeleWingioming together of the gwe biaxially-grasigd cpuplergompoaerts,shown in FIG.
bi axi al | y-gradeg coupl er conponents shown in FIG 6a.

BEST MODES FORCARRYI NG OQUT THE | NVENTION 15 Ref erence is now
made in detail to certain specific enbodi ments of the present in-

vention, which illustrates the hest nodes presently contenpl ated by the

i nventor fa9 prac- BEST MORES FOR ¢ YINGW*

al so briefly described as applicable. A. Axial G adient |Index of
Refracti on Lenses 20 Axi al gradient index of refraction |enses,
sormetimes referred tReferentdis now madain detail to certain spetific lembedinents 6f the piesent

glass slabs wth a predes|jgped refractive jindex perturbation within it
V\I\/Q i (r:]h E)r O\C/)ip ;:Igas Wﬁ@ﬁgﬂnﬁ’ chgﬁqlqtqagpséhe H&Fémﬂ}” merglb'é@pte:med BYél.‘zd“P;erﬂPr for
nhart, iCc rg&g : 0 - , -
uni que axi al _grs% |enmtg %lr{geﬁgﬁi@éﬁ%n ‘t’é‘ﬁe-xcbﬁ?&enﬁar blso H@ﬂydés%ﬁﬁ as applica
15 ble.

A. Axial Gradient Index of Refraction Lenses

Axial gradient index of refraction lenses, sometimes referred to in the prior art |

FHEANVENTHN nents are

i.de el evational view of"a

as GRIN lenses, are flat glass slabs with a predesigned refractive index perturbatioh -

20  within it which provides the functionality of analog lens array; se, e. g., P.K. Manhart,
Optics and Photonics News, pp. 44-47, (Mar. 1995). The unique axial gradient lens

fabrication technology available from LightPath Technologies, Ine¢. (Albﬁquerque;, T

'NM) has begun to revolutionize the imaging mdustry The lenses are available under o

the trademark GRADIUM.

25 - The fabrication of axial GRIN lens blanks has been described clsowher; sce,
e.g., U.S. Patent 4,929,065 and Xiaojie J. Xu et al, "Preparation of Macro Axial Gra-

dient Refraction Glasses", Gradient Index Optical Systems - Topical Meeting, Roch-

ester, NY (June 7-8, 1994), which disclose stacking a plurality of glass plates, each of

. a different composition, to form a stack, which is then fused at a sufficiently high

30 temperature to cause interdiffusion of elements of the composition, thereby forming a
unitary glass body. The particular profile of index of refraction, whether linear, para-

bolic, quadratic, cubic, etc., is achieved by control of the thicknesses and index of re-
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nol'ogy évai | abl e from Li ght Pat h TFé® BHE %’r‘\gsB,EEINn . (Al buquer qgue, NM has
begun to 2WO 919G, ut i oni ze the | mMREMPGERIUst ril. The | ens@ETHVTAYRD| abl e

under the trademark GRA- —DrFomt The fabrication of axial
GRI N | ens bl anks has been descri bed el sévvner e; see, e.g., U. S. Patent

4,929,065 and X aojj Xtk 21 ~alee " Prepar at i on_of ro Axial ,Gragdi ent Re-
fraction d ass;ggacﬁbgg:éfng ﬁ%ﬁuﬁéﬂe‘){ %ﬂ@‘ﬁ&u@ﬁ&gp@@swiﬁﬁ, @ges%%f’ﬂﬁ? may be

Rochester, NY. 3bricatelfiém’a Calculdfeh of plats thidknesd Afindb ok réfaction) 4§ AuphtinOf
gl ass plates, each of a different conposition, to forma stack, which
is then fused dhatpatesit-ficiently high tenperature to '
4a cause interdiffys] f nts of.. the conposi,tion her e f.orm a
unitary gl ass body. Iﬂhd‘ggglg? tapﬁ{??g}?.%?sgﬁlfsemgy °%S§ t8ff8%f¢%i?’}sg%, ttﬂgr

l'inear, pargboldaSe, the desired profile may be fabricated, based on the weight of frit having a par- °
quadratic, cubic, etc., is achieved by control of the thicknesses and i ndex

of refractions ticular indexoerefiactiom égomositien).i Fuowing the dghsitys of haragticularrglass a

desired profil f abri : f | qul at.i f plate. .
b nast and aBfoipol APLE Abfson of Rty Ghufl e Soicn s e
I n anot her apprsabjebt ofh asent epplicatioy, Sdiall PR 08M41273) Gl MS1%)! 30K, add as-

this case, 5 "~ the desired profile may be fabricated, based on the weight
of frit having siensdie thesame assigese as the preggnt gpplication.on (conposition).
Knowi ng the,density . ' I cRMPOSi tio [ m t '
conver si onigf pl ate_ﬁ%p ‘@Séﬁag%%%? gﬁ?g'ﬁ?’nﬁ?‘gp p %@Pfﬁga%mgﬁbﬂsﬁgfatﬁfma
patent ap- glasglfritsab iadnffickeitlycigiNeempeBdtdre for 4 peridd bLEMYEY thbh cor@flledBd
assigned to the sanme assi gnee as the gresent application.

10

The unitary gl 238videdyplumlity,ef glass biauks, which rave theygiound iand pokishesl tesprovide

O “time 1 st hormsy & geliby s s byPtlbed sk Bl otmabapoh SRED AN el BpdRL”
of

whi ch are t hen wxpatidcombingtions tHepebff o0 provi de | enses. A variety

| ens surfaces may be forned, including piano, concave, and convex, and
combi nat i oAS t her eof . -

B. Optical Couplers/Collimators

The optical coupler/collimator 10 of the present invention is used for coupling
light from a light source 12 to a light collector 14. The optical coupler/collimator 10
comprises a single component 16 having a light entrance surface 18 and a light exit sur-
20 face 20 and an optical axis 22 therebetween. The single component 16 includes at least -
one axially graded index of refraction element 24.
| For comparison, a prior art optical collimator 28 comprising a plurality of ho--
mogeneous optical elements 30, 32, 34, 36, and 38 is required to collimate and circular-
. 'ize a beam 40 from a laser diode 42. The side and top views of the prior art optical col-
25 | JTimator 28 are depicted in FIGS. 1a and 1b, respectively. It will be immediately apparent
. that many opticétl components are required to collimate and circularize the beam 40,
Also for comparison, a prior art optical coupler 44 comprises a single radially-
graded optical element 46 for coupling light from the light source 12, such as a laser di-
. ode oran opﬁéal ﬁber, to the light detector 14, such as a fiber diode or a photodetector,
30  along the optical axis 22, as shown in FIG. 2a. Altemnatively, a prior art optical collima-
tor 48 comprises a single radially graded optical element 49 and collimates light from
the light source 12, again, such as a laser diode or optical fiber, as shown in FIG. 2b.

-
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THIS § - :
15 B. Optical Couplers/ Col'} I mat g%%igégBEEN ’L The opti cal
coupl er/ comasudt86 10 of the presem—tnventl | sed for ®CEMISPFLPTRA ght
froma light source 12 to a light collegtor 14, as shown in FIG 3. The
optical cou- pler/collimtor 10 cOnprises a single conmponent having a
| ight entrance surface 18 and a 20 light exit surface 20 and an optical
axi s 22 therebetween. The single conponent includes at ' east one
axially graded i ndexy of xiafi- ' r([s;mIll o For
conparison, a prior %%’“f‘)g’tt F‘g'g{lédggpﬁll"ﬁato l%gC%l})urlr‘grt?rsi ng a plurality of
honoge- neous The iaxially-graded rapticl Ocoupler/cAllimafs, 10aisd a 3ingls cormponent chntio

collimate and circularize a be A40 froma l.aser di ode 42.. The side
and top views ofoTECHA E‘Pn%fﬁ’f‘g‘@btm o Pﬁﬁ?%}m% eiﬁ"é"“ﬁ%“ hayang @ eqpvER
FIGS. 1a and L0ghefseine birfack 18 hland exit BEAL 20°kid (A BAHEN bois ke

opti cal conponents are required to collimate and citcularize the beam
40. 22. Abhamogencousgiasa blank witha sufficientlyrdifferpnt inddx aftorefrhction 44an that

R TET Ty o  CT  UI
fiber. to the | ki oBRa96! Gheddhl sl AematchbOR! ol oL pRriiP bRk a8t B

along the 30 - optical axis 22, as shown 1n FIG 2a. rnatively, a

prior art opti csufficddntlydifferent’ & meant that the differencedmindes ef refractionyisat leastiahbity

graded opti_cal epgrnt 49 dcollimates light fromthe L.igh source
o agar . 1Eon T2 Wil nal offirence it e splpyed e Backibhor theraresens et
1. Axially- G adgsh, Onigtertadfd\eitvel steice 18R duld be rRquired. Referring again
to FIG 3, the axially-graded optical coupler/collimator 10 is a single

conmponent and conpri spherieal sudades 1 8,54are jhined togetherp suchas vith 2 suitablecopsical

24 havi heri.cal t f 18 | It
surface 20, andoTEEoiHG PPORGH 0 Fis diset trom R endiniy sygacd A8 8118 s ebrfece
gl ass bl ank vi t 40 suchuthds ghe hickdéntlo ferehitinde eiced fo@bEPRLA péint bt exit sur-

that of the entrance 18 of the axially graded index el ement 50 has a pl ano

entrance s acfrcatp perfmasa cusing gowplersankddry degreasing thecrading ofwurmae pbthehe
. spheri cal et - t
Chat the fi 1 er ey st Kot ' exi B radeg inde o ibh Ucficy £ M masth 1 R"

Wil e a smal | erelbédied.ence may be enployed in the practice of the present
i nvention, a hi gher_radi us curved surface 18 woul d be required.

The spherical surf ac £he 1esulting axially; sraded roppleeallimatos lens %.SmﬁFaﬂt adyanptagise
optical ce- 15 ?%&gp?mgwgg%ﬁl Sfheldsytor SpHLitally YiedSsftREEE Bt are

surface 18 to i
20 readily apparent to those skilled in the art of lens design and fabrication. '

2, Biaxially-Graded Optical Coupler/Collimator

The biaxially-graded optical coupler 10 is a single component comprising a

biaxially graded index of refraction element 24" having 2 plano entrance surface 18 and
25 - either a convex, spherical, aspherical or cylindrical exit surface 20 and the ‘optical axis

22 therebetween, as depicted in FIG. 4a. The biaxially graded index of refraction ele-

ment 24' comprises two axially graded index of refraction sub-elements 56, 58. Each
sub-element 56, 58 has a gradient in index of refraction that begins at a lower value (L)
. onone surface and ends at a higher value (H) on an opposite surface, with both. the sub-
30 eclements joined together at the surfaces having the higher value of index of refraction.
The joined surfaces (H) are perpendicular to the entrance and exit surfaces 18, 20.

il



: - EENM :
such that light incident on thej Jﬂsa H::E};%:;SBCEJ focused to a point on
the exit sWa 29186 per f df =eoupl er andPCR/USRINSEESi ng
the radius of curvature of the convex sur- face 18 of the axially
graded i ndex of refraction elenment a coll i mating | ens i s enbodi ed.

The resulting axiall ade | er Il i matof |e as SI n|f|ca |
advant ages over 20 %egﬂlﬂ’blﬁﬁ%é}? eé h’ré’ﬁﬁ Iar}9° F%'at?li"ﬁ(
curved surface(ep, sﬁd%ﬁim%ﬁﬁntbﬁﬁﬁhw% aeoncave spherfRal, GéBheﬁ@altémﬁn&h' r Effraktive

the art of |ens design and fabricati on. Bi axi al | y- G aded
Qpti cal Coupl eremamq snsface 62 matched respectiveljhio the asivee) wlgnealeasphpncaa,adyhndn-

of Tef racti on RbPERIRGNERIIRRRPtIne biaflyBred indiy plicfation R, Wih Ui
con- . 5V €XpesptBiY iphetical ABPRGICAT &f c}flﬁxdﬁ?z’dl IsBifhdes Jbin&it idgefhidh faﬁ&%ﬁﬁ&oaa&
the optical axis 22 therebefween, depicted in FI'G

bi axi al Iy gr ademirfacié4 Iofthns@asead;ha mplﬂrdﬂém adengtly ftop its entrange surface 18 to its

axially graded index of ti.on, sub:e nts 56, 58. Eac su - el enent
56, 58 has a grSth suttace 2t Hght Fpgident, o Kok capte, fiFfage S POt on

| ower val ue (L)thgg,uoggfa%ysaace and ends at a higher 30 val ue (H on an
opposite surface, with both the sub-el enents joined together at the

surfaces having the Aibigrdal optical solimatordH) indepicséd inckliGo b, afidecomprisesithe biaxi-
s e (i AR S e IR o B

honpgeneous gl adifis 6f cufvat&e than that of StWéinént 201 dpickd in G 40 a concave,
spherical, aspherical, cylindrical, or diffractive en- 5 trance surface

62 matched respectively to the convex, spherical, aspherical, cylindrical,

or diffractiv |8 -graded index of refraction
element, wth the r:33w{fa\%ga“;%pide?ﬁ%%aigoﬁbg%pheri cal or cylindrical
surf aces j oi ned t ogeTinging WtoFIBSA 68-dend (7a by tHeaf@dOdally graded optichl¢duple2 16

the coupler 10 has .a_length fromits entrance surface 18 to its exit
surface 641Suchis a single comgponent, 24 comprising @ ayadaxiallycgradedhindex of refeastipn; element

f d I I
ocsed, L0 o POl kS s o8 0 4 B it sl 2 oA i
graded el errent tﬁérebet%en 2ReThea lgaxdaxidlly-gridded iadse of rdfractione mlenten?éonipmesatwo

smal | er radius of rvatuethanthat of the ele 24 depicted in
FIG 4a. blamlly'gfad“g afefg Fefaghion subrcleraenty £, i68aFa elgmept 66, 68 com-

Turning now t o SddSiwe gxially- éﬁﬂe@ﬁxdﬁi’ of hifachPdlbhal éléin&fté"ﬂ@,‘_%so&i{d 154, 158, re-

coupler 10 is
20  spectively, having a gradient in index of refraction that beginning at a lower value (L)

on one surface and ending at a higher value (H) on an opposite surface. The two sub-
sub-elements 56, 58 and 156, 158 are joined together at the surfaces having the higher -
value of index of refraction, the joined surfaces being perpendicular to the entrance and
exit surfaces 18, 20. The two biaxially graded index of reﬁacﬁon sub-elements 66, 68

25 | .are joined together along the ex1t surface 20' of one sub-element 66 to the entrance sur-
face 18' of another sub-element 68, thh one sub-element rotated 90° about the opucal
axis with respect to the other sub-element. The details of joining the two sub-elements
66, 68 are shown in FIGS. 7a (before joining) and 7b (after joining).

Light passing through the first sub-element 66 is focused to a line 70 having a

30 finite width, as shown in FIG. 6c. After passing through the second sub-element 68, the

" light is focused to a square 72, having a side length that is equal to the width of the line

[
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a single conponent 24 conpri si ng;-H'é?'ﬂ"g %ﬂjLaded i ndex of refraction®
el emrent haWn9$/19186 a pl ano 2 B and a pl apeTrrSot/1ge f ace
20.and the optical axis therebetween 22. The quadaxi al | y- graded

i ndex of refraction el ement conprises tw8 biaxially-graded i ndex of

refraction sub-fl enents 66, 68. Each sub-el ement 66, 68 conprises two-
axi al | y- graded T0-as shown g FIGo6d. ansgguently, the putpub fome thenlight Seurce 428 dnaiss,

158, respecti Ve%yi‘xm%&l'&ﬂmﬁ fﬂiﬁ'ﬁxekn i ndex of refraction that
0

begi nning at a IFower val ue on "one surface and ending at a higher

value (H) on an oppoﬁhbquadwdwhdmsnﬁ}ﬂadmfpglg-t&ubeﬁdﬁm?@ﬁeﬁ%d&%ﬁ@ﬂa%ﬁ,

158 are joined toget her at the sur s having the higher val ue of

i ndex of r ef r aclensodepitedbin; FGa dgwhishfsuffers from size, Ang progilecontroh diirculan focalospoty e

entrance and exjt rf: 0... The twa hbj axially graded i ndex 25 of
refraction gub@e@@ﬁ%‘?@@t%‘%@@g‘ﬁy&w iy g?’t‘?er along the exit surface
20" of one sub- el ement 66 to the entrance surface 18 of another

sub-el enent 68, with one sub-el enent ro- tated 90 about the optical
axis Wi th respect tontaw ofttheforegning legsasraf therhresent inventionfit pppearsrthat the pre-

the t b- el 8 j | GS. b i oI ni d .6b

1) S ke s i oy ekt
is focuse | BV RavdeSirfa : _ _

5c. After passidr?ga? ﬁr ough the gecond'ggg%gll%ﬁ%%ed\g%%t?%ﬁl g t\aﬁlg vaiue; $ith

8 fLloc usthel caveatethatoasaralle7 An ohilyrequiresa firgee olverallldnsisizet i s equal . to the
width of the line 70, as . sho |n, FIG 5d. Consequently, the output
fromthe |ight sourc® VE® W°ﬁtﬁﬁe‘e§%tﬂnéhfeam inclydss fae plaeement of diffragtive .

The quadaxi al |&fiRaI"RY¥a08 MR g%a% .t\%leh?’ ra§ﬂfl ' g
refraction lens™ 5 depi cted |r? I gog,gﬁ\i/vﬁ?g% su ?hgrs gék%}gla)zi%(?&ﬁf)r{mﬁac
profile controltioncélementsito provide additional alegrees of free@onstsi corrett foh thioniado abérya-
distributionlimtaﬁtio t he_ f oregoi ng, | enses_ of

S. .. . In a f .
the present i n}féq’n‘t e Rﬁetopgﬁd@.ﬁ}ssoﬁ%quvﬁéeﬁpg}{%fqnggonﬁgurauoap@p P&lq grogide
parabol i ¢ piOf i foffoc W&%iﬁxﬁaﬁ%ﬁ@fﬁ#ﬁt thibuph fleSbbvélichs 11%3!? bidiftbhdl Qirfen
concave 10 curved entrance surface. The An~enpl oyed nay be any reasonabl e
val ue, with 't hesiemadagh a lens couldbet formedrhy placingrthe diffractive elensent @ntooa given sur-

1] ize, . A i f additjongl
Feat ures | nel udees P sphsags of roniny ey fatdp teh couenfi ig the s axialy
onto the surfacgadediindsxchfeéfrdetionelRmeht ¥ atbiadallygradeddfaex st488actbn reréix{eﬁ:ﬁvitﬂn
or

el e- ments to provide additional degrees of freedomto correct
chromatic aber ratontigalnegegt thatchassn indax: of gefraction significantly diffevent dosr thabefithe

| ens confi guratj.ops r to provide for focusing and/or col I i mat+i on
of 1ight t%lrdoug‘?ggiga%age | enses in an additional dinension. Such a | ens
could . ' This permits the coupling of tunable lasers without changes in optical path dif-

ference (OPD) and provides the ability to focus light simultaneously in from two light

" sources in two or more directions: (a) through the optical axis; (b) at a 90° degree angle
from the optical axis; and (c) at a 45° angle to the optical axis as enabléd by the em-

.25 "inloyinent of the aforementioned diffractive and/or holographic optical elements. -
o " Additidnally, active materials whose refractive indices can be modulated to pro-

vide optically transparent signal or focal point switching functions may be added to the

lenses disclosed above.
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be fornmed b | acing the diffractive el emerit onto a given surface in the
subst ance OEW%BQ oxy material that is then cenent edPGHUBHTAIYROnher
axially graded index of refraction el enegt. of a biaxially graded
index of refraction elenment with an opticCal cenment that has an index of 20 -

refraction significantly differe a . . material .
This permts the coupling of tunﬁﬁpyq%ﬁmmhm@%es in optical path
differ- .ence (OPD) and provides the ability to focus |ight

simul taneously in fromtwo |ight sources intw or nore directions:
(a) through the opti The axsially-graded indexebapel deuplere and olliniatons afithe invention are
optical axis; and (c).a 45l err] .angl.e t .ne optical. axis as enabl| b
t he enpl oynent %peg.’tﬁé t&?nﬁ i @ﬁ%ﬂ%’ @HPMMBF%X@GPHJHB?%%;?@J
optical el ergnt giode light sources, lightdghittihg Aftldey, opiseldctEnitieFick! i
refractive, indices (_%gn be rmagt}xleat ed .go pr o’voi de o optci éaaﬁ?\yﬁteglgtnegp?gygsnt
si gnal or focal applications\obviohs tythbsmskilleshia this\artiin wichethetabsdnbe of emved surfaces
di scl osed above, . WD 98/,19186 . . .

PCT/ US97/ 19720 and airspaces and 11 which the aforementioned features of the pregent invention can be

| NDUSTRI AL APPL}, kd Befter control the behavior, The axi al | y-graded i ndex- based -

couplers and collTimators of the invention are expected to find use in
a variety of applications, particularly in conjunction with laser 5

di ode |ight, sources, i em tting. di odes, optoel egt.roni.c devi ces nd

i ntegrat ed joqs)ti cs Thus?%ﬁ ;13%%&8 j B -&rﬁﬁgéﬂtgﬂ%ﬂaﬁﬁﬁcqupquﬁpﬁi%qn
i n which the abeRflEbdfeadily Mprentiof B6RSkilled in tHS okt Hak RARS ThaPs biid Wi a-
the aforenmentioned features of the present invention can be app |eg
to better contr tens ¢fcarhebygusorature may be made, and athsuch changes andsmbdifinations are
di scl osed an axj - Of Ladex- d.coupl er/collimator. [t wi,l
be readily appa%%lﬁ{d\éfeg t? %@ggﬁ@% @Fggﬂ%%,? f@hﬁ&ﬁéﬂvﬁ%@%ﬁfl%dwﬁﬁg@egﬂ#
nodi fi ca- claimns of an obvi ous nature may be made, and all such

changes and nodifications are considered to fall within the scope of
t he presentl3 nvention, as defined by the appended clainms. 15




CLAI M5 What Is Claimed Is: - ° 5.0 7 1. An optical coupler for
coupl i ng | Wga8/1918m a | i ght source to a light coll ector, PCT/USQHI9120
optical coupler conprising a sin | e con?onent havi ng a plano l'i ght entrance
sur - t exit Qurface and an optical axis

t her ebet ween, awNBSHE§T@A§dﬁ%6- nent including at |east one aX|aIIy
graded i ndex r ef rRERUAGER| enedit, wher &GIPABMSH si n- gl e conponent
conprises a np ar 1y oraded | ndex of refraction elenment having a 10
convex, spherical entrance surface and a piano exit surface and said
optical axis tHwhatls Claimed Is2t ween, with a honobgeneous gl ass bl ank having a
pi ano entrance surface and a con- cave, spherical surface matched to
sai d convex, spherical surface, said spherical surfaces j oi ned

Looetner 81 coM oo oh) ufe B AhRIAE A A THGRIARRHLANER, bkl

foculsed ]'Eo a pcnam opmlalsemqbl?xbmpﬁﬁlng aﬁ!mg‘lae@nponent ha\?ng ﬁplanoI lllglt eftfarep tsiuc al
coupl er for coupling light froma |jght source to a_ |light collector,
sai d opti cal ofgfﬂ@% Bﬁﬁh&hrﬂléﬂ@%@mﬂ@ﬂs ar@ me@,ﬁméﬁmglwmpo-

entrance sur- an opti cal

t incluldffeS ﬁﬁﬂ g%.&? mﬁ&} P
axi s therebetmeen sal d-si1 ngl'e conpo* 8 ﬁﬁgﬁ ng aq | east one
axi ally graded i ndex of refractlon el enent mhereln sald si n- gle

conmponent corrprl ses i axi al | aded |ndex of ;refraction el ement having a
pi ano 0 entran ﬁ'lfr é&‘\‘&feé° Gikr E avherein said smels coraponept FQ#HPTFSG&FI

f
exit surface a%?@??’ggww index of reﬂ%ﬁuﬁntemﬁ@nl?%wgrh cotfef! Qhﬁzi

graded i ndex of el enent conprising t y gra Y
i ndex of reframuﬂhmmdmldammmsﬁamﬂqumsﬂmmmmMMbm;m@mh@n@nm
in 25 I ndex Ofagﬁ{l tlon that b a | ower value an one surface and

ends at a hi ghe# aving a pigpo,gn & Cave, sﬂﬁﬁrfg%ﬁlaac ed to

sub-el ement s | ojafiebrives Spheical burfRb,ts urfaces jGiA¥d &Bﬁ:d

val ue of index of ref ra?ﬁ on, said | gﬁggﬁé fsac%cs?sﬁer peﬂ%l ceﬂl ar t opept
entrance a8 exiavinga Ieag&s&om i8Entrance surface to3its Stieswrfite sudh thatlightincienCioni m
2 further incl Udlcp %m@eosnugﬁgeni%?gc%sgi t%séxspomt onlémd exit surface.

3. The optical coupler of Claim 1 wherein said single componeﬁt comprises a |
biaxially graded index of refraction element having a plano, spherical, or cylindrical en-
20  trance surface and 2 plano, spherical, or cylindrical exit surface and said optical axis
therebetween, said biaxially graded index of refraction element comprising two axially
_ graded mdex of refraction sub-elements each said sub-element having a gradient in in- |
~dex of reﬁ'actlon that beginning at a lower value on one surface and ending at a higher
~ value on an opposite surface, with both said sub-elements joined together at said sur-
.25 = faces havmg said higher value of index of refraction, said Jomed surfaces perpendlcular
‘ fosmdentranceandemtsurfaces

4. The optical coupler of Claim 3 further including a homogeneous glass blank
. secured to said biaxially-graded index of refraction element, said element having a con-
30 vex, sphencal, aspherical or a cylmdncal exit surface and said homogeneous glass blank

havmg (2) a concave, spherical, aspherical or a cylindrical entrance surface matched to
said convex, spherical, aspherical or cylindrical surface, said respective spherical, as-

e

- TR



secured to_said biaxiall y-gr d@ﬂsﬁﬁgﬁw\%%@r ﬂct ion elenment, said eI erment
havi ng a cHP 819186 /0y sphigri cal RERAAGER | cal llor a cylindri CURALY

surface and said honogeneous*glass blan having (a) a concave,
spheri cal , aspherical or a cylindri-<cal entrance surface mat ched to

sai d convex, splar RRRRET L’rﬁ-ﬂceﬁf f saig
el enment, said re- b spectlve sphreri caf’ (gr %#U%)&fﬁn%c %fcom-

sur f aces j oi necbdnegdldvmgabnﬁth(ﬂn)m&tsrdn&mm&urﬁce to its e)ﬁuuiﬁcesu&ahﬁth ht inci-
conponent having a | ength fromrts!ﬂ%trance syrface .to.its exit surface

such thatd a‘hﬁm FRtransn Surice isfogused £o apeigt on saidhedt suEfacecused to a
point on said exit surface. 5 4. An optical coupler for
coupling light froma light source to a light collector, said optical

coupl er comgrising &s. ﬂh@bmwbcmq)lbrrvfmﬁm mgvlmreﬁhamd dmgélbompbﬂi@ﬂ@emﬁﬂks a

.face and a piano lig exit. s e and an optr axi s therebetween, said
singl e conpo- quadaxi mmrémé a@wﬁ%ﬂmé awararglm@rezreacr serdaceand a

refraction el eﬁéﬁéj | nd%? if ?ﬂd%?ﬁcﬂ@s&%@ﬁ%gﬂﬁghm%eﬁmﬁ of

guadaxi al l'y gr raction e enen
entrance surf acefractibnoelpmentocomprisingutvoabiaxiallyl graded indéxi oftefrastion sub-elements,

t her ebet ween, said quadaxi al |y graded index of refraction el ement
conpri sing two %Phﬁ?ﬁﬁ?@feﬁmgﬂte@mm sub-sub ‘CWECWB ﬁu‘é’ﬁ‘{‘ﬁ glemsathaying a
each said b- eérﬁﬁﬁ@ﬁll in GHER',

sub- sub- el esllréent aving a groggéﬂeh%t I|Y\£rirmr§n ?&act I on t é‘"?%%d%‘% &

| ower val ue on % highenealseoh ax epposite mme,amﬂabdthghdrsubamhbjelem&nmpm@mgema
surface, wi th both, sai b- sub- ed.to her aid
surfaces havi ngaéardé"#dr@%iﬂvvgrsaéh&her@&ggm %frs Jome ar@c?scﬂeﬁ-ed
surfaces per pe“ﬁ’énﬂié'uﬁa& td Sai @hﬁan%@%ﬁ@@ﬁ?sﬁme@éhh t&Ur‘tﬁﬁrﬁQ& %r'i inld¥P o %erﬁ-ac-

bi axi al | y graded 1 ndex of refraction sub-elements Jo t oget

al ong an exit stiorf subeelarhemdsjpimditogether along| saidexit stmfaael oforter subeslernent ftaisaid eh-
anot her sub-el enment, one sub-el ement rotated 90 about said optj_cal
axi s Wi th s pelance Supee of RORE Hbr<lefstie 0B SHp.clement Fotated 907 about sald eptical

axis with respect to the other said sub-element.
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