WD 01/ 46617 PCT/ US00/ 33512 COLOR CORRECTI ON FOR FI BER OPTI C | LLUM NATI ON
SYSTEMS Ej e the I nvention The present invention relat i ber
optic il W{?ﬁqlagﬁﬁon system general |y used during 5 nedi cgticelsﬁ%?@égﬁﬁ es.
Background of the Invention During surgery, illumnation is provided to
clarify the doctor's view It is inportant for the illumnation to have a

suf fi ci entedi, GRICORRIIYTION FOR FIBERGPHE HILURINATION $Y STEMSO! or 10
rendering 1Thdex value. The illumnation is typically provided by a |anp
situated inside the illumnator with Iight directed to the surgical site
by tt}lel se of aer];tiiotl)ler bundl e. Hal ogen | anps have been used in the past for
such #ﬁﬁﬁ%ﬁl&—wstens. They are low cost, but the anobunt of light is
usual |y | qag pidsa ilesiisrediaando & fereptionlhanpienatuee gereralsuakd yurngw.  Hi gher
end systens using xenon arc |lanp provide a nore desirable color

t efrpencitiont procidiresh is 15 al npst the same as sunlight, and sufficient anount
of light. The drawback is that these systens tend to be expensive due to

the lowintrinsic efficiency of the lanmp and the required conpl ex and
expergdckerdaaldlofishie InVedtidn hal i de and nercury | anps are al so used for such

pur poses due to the  higher efficiency, of. the | anps. congpared to xenon

| anps, abdl¥ing Syrgers. il t‘ﬁﬁﬂsé’r%‘flfj‘?‘goérlﬁn,fy gﬁcﬁlo"tggpélefvegﬁffr?poﬁia%fé&e a | ower
cost h(“él iNAbRYo hR @ aRufictedt AR ehs 8y Bfthd bRredBioir thabdralgreandtelor Mer cury

i nsi c}e ischarge bulb, the output “spectrum contains sharp spectral spikes,
witd c hemtering spdenvalto Thedllohinatien istynically profidadiy atamp sitegtesd ingidedte The ef f ect
of these. spi kes.char.ge he characteristic put in terns of the
col or‘ﬁwfl éWétf‘&ﬁggt ‘51%1%?68?&&381“ i/cagsrllt bggéeotrls rog%gie)%ieor‘fgglltehdex. Wile filters
have been p56dn idng¥Rhadd bechakddle ettt By SucR Mburhifatondysrels. They aolwy

tenperature of the output, the chromaticity and color 25 r end]g]i ng i ndex
are |castgbutyhersaguag pllight Kusually lpssithan depirgdandplee eodptiterBeratiis iHpeehow nvent i on

to pr 1%%%%{1%%5%4&53%}&%%&%@% ?’%ﬁ%&%&ﬁ?h mdré"ﬁés 88 cAoLRIPEratPs, WEEdIiON System

such spikes I n their spectra, such as
mes$ al aliadt itttbesama np surdighlt, amd sufifi oferlt ampsnyt df Egloto rlihe dtasmdbatlois phrad tieskesylsfegist  out put

with the desired color tenperature, .chropmticity,, and color rendering
| ndexeIoRPeRPeasive B BAts ISWHBTNE G TR 7! e RIS Begured complex dnd

expensive ballast. Metal halide and mercury lamps are also used for such purposes due to the

higher efficiency of the lamps compared to xenon lamps, about 2 to 3 times more efficient, and
as a result, provide a lower cost illuminator.

20 Due to the use of the metal halide and/or mercury inside discharge bulb, the output
spectrum contains sharp spectral spikes, which correspond to the characteristics of the materials
used. The effect of these spikes changes the characteristics of the output in terms of the color
temperature, chromaticity and color rendering index. While filters have been used in metal
halide lamp systems to correct the color temperature of the output, the chromaticity and color

25 rendering index are largely neglected.

Accordingly, it is the goal of the present invention to provide an illumination system that
includes a color correction system such that the output of the lamps with spikes in their spectra,
such as metal halide lamps and mercury lamps, be corrected to provide light output with the
desired color temperature, chromaticity, and color rendering index [“CRI”] at low cost.

30



Sunmmary of the Invention To achieve this goal, the present invention
provides a fiber optic illumnator for use at a surgical area to provide
suf fici eMO /486l energy having the desired characteristi cRCHUSaIBSR | i ght
in terns of color tenperature, chromaticity, and CRI such that the
critical features at the surgical 5 site can be clearly viewed. The
illum nator corrprl ses a high efficiency arc lanp usually with spikes in

t he obu Ary pield angiel condensi ng and col | ecting systems for focusing the
light emjte ARIoR pRRid b RbEr HH1AIEm RbtoP Wik aifdl DErs. In
between th o%{’rc &%@ﬁ%ﬂgﬁy ut fp%t])/ér op terJﬁ#S an optol ca{l f?lat ering

Syst eirgivdl hretah@protvhle smﬁl'tcmut light enehgy baving thcrpesmedi thdpecteristich ¢fi \eldtetltghplmoduce an

output at the fiber optic Wlthth S|re aract istic 10 Brj
Descrieﬁfm efrrolr tet’?fé’*’ﬁ“ﬁvﬁhi‘i atjeftyy an F§P@R‘ ﬁ m?téca §%‘ﬁeér?gmec§m§f°§ ram of a

R% sife! dff be ﬁgéﬂgp\lnb\!védj NFHRa% Qhindot Borﬁpnd@@ﬁ analekicidey bRah@p usillGwith (PRI OR

I's a sc di agram of a known fiber optic illumnator with a 15
el | i pigikelin thefobeaut pestrEh @d @nieRirgRodRTecting sys@@ﬁefmaﬁomesnw tégnhahh of a known

fiber opti um nat or _wi t Xi S t9roi gat 4A is a

di agr &RtEE %P L%ﬂé&‘?%ﬂ?%?‘nﬁmp%qugg{e 0?8\“8‘“ eéscgglgg VT a% A 1 v%d th col or

t enpefatouipft Mer 5&(@@15'&1 oBtQ:aFﬁﬁem&%ythm%u&H tﬂgrtmmﬁuttdﬂﬁle%@mhfpimnafe a white

| i ght source wit nlformoutfﬁg power; FIG 5 (PRIOR ART) is a diagram of
ro

t he ombgified syrredycaan oBtPEL atyhs phi WiIth tgdpred charpcterisicss 6 is a di agram of
tn@ spectral transmttance of an optical filter in accordance with an
odi nent of this invention; FIG 7 is a diagram of the output spectrum of

e
t he nBfief Déekiptien bfsie rhwiigs. 5 after 25 filtering with the optical filter
of FIG 6; FIG 8 is a graph showpg the_c ICIt oordlnat and the
correl at edFI@oIlé?RIQI%ﬁ“ng Ay EB%E‘EJQ"YH%‘ lﬂm‘?a@‘ﬂt“" AR)
white Ar&&ﬂ ﬁ(\w;a nmetal halide |anp and netal halide |anp after
filtefd ng ZL' 'FIG 9A is a graph ShOWI ng the rel ationship of CRI to |ong

wavel engt hFIGoR ¢PRIGK AR8dD) srecehemBE dideGm 082 koven firen phticlowminagortvith a

rel ati gnship _of color tenperature to | ong wavel ength
15 elhpt?cal r%ﬂector al g9 g

FIG. 3 (PRIOR ART) is a schematic diagram of a known fiber optic illuminator with an
off-axis toroidal reflector;
FIG. 4A is a diagram of the spectrum of a typical solar black body radiation with color
temperature of 5500 °K;
20 FIG. 4B is a diagram of the spectrum of a white light source with uniform output power;
FIG. 5 (PRIOR ART) is a diagram of the output spectrum of a typical metal halide lamp;
FIG. 6 is a diagram of the spectral transmittance of an optical filter in accordance with an
embodiment of this invention;
FIG. 7 is a diagram of the output spectrum of the metal halide lamp of FIG. 5 after
25 filtering with the optical filter of FIG. 6;
FIG. 8 is a graph showing the chromaticity coordinates and the correlated color
temperatures showing coordinates of sunlight (SOLAR), white light (WHITE), metal halide lamp

(MH), and metal halide lamp after filtering (FMH).
FIG. 9A is a graph showing the relationship of CRI to long wavelength notch reflectance;

30 FIG. 9B is a graph showing the relationship of color temperature to long wavelength

notch reflectance.



notch reflectance. 2 WO 01/46617 PCTIUSOO 33512 FIG 10 is the schematic

di agram W‘ (ﬁp6g)lf7f-axi s illumnator with a flat optical filter in_accordance
with an enhodHent of the present invention; and FIG 11 FEY§83 8 hemat i ¢
di agram of an off-axis illum nator with a curved filter in accordance with

an enbodi rent of the present invention. 5 Detailed Description O The
Preferred inents FIL.G .1 11]ust - i Rﬁﬁg of a
comon fi B%gpg(g’tsiﬁ&e Slcfsl‘i:rﬂarﬁcnd<'§ﬁ1g(r)€lrrlll Qﬁ%\/\%ﬁ??ﬁ? 11%%2&6?%\%?@%1? IC %Qﬁﬁ ﬁlst rat ed
i || urdcBgtisHce inith@i c@iboditicat ofid plasent mverafoheaddor i1 umi nation system 200

that conprises a |ight source 10, a primary reflector 40(131 wi th a parabolic
shape, a fB6usl lgheigherasis dagmam ghen offragis ilBimingtonaith 4 gyrved BT Bependi ng on
the appli.cati om,.  |.i . R vBRionchosen froma group of |anps that
i ncl u%g%rd%\na%gﬁ@nanae?%!aamnge%{gﬁgeé‘g%on g?f:t\l,oné nmetal halide arc, or a hal ogen
| agp. In the illum nation system 200, the em ssion area of the |ight source
10 is _placed on the aoptical_ axis 80 at the focus of the parabolic reflector
40a, RetaiedDescriptign Of Thefxeferred mhodiments, o The parabolic reflector 40a
may be coghgd; ifispkies GE Sidrhatlcbipb@htsegh coRhodifibefi@sicliBénindfr Wasial @ngt hs.

For example, in visible applications, a cold coating nmay be used to

t r ansthe psorldvt. dind illusfratad dtiminatpris po pn-exisipardhglic refectpiillnmanagion AGEEM| r ect s

only the visibl.e portion of.the.spectyum ,as t . paral | el
out pA003tegmpises Aiah{ Bl P IR G e a5 e B eni o ERERET 2 %210
0AhO (e 10NN dutge fib&Ripti€ 66 ODefdehfing 3n sHeQipplitdion divht saisealltiroay 8  an
on-axis, elliptical reflector illunination system 300. Zg&gﬂe illum nation

syst eshoSoCTam agrosn of [ampsthag Hcludey 3 ¥OER ATCAEICHE ¥RPRAE HEetatglidgatcy gt 20.
The m, Ssi Qn_ar O: e . i l.ae t j {3 80 at one
f ocus? aflogteﬁgam 'II:Sp ellfl:haﬂgj %Pél?%éet%g%dozgﬁ egrg%@ngageaodgﬁ%ﬂ?é q‘t ig(l%}le“r:ea?c?plt§ ic 60 is
pl aceslad ohlie: opiitalaals 88t the Gtuabf thh parabdierrefiatargiOafcausingthe okippt 2&cial

reflector 40b, Dependi ng qn the appl.ications, the.surface of .the.elliptical
ot | crncottimatesy T posabol Ao OB e GPaiF et eat AT RFS S e o5 Bot
the bnk UR3 ek 10 RRAB G RMcdatihpfiay Bt askditd thhdahis tvand 2
hg\gjewwng{gmﬂ%ﬁ%h%@tﬂg%ﬁt h(la magni f(i:c?alt?pnyof t he Sésteris is larger
t han shdanithrechatiatibresuchalupt itfeireficton 40z dlaastreanlybe Nisdigpertion pfide seegtisng t he
bri g ha;[sr{l?es gutl())lIt 2b.h The Ililérgllljetl oLt%gt%elg 2R %cuZeOd into a smaller spot 70 by the focusing

lens 210 onto the output fiber optic 60.

FIG. 2 shows the configuration of an on-axis, elliptical reflector illumination system 300.

20 The illumination system 300 uses an elliptical reflector 40b to direct optical output 20. The
emission area of the lamp 10 is placed on the optical axis 80 at one focus of the elliptical
reflector 40b and the output fiber optic 60 is placed on the optical axis 80 at the other focus of
the elliptical reflector 40b. Depending on the applications, the surface of the elliptical reflector
40b can also be coated accordingly, as described above.

25 Both the known illumination systems 200 and 300 illustrated in FIGS. 1 and 2 have the
common drawbacks that the magnification of the systems is larger than 1 and that the
magnification changes with angle, thus reducing the brightness of the output focused spot 70.

FIG. 3 illustrates a known off-axis illumination system 400 in which the emission area is
imaged onto the output fiber optic 60 by the primary reflector 40 with a magnification that is

30 approximately 1 and is substantially constant over all angles, thus preserving the brightness of

the output 20 at the focused output spot 70. Accordingly, the off-axis illumination system 400

(#8)



FIG 3 illustrates a known off-axis illum nation system 400 in which the
em ssion area is inmaged onto the output fiber optic 60 by the primry

refl ect oWQL0l/446Y7"h a nmagni fication that is 30 approxi mat el pCT/Us0UB3512
substantially constant over all angles, thus preserving the brightness of
the output 20 at the focused output spot 70. Accordingly, the off-axis
illum nation system 400 WO 01/46617 PCT/ USO0Q/ 3351 h a_hi gher out put

{ han paigkes Py PHOBET PREEY SRR S RIS TP 10 Rl Ly ot

smal | . etendue. In the off-axis illumnation system 400, the output 20 can
be further increased by including a retro-reflector 50 as shown in FIG 3.
The r et r o- Inghé effiasis ibOninatidnesystemt4Re, the gupuicif qap bg furthepinciepwd ®¥posi t e si de

of the primary mryor in the djrectd f to the
r ef | elCEHEE; arf%l?%'éef[?ﬁt-oégé)gs TPPO AR ﬁ%‘i'i’o#}‘gg‘? Oéﬁglggﬁlgwa[ﬁgécé%tgeg stdrprnll it above,
ther QJth@&%I%ﬁe 48 §Me pdBaty initbe4®f thediratioh bk baplor). Sistleno4R0 may al so
be coated to selecti v.efy. transmt and reflect specific radiation ranges.

To unddiestomrin thetra-axissilaminatipeyistegrs 200 gpd 300qaseribed abowswihe reflectont landspect r um
of a ical .. 10 .hl ack..ho inal | i ; of
5500k BB Pt TR B A5 S e o B o e e e L 1 r om
di r ectpesiielrh@iMon réhdebough the out put radiation of the 5500K black body

radi ation source is not the sane_a el engths, the col ar renderin
. ¢ heTommemRadohe Hotl Fer o lepe £l G4 Tors M BT P FUB e 0 8P the.
origi pal | | et 080Dy efhishhiell Opbetrim aldoG 4B
Shfé)gmBﬁﬁ%ﬁgdg%ﬁ?ﬁénp%gﬁe%@%p lo\aﬁéint?%}almilﬂs%tf gi n Wniyrch t‘ﬁqe pO\?\[/Be:brc ' IS aconst ant

over tdpeesents thebhpus peaturedrfronTdicect sindight eifhongh the euipnt rafiation efithe sour ce
illTustrated in FIG 4B is calculated to he 54 I .endering

i ndex >0 g@li%)%Odmd&ﬂloﬁﬁ%‘f{ge’tsﬁ‘é{f&if R %Egla@rwag'F l%?%teh(s g%jdcé’gogsr |dle’ILu?#n nated with
such ?ndgjc,gﬁ'é mSRHFCSE hoin WelRespatifi@ Miumingtfch peaeies g otiginst @hdasth Vieghd sour ce
produced by the black body radiation of FIG 4A. Illum nations within, and

cl oseobjest, 5H88% hywsfinitign.poi nt s are consi dered to be good illumnations. In

general , t var i il l i LA+L PLIS i ture on
o B0 MRV R BRLE0RS LBt D f SAIAMAINE: bRtk SUB%4
i ndi stispaipshalh eThe ebraanperatiteat theAigh sompee itlygpmtedfin FEH#BLIS calsulated tacenon

e |80 T Sorslaie S0 B Bl o atode i, en g Sl w th
cut . gy BRI iy P il diseon i
produced by the black body radiation of FIG. 4A. Illuminations within, and close to, these two
20 points are considered to be good illuminations. In general, the various illuminations in this
region have color temperature on the order of 5500°K and CRI of over 85% and are practically
indistinguishable from each other.
A common type of lamp 10 is the xenon arc lamp. It consists of a bulb with an anode and
cathode filled with xenon gas at higil pressure. When the lamp is ignited with a electric current
25  through the gas, an arc is formed emitting radiation with output that is nearly uniform across the
visible spectrum having good color temperature and color rendering index. The output of the
xenon bulb is very close to those of white light or sunlight, with a color temperature of about
6200°K and chromaticity coordinates of X = 0.30, and Y = 0.30, and CRI of approximately 0.93.
Although the output characteristics of xenon lamps are very desirable in general, the
30 disadvantages of using xenon lamps for illumination are the intrinsic low efficiency of the bulbs

in converting electrical power into optical outputs and the relatively high costs of the lamps and

the associated ballasts.



vi si bl e spectrum havi ng good col or tenperature and col or rendering index.
The output of the xenon bulb is very close to those of white |ight or
sunl i ght WOWY49%% col or tenperature of about 6200K and chP@RESI0EBEIE
coordinates of X = 0.30, and Y = 0.30, and CRl of approxi mately '0.93.

Al t hough the output characteristics of xenon | anps are very desirable in

general, the 30 di sadvantdz;lges of us{i)ng xenon {l?glr{fﬁ for i||l}lé”'[1' natjon are the
intrinsi cFedugher eifcicaneinddp VEHESHRPHETIONs, Me) PRl AgPLA 8 SR X 4% omer i nt o
opti ¢al. 2, | YehM fhal 608dpanQf ustidl® hadpsatiasd the

Dl Bip Pt R otchch B sl Y Ghal) by SORIAANGI bl tnad! gher effi ci ency

and hevery, coditmagpl arcatiodursd imethglbulba|Thdse smatipenoants of dopantsprogdel. To

increase the efficiency of .the |anps. a small anount. qof sual |y
o5 aRddEpr Eetiomanedy Jevels bR R PR e uc AR R ool SORR D B S| LY
sr@l | arpiekonOh (RORBBLD o bR didht dnefigl The ansibhélon tknéspey bldvel s in
t he em ssion process producing efficient electron quantum5 | evel

t r ansd thatahsesitn lighbingpducsuihp spesirpribangeterisiss af thegrioratidrgstionthdn dr anback to

t he doped byl bs . is.th ' i, nt :

char & léﬁﬁﬁ?e(?béﬂbgfe n’tl%lcla@ge%g a‘%’?g{n?rglﬁg?ﬁegﬁg&%%g?? H&gmﬁg&@hﬁ ﬁ% bul bs enit

i ghbu@n@is%ikﬁ@mctﬁmgeﬁ&m at Asanimit spesavelofagtticl tead haljpledattsis ishmIthe |

out put "as spi kes in_the spectrum An output spectrum a typi net a

hal i deFulSh The maipdiFferenes hepygendnis ﬁﬂ?@t%iﬁﬁg mefsg‘@?@ﬁ’égfﬁe(l}vﬁé%%ﬁft‘ﬁf ¥ spectrum
he 8 fggﬁ( a ' It sembRlLNe §pikes s9Pb ke 500b and

gﬁggEheleﬁﬂs?%géép ctegé(r)]@o@délﬁ%' %,C{h{lﬁjg%%unirggz spi kes _500%l iSn t he f)l ue

r egi Bhe@égibhef thpgetrumanhd spikepilRe s BOQren regidre Thespikes wrgiebectiviie spi kes

are effectively extra light provided at the . certain vel engt hs and

ot of exenat P ershue fwd e Bee SRR rptong FapRls O SrEnt e 0 gi na
col or,6anh QitorChe ioﬁ%iﬂﬁ'li JORY: 86ht@Rjo€ Blushinald ¢bj&®. OThichiosdrtididi@bn aldrethe t he
appearance an object. For exanple, during surgery on a patient, this

i | | uappeatanomamebyect abiereexample cdtuing suRey o anagenfethisdllypipaten BRYFAEE The
coyrespondj .characteristi.c f ] | y have
b oFe P leREi G b E b oy bRt BarlRedlS o AR HIRC Y

coor giRhRsalRhave ol6k t3hperatet iX tiv Bn@fSHDSIK  iapprbkiGatBchranaticityCRI i n t he

nei ghbor hood of 68% To_achieve optical output with sufficient |ight energy
vt eiRetes e SR ki SR = § S HErRIDFLL: % ARGRART 8 9 ne i herriesd coels

ow cost,

the P esert LRUSoN B AV e Sl Nl kLR 20 (WELAm dAG having a |1 ght

source 10 and pants, a systemfor coupling |ight from
t he anSperamp, dhndmatiity cutl SR af lolperoso fteiprgsentrinveatiomproiislas a flluntieatioB0 pl aced
bZeOt VE)?SQentl r1]8)0 l?a{v?ngl aal%t ?guq’ce 10 filled with gas and dopants, a system for coupling light from
the arc lamp into an output fiber optic. and an optical filter 30 placed between the arc lamp and
the output fiber optic.
FIG. 6 illustrates the characteristics of an exemplary optical filter 30 used in an
embodiment of the present invention. The filter is designed to transmits light at various
25 wavelengths and to attenuate the light energy to modify the output of the spectrum of the lamp
10, as seen in attenuation peaks 600b and 600g that correspond to spikes 500b and 500g. The
basic function of the filter 30 is to attenuate the excess power at the spikes 500b and 500g while
maintaining a minimum change in the rest of the spectrum. The spectrum of output of the metal
halide lamp of FIG. 5 after filtering is shown in FIG. 7, illustrating the reduction of the spikes
30 500b and 500g. In particular, post-filter spikes 550b and 550g are far smaller than original
spikes 500b and 500g. FIG. 8 shows the chromaticity of the output of the lamp 10 before and

after filtering. After filtering, the chromaticity is between the white light (WHITE) and black

n



the output fiber optic. FIG 6 illustrates the characteristics of an
exenpl arxvo%ﬁi cal filter 30 used in an enbodi nent of the present

i nventi oWO 61 [ ter is designed to transmits |ight at VvBETHE8/33512

wavel engths and to attenuate the |light energy to nodify the output of the
spectrumof the lanp 10, as seen in attenuation peaks 600b and 600g t hat

correspond to spikes_500b a 5Q00g9. The .basic function of the filter 30 is
o ot tednsciston Sk BB Fsndbe ST tiRdeERe kUEN stptiiiey Sondranfipim of

mai nt Al A ReMdge, MM change in the rest of the spectrum The spectrum of
output of the netal halide lanp of FIG 5 after filtering is shown in FIG

7, i1l ustr&@GA stvavsrteeleminiigaiionfof the Rlpieesncgion spopakargiosbe flter by

particul ar, post-filter spikes 55 ] . i gi nal
e e T S s e L R T R
lanp 1hBrhehe FRR®B sbive thefdpkitriZatiog of e telbr feiptrturé) gFroththesehr omaticity is

between the white |ight (WHH TE) and black 5 WO 01/46617 PCT/ USCD/ 33512
body roptimizaiions, thedesifRy agenustian Curkeolise Slercan be AtFFINGH 8% shQ¥ndaF K Gt ed from
the spectr of | - % hovs.ihes Stdarh&abi@p of the
CRI perfor erf.eﬂa flconluﬁt%ersralﬁ ﬁlé&%cflﬁlyﬁglé?lfﬁ}gﬁenﬁﬁoﬁgh n%i ng ?ﬁ% g&n%ﬁnt of

at t enyésearinventibh eTHis binbodimietplaceshe tight soutch ¢0 bifltheoptivgl axis §0heA Hlome and

reen 5 wavel ength. FI 9B shows ,th ptim zation, of. the color
D evmorest A1 ke e s A Do e the PRkt e pDg Taf et dReFerHur ve of the
Fihg erpl%@? fl{)dgle%?ﬁﬁ_rfgéi A€ the t@r%uﬁhgr\lmanﬂy Reffecfar 46 withfdhdButgld fbduk betes the

filtere m nati on system 100 i aﬂpreferred enbodi nent of the present
i nventthootherThéus. Enbindieassd oupput tesretroreetlerigh$O may be plagq neps the fpnpplft pbal axi s

80. A short . ar. 70 Wnetal,hali,de arc |a he |.i ght
sourc éﬁ?L@Ppoﬁ*FFes“?ﬁ %ﬁ% Hyhe éeffﬁ%lr g g’fﬁ&pﬁlﬁtc%g’g é’?ﬁ% n gﬁ’cl# ﬁ%ﬁez 6?& c())t(r:rl1 %S:J Tthe
t or oi dglircB b (irtcte@tdvrsd e réilecitr 4. Bbwveonithp butphousRd ssRTL akdttet  t he ot her
focus. For increased output, the retro-reflector 50 nmay | aced near the

be
| anp I@imagy reflegter isps 40t aliligrda ipused prompdifinthe yoscapmed thyyousmt 89 QEWet hat nore
of .t he. t i ' j j t he
et edlad e 1 Abinghuh Mpcob AL s U i bEuRl RPEABR DOMRLES cot or
m rr orligh®20 forhithd fotusdd spat 70 sethe botpoofibiel pptidEd. SPedtbeuoptizf60tused muthjpuase20 of
the 15 1ight source 1? he outpuH.focused spot 70, a fused bundl e may

LAt
be usddPEFRNHI S MRS *B%hggd“th loyHReluee empErE f ocused spot 70 to the
out put i belor AL ?O Gfide WitR nfulfRelyePREleErib CodtinBs thaTiliching chB8®eristis iPr ef erably

a l.5 mmplastic fiber with low nelting tenperature.

dependent on the angle of incidence, with gradual changes at small angles and rapid changes at

20 larger angles. In one embodiment, the filter 30 has a multi-layer dielectric coating on top of a
glass substrate. The change in the filtering characteristics with angle will show up in the output
as non-uniform color that changes in the radial direction. The filtering response shifts to shorter
wavelengths as incidence angle increases, known as "blue shift". The angular dependence is
given approximately by

25 AL/ dy=(6,)*/2(n")
where AA is the change in wavelength, 9, is the angle of incidence in radians, n" is the effective
refractive index of the dielectric filter, and A, is the peak response wavelength at 0 degree
incidence. Wavelength shift is therefore a second order function of incidence angle and
refractive index.

30 For a flat filter 30 at distance D from the focus, the 0!, angle of incidence on the filter is

0, = arctan (H/D),

where H is the ray intercept height, as illustrated in FIG. 11.



For filters 30 made with nulti-layer dielectric coatings, the filtering
char act ewos&limg 1i7s dependent on the angle of incidence, with gradual
changes at AR angl es and rapid changes at 20 | arger aprfﬁll'"é 03312 one
enbodi nent, the filter 30 has a nulti-layer dielectric coating on top of a
gl ass substrate. The change in the filtering characteristics wth angle
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not at thegouirpidh (FLODWAGYetarcéh (HIR) s makes uniform coating fabrication
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| i ght wanelenieinstéft amgbeeliminsted.ay hei ght His given by 8, = arctan (H (D SAG)

- aresin |1;/Iva|§2mizing n" by selecting high index coating materials such as TiO, and Ta,0, also

serves to minimize the wavelength shift with angle. The use of such high index materials can
reduce the effects of angle by as much as 1/3 or more.

20 | For high power applications, a homogenizer 75 made of a fused fiber bundle, may be
placed at the focused spot 70 in front of the output fiber optic 60. The fused fiber bundle can
also be replaced by a round cladded rod. Depending on applications, a compound cladded rod, a
rod with polygonal cross-section, and a compound cladded rod or fused bundie with polygonal
cross-section can be used as the homogenizer 75 to homogenize the output intensity profile.

25 Further output improvements can also be made by tapering these components either from
small input end to a larger output end, or vise versa. The tapering effectively changes the area to
numerical aperture combination, thus allowing the designer to match the output of the focused
light better to the particular fiber optic 60 thus increasing the total final output of the system.

In other applications, the output fiber optic 60 can be a fiber bundle or a large core fiber.

30 Fiber bundles are commonly available in approximately 3 mm and 5 mm diameters. Fiber
bundles of these sizes are used for general illuminations, surgical headlights, and endoscope

illuminations. Large core fibers may range in diameter from approximately 3 mm up to about 18



where SAG = (R (R2-H2)'), such that the incidence angle for any given ray
height His reduced. 15 By setting Rclose to D, but keeping aresin(H R)<
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Maxi m zing n° by selecting high index coating materials such as Ti 02 and
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10 be limted to such details as have been set forth except as may be
necessitated by the clains. The invention having been thus described, it
will be p@r46t? to those skilled in the art that the enbodusmenssazof the
invention may be varied and nodified in many ways w t hout departing from
the spirit and scope of the invention. Therefore, any and all such

nodi fications are intended to be _included within the scope of the

fol lowing claims. 15 8 WO 01/ 466£LAM8 Usoo 33512 CLAIMS 1. A fiber optic
illumnnation s LSLPhg: anp. filled with gas and dopants,
said arc :larrp é?n{bt:%ﬂpﬁ%qﬁ'ﬁ% .mﬁlasvy?ﬂ%gla%ﬁ?:?%g?r um wth spikes which are

char act er g hrc Canpfillawith gepaddspants, said eptiacmemiyisg light havingosgecirarg | i ght
fromsaid arc | anp into an. ou}g#% fiber optic system and a filter
appamatspikes which afsebireelgrisics g d9P3RS: and sai d output fiber optic system
such _t hat, sih SRRA!HHBRing Bl dohoia ATIERM DN A igepliasuds, modi f1 ed
to provide a chromaticity and a color rendering index substantially equal
to thad of white light. 10 2. The fiber optic illum nation systemof claim

1 wherein id dopants are selected . from.a_gr .St 0, t al

hal i de ana% ?B?{}msgfacﬁgetweﬁ’eﬁmdoaﬁ jamp, alnflﬁarlhg HJ@?&@%?E‘?@%@P sf:uflg?m 1

wher i sajﬁgﬂ:cﬁ}@rﬁ of SaiX B PREmittedbysaidldre lahipie modfleti Co plokideiaratoneiticisy st em of
claiml erein said optical systemis an off-axis reflector system 5.
The fhdecoloptenderinglindex sabstantialdy equakiodhat of whits Helkher ei n sai d optical system
is an 20 on-axis reflector system 6. The fiber optic illumnation system
of® claim 1 wherein said output fiber optic systemis a single fiber. 25 7.
The fi ber 20pt i Thd fibet@bhiailiuaninasiys semenobf dhiai hwhenaineridi dopsms areseleged i ber

optic systemis a fiber pundle.
P from a)ll group consisting of metal halige and mercury.

=,

3. The fiber optic illumination system of claim 1 wherein said gas is xenon.

15
4. The fiber optic illumination system of claim 1 wherein said optical system is an

off-axis reflector system.

5. The fiber optic illumination system of claim 1 wherein said optical system is an

20 on-axis reflector system.

6. The fiber optic illumination system of claim 1 wherein said output fiber optic

system is a single fiber.

25 7. The fiber optic illumination system of claim 1 wherein said output fiber optic

system is a fiber bundle.

8. The fiber optic illumination system of claim 1 wherein said filter apparatus

consists of one or more filters such that said spikes in said spectrum are diminished.

30

9. The fiber optic illumination of claim 1 wherein said filter apparatus is a filter on a

curved substrate.



8. The fiber optic illum nation systemof claim1l wherein said filter
apparatus consists of one or nore filters such that said spikes in said
spect r umve @1/46611i ni shed. 30 9. The fiber optic illum natipeT/Us003512mM |
wherein said filter apparatus is a filter on a curved substrate. 9 WO

01/ 46617 PCT/ USO0/ 33512 10. The fiber optic illumnation of claiml
wherein said filter apparatus is a filter on a flat substrate. 11. The
fiber optil®.il | The fiter ppue iWimolatipmefrlajmel whereioanid fdigr yrpgratushis & fiiereontas a
radius 5 of curvature greater than the di stance between said substrate and
sai d %ﬁﬁwﬁFmFiber optic system 12. The fiber optic illumnation of claim
1 wherein said filter apparatus is part of said optical systemfor

coupling. 10 13. The fiber optic illum nation systemof clajm1l erein
sai d chront i ciTihg fibemsoptie dibainatianef cm&wquaﬁql%méﬁ Jubptgptehas a raqiusy g y =

.33, 14. The fib o LLLuminaLi fy S 2 g ¥
I’egde? -%Jévaflﬁ%j%r;?atg{ tg%?{nh'e?ihﬁgncygétal d Sl s?%?&g (asalﬁ f@%ﬁ ﬁ?_ég%?’%@'sg_kte?r@' col or

e range between . an he fi ber
optic illumnation systemof claim1 further conprises a honogenizer wth
an input end and an output end. pl aced hetween sai.d optical .system.and said
ot put i 5 e oGRS St SR B PHG S I S o s d
opti cal

. SYS ﬁqg les light into said output fiber optic system from
sai d %ﬁcéﬁvggﬁ] sugﬁm#ﬁat the intensity profile at said output 20 end is

nmore uniformthan said input end. 16. The fiber optic illumnation system

of claim 15 wherein sai d.honogeni zer | chosen fron [ OL pnsi sting of
alPused fiber E‘ﬁﬁéﬁ’é’: Opélcdﬁ%ﬂg‘bonrs%t,emé%tdﬁ%3é’vglefeﬁ%%aga %ﬁ% %zaty%%ﬁd a tapered
cl addgg giffles RBsidntially Bual iR 9Phddcy . 4um nation systemof claimi1,
wherein: said lanp is a netal halide arc lanp emtting light with spikes in

its spectrum further conprising an output target, said output target

I ncluding ﬂt | eﬁl%tﬁb(e)rnc?ptifcii §thination system of claim 1 wherein said color rendering index

is in the range between .85 and 1.00.
15

15.  The fiber optic illumination system of claim 1 further comprises a homogenizer
with an input end and an output end placed between said optical system and said output fiber
optic system with said input end receiving light from said optical system and couples light into
said output fiber optic system from said output end such that the intensity profile at said output

20 end is more uniform than said input end.

16. The fiber optic illumination system of claim 15 wherein said horhogenizer is
chosen from a group consisting of a fused fiber bundle, a cladded rod, a tapered fused bundle,
and a tapered cladded rod.

25

17.  The fiber optic illumination system of claim 1, wherein:
said lamp is a metal halide arc lamp emitting light with spikes in its spectrum;
further comprising an output target, said output target including at least one fiber
comprising said fiber optic system;
30 said optical system comprising an off-axis reflector system for coupling light from said
metal halide arc lamp onto said output target, wherein said off-axis reflector system filters out

substantially all UV and infrared radiations;

10



conprising said fiber optic system 30 said optical system conprising an
off-axis reflector systemfor coupling light fromsaid netal halide arc
| anp ont WOPAMEPIHuUt put target, wherein said off-axis refl ®ETASIHFISIZmM
filters out substantially all UV and infrared radiations; 10 WO 01/ 46617
PCT/ US00/ 33512 said filter apparatus conprising a filter placed between

said off-axis. reflector syst.em and ,sai,d output,target such that said

b Kes 1 n sS4 oS RRGR BrFOPTSGR BUNERARh G PP M SRR roffedf sl & ang
the ChIQRI: Girbef s@h thar@hill s@ikesSaissld ptchruin df sig eietdI dslide aralaup #6 X whi ch
ranges from about 0.30 to about 0.35, a value of_ Y ranges from about 0.30

to abbminighe@snd tha dhramati¢itrofdighedi qad oHput Breskhasarghie of Kofhish FugesoT®s t o
about ;1.00,.18, T fi LG i i i l.ai m.17 wherein
ord intEi0 fiod 803, p Pl BPY ey TR 000 SUBHE sl hufd ffBr 7

substeadeing Ifdlell fangdsteorh abeit 0856 sbout .06 nati on systemin claim 18 wherein
said glass substrate is curved. 20. The fiber optic illumnation systemin
claim17 wherein said target is an output fiber optic. 15 21. The fi ber

optic illyg ”agﬁ@ﬂb&y@h‘émmnﬁoalsygtéﬂ ine8Ee] Pwadkid shidffiRE haoNpri ses a
honogeni zer and an output fiber optic. 22. The fiber optic illum nation

syst efultifayed di¢laet2d cortieg en topdiagldiosnbgeaie.zer is 20 chosen froma group
consisting of a fused fiber bundle, a cladded rod, a tapered fused bundl e,
and a tapered cladded rod. 23. The fiber optic illumnation system of claim

Ljpwhereing samgle hﬁém)fpiﬁ@ [IRniTRAtRdh shadrh Geclaint]d WhRei@RhidiglRY sibsght isvi t h spi kes
inits spectrum 25 further conprising an output target, said output
t ar gedurvedc| udi ng at | east one fiber conprising said fiber optic system
said optical systemconprising a reflector systemfor coupling light from
said netal halide arc |anp onto said output target, said reflector system
filteringogut gubsbardptialllunisdtionWysteraitclainf rawbdeinadidairgerisamodpstai d spi kes
inits spectrumsuch that chromaticity of light at said
fiber optic.
15
21.  The fiber optic illumination system in claim 17 wherein said target comprises a

homogenizer and an output fiber optic.

22.  The fiber optic illumination system in claim 21 wherein said homogenizer is

20 chosen from a group consisting of a fused fiber bundle, a cladded rod, a tapered fused bundle,
and a tapered cladded rod.

23.  The fiber optic illumination system of claim 1, wherein:
said lamp is a metal halide arc lamp emitting light with spikes in its spectrum;
25 further comprising an output target, said output target including at least one fiber
comprising said fiber optic system;
said optical system comprising a reflector system for coupling light from said metal
halide arc lamp onto said output target, said reflector system filtering out substantially all UV
and infrared radiations and said spikes in its spectrum such that chromaticity of light at said
30 output target has a value of X which ranges from about 0.30 to about 0.35, a value of Y which
ranges from about 0.30 to about 0.35, and a color rendering index ranges from about 0.85 to

about 1.00.

11



30 out put target has a value of X which ranges from about 0.30 to about
0.35, a %@6 I Y which ranges from about 0.30 to about_0.35 and a col or
renderi ng |nd%x ranges from about 0.85 to about 1.00. 11 PGEUBI0Aa

PCTI USOCQO 33512 24. The fiber optic illum nator systemin cIa|n123 mherein
said reflector systemis an off- axis concave reflector. 25. The fiber

optic i 1] ugi nat gr, system i cLal 028 WSLEI 9 SRt Lo LARLAE S BT S an 5

on- axi s pa?%bol er optic 1l'Tumnator systemin

cl ai mg3  Wheh&ive raRic@r.r ef l ector systemis an on-axis elliptical reflector.
10 27. A nethod of correcting color in a fiber optic illumnation system

according to claiml, conpr|5|ng providing an arc lanp filled with gas

and dopant Z% ar g’ic' e fer {J maiog @erﬁ 'irggl&rrh@%vﬂ&elﬁ said RETeLAol 8y s¥irh 13 a8Pi kes

whi ch are 2rist ants; providing an optical systemfor

coupl bRGxisipafabolid reflec@i d arc lanp into an output fiber 15 optic system
and prOV|d|ng a filter apparatus positioned between said arc |anp and said
output fiber optic systemsuch that said spectrumof said |light emtted by

said arc | ?gm i $ e{‘ﬁ’@é fobf?cdluhﬁhrra'i&\éyﬂ&n% CI6R DIWhérGintsyid aeREctor SR isra@nder i ng
i ndex subs antiaT equal to that of white light. 12

on-axis elliptical reflector.

10 27. A method of correcting color in a fiber optic illumination system according to
claim 1, comprising:
providing an arc lamp filled with gas and dopants, said arc lamp emitting light having a
spectrum with spikes which are characteristic of said dopants;
providing an optical system for coupling light from said arc lamp into an output fiber
15 optic system; and
providing a filter apparatus positioned between said arc lamp and said output fiber optic
system such that said spectrum of said light emitted by said arc lamp is modified to provide a

chromaticity and a color rendering index substantially equal to that of white light.

12



