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LI GHT COLLECTOR AND CONCENTRATOR CROSS REFERENCE TO
RELATED APPLI CATI ONS Reference is nmade to U. S. Patent
wa@\p@hite@s4 on s/ n 60/ 751810 entitled "Mt hod anBCT/US2007/004304
Apparatus for Concentrating Light" by Cobb et al.
filed Decenber 20, 2005. FIELD OF THE | NVENTI ON Thi s
invention generally relates to apparatus for
efficiently collecting and concentrating |ight, and
nore particularly relates to an apparatus that
coll ects and separates lightiinto two or nore spectra
bands, each directed toward a separate receiver.
BACKGROUND OF THE | NVENTI ON Efficient collection and
concentration of radiant energy is useful in a nunber
of applications and is of particular value for devices
that convert solar energy to electrical energy.
Concentrator solar cells nake it possible to obtain a
significant amount of the sun's energy and concentrate
that energy as heat or for generatlon of direct
current frdalé N7 R 0.
l'i ght concentrators for obtalnlng sol ar energy
typically include a set of opposed, curved mrrors,
wth a CeRsfH EEFFdiEH@e'ﬁ@rRELa&FdhA&REK‘a*T@HSem
{0 REPERRNE B0 Ul BhicAlABoRaiBE S 86175 [0 dfied “Method

posi tion at a ew exa
an@fpparpiuy g‘ort ﬁ@o@aysw Taught”rhydé¢bb etu 2B filehDegrmbep 20 2005.

5,979, 438 I S '

Nakamur a aﬁgtlutseqr entnghmgﬁtggﬁgggggn¥?tﬁed Eaigh

Fl uX hSGhmntEn@egvaHY slgtoompprents fooefficiently gold¢ctiag and
co%cgbg'atgrfgsl O%Htos d %aﬁ‘fc%.'la?lgﬁ'g a%rs t(? arg : ga(aré%é E%P@ol%?{sllgd

sepaprtes i@t amb tetevwe h@pmtrﬂdianps,@whjdlr@tﬁm@raabmm@mate receiver.
col | ection apparatus, planar concentrators have been
i ntroduced, such as that described in the article
entitled "PI anBA(ﬂﬁGmmNEt(DFsrB{EfINVtENTEDHndue Limt"

kLJ)(;t {%%rl%lergt\f t o nc%&éeenf ! goﬁ/ g/tlfgo a?girgfrgyﬂs%gfufm a number of

applomationd amglie bﬁ p&tmllaﬂvdlye ﬂmdbﬂxtesmhaﬂnﬁmmm sélar energy to electrical

on gl AR B SO ETIBATPiodt BRETRER SRR AL canl SHGLAL of the

sun’s energy and concentrate that energy as heat or for gcnera’aon of direct current from a

photovoltaic receiver.

Large-scale light concentrators for obtaining solar energy typically include a set
of opposed, curved mirrors, with a Cassegrain arrangement, as an optical systém for
concentrating light onto a receiver that is positioneci at a focal point. As just a few
examples employing the Cassegrain model, U.S. Patent No. 5,979,438 entitled “Sunlight
Collecting System” to Nakamura and U.S. Patent No. 5,005,958 entitled “High Flux
Solar Energy Transformation” to Winston et al. both describe large-scale solar energy
systems using sets of opposed primary and secondary mirrors. As a more recent
development for providing more compact collection apparatus, planar concentrators have
been introduced, such as that described in the article entitled “Planar Concentrators Near
the Etendue Limit” by Roland Winston and Jeffrey M. Gordon in Optics Letters, Vol. 30
no. 19, pp. 2617 —2619. Planar concentrators similarly employ primary and secondary
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for providing high light flux concentration. Figure 1

shows the basic Cassegrain arrangenent for |ight
wa@oelaetsBon. A photovoltai c apparatus 10 wi t h BOT/US2007/004304

optical axis O has a parabolic primary mrror 12 and a

secondary mrror 14 |ocated at or near the focal point

of primary mrror 12. A receiver 16 is then placed at

the focal point of this optical system at a vertex of

primary mrror 12. A recognized problemwth this

architecture, a probleminhekent to the Cassegrain

nDdeI is that secondary mrror 14 presents an

tructlo tg.on-ax s light, so th a rti.on of the

C‘“T"e FUTORoMitha aﬁseggﬂ%wwngﬁseﬁmﬁ% adﬁ%%“ﬂ%@‘i"’@éﬂ’f‘tmal

rbﬂi&[rﬁg }ﬂ'%li lighit thik conBehskaking. t he overal |
erin

ght - gat gﬁfapablllty of photovoltaijc apFaratus
10 FW% Lsbets Pathesi (arperrin agpracmert {prilightrelicrtioh e

ph6RRERAE hpiRdtud $0 GYthi AWPiEA axisS heas pabbsId @Hrh&Yahirdor 12-and a
symmetrjc. Placenent of receiver 16 at the vertex of

Secmnﬂﬂ%(rrylw L decated atjop negydhe,focpl neintaf @rigisgy mimey bh A receiver

16§ B8 PiREd Myihe %ﬂﬁﬁﬁyofﬂﬂsrcﬁhcgidsystgﬁl RS SR\ RtindaPy mirror 12.
mtigate | osses caused by the obStruction. However,

A yepgnizedaypblgey With thip prehiteqture shproglarninherent (o the Cassggrain model,
is m@@&ceﬁda&? hSrOP# ﬁtsﬂégédts% &&%ﬁcﬁoﬁl BIn0BSs ﬁgﬁ ksobtliatr@]kdrﬁgn of

di mensi onal adjustnents, since the size o

theolighty pppinglhy %@P@S%ﬁ&? H&opdass aet Teartaptigpany mﬁ'rcarigl reducing
thd SARE g%thze?inh '&aﬁb’nl{ﬂ?r& gﬂbtﬁ@&f&é—gpﬁl‘zﬁﬁ? &' Thid Bbsturation can

neans t enl ar gl ng i amet er of | ar ger mrror
be mmﬂdtlarap prthe canyeptratonisgelindrcal istaad of rotefienally gwametric.

Pl&)émtehfeoﬂjeéé{}éfcltﬁ' £ the Fe2iTk LB gnﬁlgﬂl Gor' ! [rPfhe Réﬂ]r@f & Pshruction

sol ar energy systens operate by converti
pr@ﬁ@tp@ Py tsecondarty, mirer \} 4y hedpsssomygydist tf mitigate 19158&5 eaused by the

ob%hétl%ﬁt @fo%ve@@xd V\ﬁ@ll 21915 1%1 E|'Y F1@&1%51t§%%&9&ﬁ1€ kel A ne of this

sunl i ght heat$ traveling the so
obgtgpdtiop éowlggam@i@@k@wn@@ng dimapsigeal aglménth, @mcem size of the

obBrltlo H%{:Al&eu A?Ss MOR@RJ#%EHfQ/ﬂH%? &&Peag&fgl%‘in%ﬂmé}?rn%mr 12

adaptable t anel s” and nore co
dl@e&tcrc elduis yeans tpmdnrgﬂng ah@:dléﬁvyer phitbelirgesminorelonyeet

apﬁfé@%ab%aﬂ%ﬁtﬁg Ull}é én@ ti(%a% el 53‘{}?4 otfsBHal ik frgrg%@ rﬁ!l.lieg ;,lr]rﬁrror.

orme rom varil ous ty es of si ,
and S@meetwp@eQﬁsotan duTEy sysheaneopmts bangln‘enrenmhghlfea@ngmteueat In

va%?%%ésedﬁp Qgpalﬂé: élggfec{o@%)&:ldcs%i %e?lg?féksq gﬁ C eﬂ{}gte% sunl}gélt heats a
flulith m@lmgtﬂapugh the solar cell to high temperatures for power generation. An
alternative type of solar conversion mechanism, more adaptable for use in thin panels and
more compact devices, uses photovoltaic (PV) materials to convert sunlight directly into
electrical energy. Photovoltaic materials may be formed from various types of silicon
and other semiconductor materials and are manufactured using semiconductor fabrication
techniques and provided by a number of manufacturers, such as Emcore Photovoltaics,
Albuquerque, NM, for example. While silicon is less expensive, higher performance
photovoltaic materials are alloys made from elements such as aluminum, gallium, and
indium, along with elements such as nitrogen and arsenic.

As is well known, sunlight is highly polychromatic, containing broadly distributed
spectral content, ranging from ultraviolet (UV), through vistble, and infrared (IR)
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Al buquerque, NM for exanple. Wiile silicon is |ess
expensi ve, hi gher performance photovoltaic nmaterials

wae@7abdseys made from el ements such as al um nuPET/US2007/004304

gallium and indium along with el ements such as

nitrogen and arsenic. As is well known, sunlight is

hi ghly pol ychromatic, containing broadly distributed

spectral content, ranging fromultraviolet (W),

through visible, and infrared (I R)wavel engths, each

wavel engt h havi ng an associ aBed energy | evel,

typlcally expressed in terns of electron- volts (eV).

kP, -0ap,... .

e SR T ARk ol Bl Qe 0 ety prpppped in
temms)f@mrpnwloﬁs (Pho ot slitprismghg tiee teadifidspe haisl- gq.]ncrhatdceenstics

ncendrrel P4 %Ieers]; (%psg Iy gg)tfrg?ezﬁgarllg lglgqhﬁ?qvis?ﬂ %aterr_% ?iepends upon
themthWaVeédlglth ghtiot@’fsdtammg mmmggabw balovuthd binDg\Of a

AP 3 Eh o Sl s SR BRGPRy CRBEHIFORE 10 f3phare mot

abtsdﬁbecbhjﬂ Hl@&ﬁmﬂ-(gﬁp aerﬁﬁbﬁduc&irs aMzanRRidE, kpﬁdtonEﬁﬁwﬁg( aﬁrﬁﬂl@gy level

t.he. .en romyiol e nom ally aro
higheg R o 7 Sl e RoRPD b yapeLe thoendie Hom
vislentighn pHotoho monAglsirbat ey ¥V wwaﬁaécmsmeagmm lgt&and-gap

effialen0|es from photovoltaic materials is to forma
SeQBREAhot ovol taic cell, also sonetimes terned a

rrul t(l)malsrmtb ég@rfoilblﬁhmﬁ@l mgh& eﬁﬁbihbrﬁﬁes fl'trchﬁ §ﬁot6ea|ﬂr:aﬁ@ﬁ1awiﬁ1s isto
t acki ng ti phot ovol taic_cells on top
fOH’P aé&?&h@%wfr?é?volm%ﬂuﬂé%g HERTSIRM LR UL RReior jphgtovoltaic
dephel Q‘h%et@vﬁ:e§ gtel fornhed ﬁ}esﬁél@%mum;ﬂ@pﬁ&m&tc defls bh@op of each
nt |ight source, has a | ower band-gap energy.
"’ﬂ!&* chradegign, FATBEBYRTFISE RhatenAlias cofldp thesiagh gwthaﬁspect to

the! ﬁi@ﬁfenpﬁlglit QU@LE Hab at&Wér baﬁargap %hérgg of 2 gRlié stHéked photovoltalc
ar seni de As), captures th ener bl u

depieghier %?I%@E’o%'dln?é’r photgsfoligig el FARRIFPEOR gggm(n@a% de (GaAs),

cabRiR6ahé BighbCerePWest BIER . IAdetasEek1l, bggélhhl'ﬁtaﬂtunomde (GaSb),
electricity. One exanple of a stacked photovoltaic

cogusrische F%Veguewﬂymfr hghatl@rﬁleqt@cﬂya Qunorsplesfia sthekgd
phoRlvaRkie deiBO 100t Rl 1G.SDPMkRENo. @83@38'8% titldd “St‘ﬁkéd@hotovolta:lc'

stacked photovol tai cs can provi de Some neasure of
Devagsr' do ehet aln overal | efficiency, these multilayered

deviwgie §8EkeRASHORNbItNicd Oard FHBUHIE 8B MEAGEE of BRpBY SRelEn overall

efficiency, these multilayered devices can be costly to fabricate. There can also be

restrictions on the types of materials that can be stacked together atop each other, making
it difficult for such an approach to prove economical for a broad range of applicatioﬁs.
Another approach is to separate the light according to wavelength into two or more
spectral portions, and to concentrate each portion onto an appropriate photovoltaic
receiver device, with two or more photovoltaic receivers arranged side by side. With this
approach, photovoltaic device fabrication is simpler and less costly, and a wider variety
of semiconductors can be considered for use. This type of solution requires supporting
optics for both separating light into suitable spectral components and concentrating each

spectral component onto its corresponding photovoltaic surface.
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restrictions on the types of materials that can be
st acked together atop each other, nmaking it difficult
wo e0074005B4 an approach to prove econom cal for BChUszd7/004304
range of applications. Another approach is to separate
the light according to wavelength into two or nore
spectral portions, and to concentrate each portion
onto an appropriate photovoltaic receiver device, with
two or nore photovoltaic receivers arranged side by
side. Wth this approach, phatovoltaic device
fabrication is sinpler and |l ess costly, and a mﬁder
vari ety of sem conductors can be considered for us
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energy fox whipiRit is pgtmnzaeé inoxeeng ﬁ)atoggraatefﬁclmqys:tf the solar cell system.
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sepfetionand ichhesniraigh lightousingsbe samde pliof opmati aPwpomEIe, texe are
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way, ot Vol tau C recelver
Ovenalé leppesf dye tmmbsmlqtrpn; & wpt npfed edrlier.nAs eastherproblem, the
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. roac raas paper advantageo
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ome signi e S51°
Wlph 5157) ) t)epes af phqtstolplaxbhferrals ebaﬂnwl)t u:setilfer ovibtealight, an

o5 5L 8 AU L ALTA B o,

possibly hausing ¢xcessivechebt.el d of view of the sky because it

has Iﬁclﬁbgﬁu&g&%e{uck% ?0 nuse@ f qqﬁgh X rbcv%%'“{?r}or mn Ehe solution

rotatronal T her
proposed in the Fraas paper, prov1de spectral separatlon of light using interference effects

obtained from coatings formed from multiple overlaid layers having different indices of
refraction and other characteristics. In operation, dichroic coatings reflect and transmit
light as a function of incident angle and wavelength. As the incident angle varies, the
wavelength of light that is transmitted or reflected by a dichroic surface also changes.
Where a dichroic coating is used with incident light at angles beyond about +/- 20
degrees from normai, undesirable spectral effects can occur, so that spectral separation of

light, due to wavelength differences, is compromised at such higher angles.
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relates to the w de bandw dths of visible Iight
provided to a single photovoltaic receiver. Wth many
WO 9@ed084 phot ovol taic materials conmonly usedPE€DUS2007/004304
visible light, an appreciabl e amount of the |ight
energy would still be wasted using such an approach,
possi bly causi ng excessive heat. D chroic surfaces,
such as are used for the hyperbolic mrror in the
sol ution proposed in the Fraas paper, provide spectra
separation of light using inserference effects
obt ai ned fromcoatings forned fromnultiple overlaid
| ayers havi ng dlfferent gindices of refractlon a

ot hdheretharabeara numbes of lightgodiector splutions SHPYNE Em%“g?rfaces

forrss&!tl%.@ Eplﬁ o LE &Q&Qfﬂplé hg;m axﬁ@le%nfnﬂ&f‘t‘Sp%Gtrﬂf Béda¢ Bpi@thg
angl e and wavel ength he incident angle varies,
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party %ro ‘ﬁE? LBl @s{e%:t ﬁfgh%ﬁ&ﬁ%ﬁt%ﬁle@ ALY L&%‘: B&’ci@h GR R 1fzht on

sur Sp ect’ral exanp , 1N an
tlnamrfm;b @oeldtrmdee anchSpeadutrcnl asHessitha@piatisiertogy witherpeaidy lisht

efff %ncb NG fita ﬁd IF@ Pt 'I\Q)n 45@6 'OQB eeﬂﬁﬁed FI—Iy%Hd%olar Energy

Soncéntrati Syst ens: iew', available online at
Gepomating Sesiend ‘tcr Seule doveribes thhase ofkalichreinautace aela seletive heat

rmM)l | ﬁo&é@e\f' :geno?edsiﬂ rtﬂggné}{?s ﬁ& o cife lalbg% 'tl‘?é"%p'i)¥§§cﬁ'§}§own in the

I'ncl’udi ng sone usi ng rolc sur aces exa
Sotled0 blbpmmtmchrms oibstantiglepticablossest SpmeEif Q@SQICEEICSI relatete the

hlél-ﬁggﬁgr%%ﬁglfgog @b ; veé&gi H%%‘%i@%g%‘l?ea? FRRGSHT: Sk 1 on

rolc Itter as part of
t he Thpted ars inhetdnepiobtemssyith dichraif @}trfacn shaperand phagementofor light

foc§1 n&ﬁfrgor g]{)ar%bo(flc ntng% esgﬁla;t lg}l?crl]lréllcq ?clé Oglqgn&i)#%ag tl{eef’agﬁ reglon

I On as an sa resp
of patabglit refiettoc Wenkdyexhﬁnmdca Bbga,ratklnf‘perﬂéanm fiomany d;:slgxls,

colg R BBl S LA B PRI

suanef sich aa s hypebbbc sluﬁ@emtbemositbm:d &knmmarthe fscaheged, but

he | rene Sa & e..approach shown
ObStm&SnSO%o?ﬂ ﬁé‘e ag claa?l) © le%%h’ia% ‘?ed e et antial optical
| 0s SmverBomal aﬁpr¢duh&efok dlghtewnpeiﬁamen thavd been primarily directed to

rotationally symmetrical optical systems using large-scale components. However, this

approach may not yield satisfactory solutions for smaller solar panel devices. There
exists a need for an anamorphic light concentrator that can be formed on a transparent
body and fabricated in a range of sizes, where the light concentrator design allows it to be
extended in a direction orthogonal to the direction of its highest optical power, whether
extended linearly or extended along a curve.

Against obstacles such as poor dichroic surface response, conventional
approaches have provided only a limited number of solutions for achieving, at the same
time, both good spectral separation and efficient light flux concentration of each spectral

component. The Cassegrain model can be optimized, but always presents an obstruction
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hi gh incident angles of light directed to the

sel ective heat mrror that is used. There are inherent
w@e@blierss4 Wi t h di chroi c surface shape and pl acROEDNB2000004304

light focused froma parabolic mrror. A flat dichroic

surface positioned near the focal region of a

parabolic reflector woul d exhi bit poor separation

performance for many designs, constraining the

di mensions of a light collection system A properly

curved dichroic surface, suclte-as a hyperbolic surface,

can be positioned at or near the focal region but

obstructs so portion aqf the _ available i
R0 e oG P REPT CBgHRARY FuTal 25 Bircbsenty dadspiaged
Scﬂ@ﬂitﬁ&;ﬁhit&tnpmc‘y dioh©idRPAralbh PBIFSnY bt WRELGAcilibht light angles on the
drotatl %% trical opt|cal systens using

‘f%f?'ﬁes &%‘ﬁ% RERECt iqfigERal bowkyes, mamy ar@msmmgm do not .
appea] td g&&tdnsﬁgc&cﬁfsiﬂeﬁd@ioﬁttb eHeSe §&Eﬁﬁ%bit§ﬁor§&la?£ctc%ﬂ@é resultmg

devi ces. There exi sts_a need for an ananorphic

in PO IFRARLPR Pr misgirests light-f or ned on a transpar ent body

and ‘M1l o6 dandianGe i0f nédd46oa pHASY
_concentrator design al Lows it to be ext eﬁfjase%&ll ﬂhgﬂ}ﬁowdes

It isBhedcemEioRas el astier aipqlkibes smuliancopsly M@h@@tboth
spefital eelardiRNind l%ﬁ?&%&n@a&fbﬁ N A H%ee%glgyscgfed%&t 3464 thin

al opng. a curve. ai nst obstacl es such poor di chroic

Page] Ge3igs ‘ihé’s‘i?&rk?e‘ cadily manfaciad. thppmrovderciacteased efficiency over
coRV@Mi RS HRIWItaic!sbRkibRS] aHH' 'ﬂp«l@ E:arp(ﬁ)e?ﬁk: %ﬂl%bgtg.ﬁnal field of view

. achieving, at the sane good spect

in ahleast one gxis &Fﬂﬂlgeﬂiﬁr P*e\reml PPtn’ngﬁtthef Jups ehengisg ppsitipw across the sky.
each spectral conponent. The Cassegrain nodel can be
opti m zed, but always presents an obstructionnear the
focal point of the primary mrror, and is thus
i nherently di sadvantaged. Sol utions that enpl oy
di chroi c separation perform best where incident |ight
angl es on the dichroic surface are low with respect to
normal ; however, many proposed desi gns do not appear
to give enough consideration to these spectra
separation characteristics, resulting in poor
separation or msdirected light. Thus, it is
recogni zed that there is a need for a photovoltaic
cell that provides inproved |light concentration as
well as for a cell that sinultaneously provides both
spectral separation and |light concentration, that can
be easily scaled for use in a thin
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panel design, that can be readily manufactured, that
provi des increased efficiency over conventiona
w@b@ravsBs ai ¢ sol utions, and that can operate PET/HSH07/004304
substantial field of viewin at |east one axis al ong
the traversal path of the sun's changing position
across the sky. SUWARY OF THE INVENTION It is an
obj ect of the present invention to advance the art of
light collection and spectral separation. Wth this
object in mnd, the present-7avention provides an
apparatus for obtaining radiant energy froma
pol ychromati c radi ant energy source, the apparatus
conprising: a) a spectral separator conprising: (i) a
first curved surSeaMRIARNCOFErie NVEENTEONENt radi ant
energy and treated to reflect a first spectral band

t owdiri¢|an objestaf theprgsent fyeapomtrdvanaethe atof lightcelgstipn and
spet%ﬂrﬁpg_ebﬁlaﬁ&ﬁ Nolfith(this)obfect RERARM, HerednSHvERR fFORAVM %ﬁaratus

he incident radiant energy and reflecting the secon
for Qtaanipg radianh guergydion arelyelyamatip sadiant epergH soykerths ppparatus
cothP§sihd:r St and second curved surfaces are optically
positioned so that the first and second focal regions
ar e abpeResHalsnaator coMPEses ot her; and b) first and
secon Ctd 4 ﬁlt%{ clivEF éﬁfgi'cé cotl¥30L & ﬁethlﬂﬁdén't F%ﬁarlt 'ega'%y and treated to
recei ver i s disposed nearest the first focal region
for reaeBeatiafystspectral bend toyesed p dirst fogalireghen aidodmpami a second
l'i ght éﬁg@ﬁ%g&tis_disposed nearest the second focal :
region for receiving the second spectral band. It is a
f eat ur(@) efseqond cpried sntfadanpapaviedn theniacident pdignt ehsreyirmdh

spect rr@he%ﬁrggﬁggé.cgﬂd %ech%d!t%&daat se!: foclie ion;
spectra ands and C centration of eac _segﬁ; tEd
spect reherbiaribe 6t endisacenérumed surfacesargpptical rivasgoned so that
the prgs %P%t ah¥&/3hk P8kal Rdfons tard SN A o EAACHRAL
nmechani sm for concentrati ng radrant nergy onto a
photot ecei ver .

b) first and second light receivers,

wherein the first light receiver is disposed nearest the first focal region for

receiving the first spectral band and the second light receiver is disposed nearest

the second focal region for receiving the second spectral band.

It is a feature of the present invention that it provides both spectral separation of
light into at least two spectral bands and concentration of each separated spectral band
onto a receiver.

Itis an advantagé of the present invention that it provides an efficient mechanism
for concentrating radiant energy onto a photoreceiver.

It is a further advantage of the present invention that it reduces losses from
obstruction, common to systems using the Cassegrain model.

It is a further advantage of the apparatus of the present invention that it provides a
large collection aperture with respect to its thickness.

These and other objects, features, and advantages of the present invention will

become apparent o those skilled in the art upon reading the following detailed



It is a further advantage of the present invention
that it reduces |osses from obstruction, common to

wayswans3usi ng the Cassegrain nodel. It is a fRCT/H82007/004304
advant age of the apparatus of the present invention
that it provides a |arge collection aperture with
respect to its thickness. These and ot her objects,
features, and advantages of the present invention wll
beconme apparent to those skilled in the art upon
readi ng the foll ow ng detail8&ddescription in
conjunction with the drawi ngs, wherein there is shown
and descrihed an il lustrative enbodinment

f th .
desGHpSAR U FomRIqBen HESICRE SRRSO PN Wﬁ&wwﬁ%?%%&bed an

illiirafive bABodiit Sh@vimgn@orconvent i onal Cassegrain
arrangenent for light collection. Figure 2 is a side

vi ew of a doubl e parabolic reflector in a |ight
concentrator according to the present invention.
Figure 3 is a side view showing light reflection from
a first surface of the parabolic reflector. Figure 4
is a side view showing light reflection froma second
surface of the parabolic reflector. Figure 5 is a side
vi ew showi ng optical axes and decentration of the
first and second surfaces of the double parabolic
reflector. Figure 6 is a side view show ng spectra
band separation by first and second surfaces of the
doubl e parabolic reflector. Figure 7 is a
cross-sectional side view of an alternate enbodi nent
with a dispersive front surface. Figure 8 is a

per spective view show ng the doubl e parabolic
reflector of a light concentrator in a cylindrica
arrangenent. Figures 9A, 9B, and 9C are plan views of
light directed to a photovoltaic receiver of the |ight
concentrator at various angles.
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Figure 10 is a perspective view of an alternate

enbodi nent additionally having optical power in an
woeahnagsaal direction. Figures 11 A and 1l B ar ePei/gs20aman4304

top views, respectively, of an alternate enbodi nent

additionally having optical power in an orthogona

direction. Figures 12A and 12B are perspective front

and rear views, respectively, of paired double

parabolic reflectors in a cylindrical arrangenent.

Figure 13 is a rear perspective view of a portion of

an array of paired double parabolic reflectors in a

cylindri cal arran enent ure 14 i S._a perspective

view of an aP $(F5WTE%H M
enbagpurentis a Eidg Widy dovifiga CSh%mshaw:a%éuym @rrangement for light
m sdirected light that may be lost in one

coledfio®i nent . Figure 16 is a side vi ew show ng

M sdtigae0a6 alsiddRiew 8f #6EH19ParaboliMYeAB:t6BM D@t @Shcehitator
one  enbodi nent. Figures 17A, 17B, and 17C are rear

acwﬂgﬁgéeﬂrwesﬁnéwye%m ng |ight- handl | ng behavi or of

t he g a8t 1§ QRRBAESALIIwIAE libhereRAE@RAToth VMBS dufAcd 6F the
enbodi nment, for incident |ight at

Pqﬁgphéﬂéh?“ﬁﬂgles Flgure 18 is a schematic diagramin

per SREGEIAVE a sRIBAMW Shdtwia@iBht RSN BRRAIBIIHN sWhée of the
tracqugﬁto adapt to the changing position of the

rarabgliateflsatosour ce. Figure 19 is a perspective view of
an gikeenat § SRRl gﬁawmgggﬁ&au QR dnd d&é‘éﬁtﬁﬁoﬁ BF bfedrst and

power i n an ortho?ona direction with a single

sepqndeupiapes ot g damplopsadmlpTede¢ter THE | NVENTI ON The

Pr esgPireisnY 8 RfdeQhev? SR8 Sp& il Bl SEPRGEEH bRKRE and second
prOV| i ng both enhanced Spectral separation and a high

sugfagsed thﬁdqqqﬁﬂaWWQQﬁnyﬁﬁéﬁhtratlon exceedi ng the
capafphiket7ies cﬁfsg %Ecq{%ﬂapé{dée%'éw dtlan %ﬁ%‘&%@?ﬁ’cﬁvdnﬁgﬁ Wittt

conceRtrator of the present Invention can be used as
dignerspyst frentisuddemonent of a photovol taic cell, embodied

eit rﬁém@% i@ aPeRpEaiR &l Eh&ﬁm@%le"&fubleoﬁar@oo% QLR FlaGight

cel |
concentrator 1n a cyhndrlcal arrangement.

Figures 9A, 9B, and 9C are plan views of light directed to a photovoltaic receiver
of the light concentrator at various angles. .

Figure 10 is a perspective view of an alternate embodiment additionally having
optical power in an orthogonal direction.

Figures 11 A and 11B are side and top viev&}s, respectively, of an alternate
embodiment additionally having optical power in an orthogonal direction.

Figures 12A and 12B are perspective front and rear views, respectively, of paired
double parabolic reflectors in a cylindrical arrangement.

Figure 13 is arear perspective view of a portion of an array of paired double
parabolic reflectors in a cylindrical arrangement.

Figure 14 is a perspective view of an array of light concentrators in one
embodiment.

Figure 15 is a side view showing misdirected light that may be lost in one

embodiment.
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The figures referenced in this description illustrate

t he general concepts and key structures and conponents
wobkowheosappar at us of the present invention. ThBSEUS2007/004304

figures are not drawn to scal e and may exaggerate

di mensi ons and rel ative placenent of conponents for

the sake of clarity. The spectral bands descri bed

herein are given by way of exanple and not of

[imtation. As is well known, the light concentration

that is obtained by a speciflDe optical system depends

onits overaII geonetry. For exanple, a perfect

rotationally nmretrjcal parabol oj d refl ector
i deBigue H 1,8@@@ q Yl@\msh?%mg mlp%%[cedpll\ﬁhﬁ,[a, poriion. 9f %/\ﬁj&‘;\ imayj be lost

in BR'ARRliGedtef | ector, having optical power along only
one axis, would ideally direct light to a "foc

| i nBigurgsdvidy d7B. apsl 17 g iear PAFPERITVEIERES %Wlfr?eﬁgfftﬁandlmg
beﬂ%mdr %@khefl £ l:&ﬁ:‘éh@ﬁ@r SfthY pResERIFUNEBH & ABJIHAGICABdn A iment,
to such eal | zed geonetrlc shapes can be realized in
ﬁnpmad@ﬁbehhﬁdhﬁ@?mﬁﬁgkﬁ perfect focal point nor a
per %éﬁi th &Rl sHRBAEH sd1F energy apparatus
ef f ?gg%eﬂ@% c#@%rﬁ%&% rati g)\réﬁ%l'hus ° [ nst%ad of usglyng;p
withHeacking4d am to the chingieg prsitioy of the ggiation sgurce.
ter iﬂ é ¥ a I?é?% gﬁvsézﬁleﬂtdf QR aﬁ&ﬁa&l e?dﬂ&lrﬁénttaﬂﬁtlﬁﬁaﬁﬁﬂ{ﬁv
|nve lon e nore general term "focal region'
optiigal ng%qwerw’fhéem fisestion, Wlﬂh% singledFceiedi on for an
optical structure is considered to be the spatial zone
or vicinity of highest |ight concentration fromthat
structure. The side view cross section of Figure 2
shows a |ight concentrator 30 for obtaining radi ant
energy fromthe sun or other polychromatic |ight
source. A double parabolic reflector 20 serves the
functions of light collection, concentration, and
spectral separation, having an. inner or first concave
curved reflective surface 32 and an outer or second
concave curved reflective surface 34. Both first and
second curved reflective surfaces 32 and 34 are
substantially parabolic in cross section along at
| east one axis, and are arranged so that the |ight
reflected fromeach curved reflective surface is
concentrated about a different spatial region.ln the
enbodi nents shown in Figures 2 through 17C |i ght
concentrator 30 can be
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formed on and within a body 26 of a generally
transparent optical material, such as glass or other

wo ype/1afs3opt i cal pol ymer such as plastic. RaysP®/0§2007/004304
pol ychromatic |ight, such as sunlight or other highly
pol ychromatic radiation, are incident on a front
surface 28. Front surface 28 nay be a treated surface,
such as a coated surface, or may be featured, such as
havi ng a curvature or having a Fresnel |lens structure
fornmed or affixed thereon adla refracting feature, for
exanpl e. Light concentrator 30 can be considered as an

The s o WERAFEBECOESER O OF ks RIOR S L

t heThe ngs&ﬁﬂﬁW@hbﬁ prdrad\s light oénceaeitonproviding bsthenhdneed

opti cal s oubl bolic refl ector 20.
SPRBHLAPFRROR fpak hiey depti ot B! AT eamcatfaioPer il the
capaBllitRS bif¥Ric8 by feaflRr %prb@éhe& @Jh@hglﬁl dénéﬁﬁfatdit@ftﬂhqiresent

reflects one_spectra

band of t ent
inveptiast o4 Rgiser a2 8 gBticab SOmMRORCH o 2 g} P fbla?@g?ffé% cither as
adlis%ﬁe@éwr@rdsq;a&tmmﬁafvottmecaoaﬂhyregl on fl of flrst
curved reflective surface 32.. I n_one epbodi fir

st
cur V68 HEEFF GEETPEc B RCe T pioB A St GRGFRE Concepts and key
stn\i@ﬁﬁ%g ROt BisporldRtd didh& Qpﬁé&a‘iﬁ@f&h@ fbsétt ifivantioh e Théseoures are
light, to flrst i ght receiver ) n vel engt hs,
not drawpdp Aeple s mpY GX%%RP‘%WH]"H@SPS anck ‘ie!i’i%@ 8 Pragﬁ?nt&%éomponems
fort th@@ﬁ&@ thcf‘aglt§' hiQaIgechrhl Sehd€ @skAbed RELiRGH Mies Uy hAGRF example
shown in Figure 4, outer or second curved

an@é?ﬂ@@#?@%“@urface 34 reflects incident light toward a
s eC s WellknoWaC Blc\iBht eshckRfalondhdieabbthined bpaabediBgbsifcal

f2 of second curved reflective surface 34. 1n, this
SyBADSepeRel on I5sTHl SeQPStY. Fer PRstmls d ReaierLioltigralh pgmetrical

paﬁ%ol%ﬂr}erﬂre%r wold 1@€$ll}n<ﬁréchﬁ%ﬂt|t¢9 Qt“fdcapﬁodﬂas A epnsecltRebolic
hrough first curved ref ive surface 32, that is,

ref?rnséqr bivingeptionl pawercelqnergnly e aEawquid iealy dirpefight fja “focal
lmgig ORbwhPerPRl ik ?émﬁfép t%BSJMeQQH thﬁcaq FRAlibE, onBf 4 RGEHable

O operatés as a spectral ara is useful to
apg@ggmtm tasuelt idestized rgaome@@ﬁ apagicge e F@ﬁllz%(!:lni Rractice and neither

a p%ﬁrefz % I%ﬁnt"i’lgija gérfgtﬁ Bod2f hﬁ‘é élérbgﬁi@vélﬂe 8r Sdcd6d for efficient light

asse i cal di ment. The side view of
comqyma@ors Ehwslsge@d@f pﬁp@ meaﬁ@al@é@) el poingp gr “focal line”

terﬂhﬂaegﬂr,qg@heseﬂﬁﬁ&‘r‘gﬂ 18l st urd px‘é&lﬁp bfvention employ the more general

term “focal region”. In subsequent description, the focal region for an optical structure is

considered to be the spatial zone or vicinity of highest light concentration from that
structure.

The side view cross section of Figure 2 shows a light concentrator 30 for
obtaining radiant energy from the sun or other polychromatic light source. A double
parabolic reflector 20 serves the functions of light collection, concentration, and spectral
separation, having an inner or first concave curved reflective surface 32 and an outer or
second concave curved reflective surface 34. Both first and second curved reflective
surfaces 32 and 34 are substantially parabolic in cross section along at least one axis, and
are arranged so that the light reflected from each curved reflective surface is concentrated

about a different spatial region.
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parabolic reflector 20 in a decentered enbodi nent. As
is famliar to those skilled in the optical arts, a

wo edaetsByve surface that is parabolic in a pl aPeT/bam0aM4304
optical axis in that plane and directs incident axia
rays toward a focal point that lies on the optica
axis, hi double parabolic reflector 20, optical axis
A is the optical axis of first curved reflective
surface 32 in the plane of the cross-sectional view
shown. Optical axis @2, correﬁbondlng to second curved
reflective surface 34, is generally parallel to

o5 e s i ASEAT PRI Dot o con e
formpetoa drideighin jarbodfi2é of aigenlermiin transphrest opsnabmptesifl, saehems glass
- di d t . Fi
o L U BRBEA T BRI g s e

sutligri oo pthiec hilghly ;mhémmtaamh;admbh, darl eacrdenes:pe Gibhvenrfaoc28. Front
i represent.ed .t hi focal i.ons fl d.f2 i
suftfid S el SERTRARN SOhrile SicRia G ePrrel SR pl pafiB Fafhrtd such as
hadingtaama:‘mtﬂe ot hagihgulFdedael land @rlictiraforthedentiffbded alierédn as a
% S éa ds cond curved reflective surfaces 32 and 34
TSR 3%? & BRGodi ment and may be advantaged for
man Ufiglatt dd»h&bltﬂatdr)a()@:an bekondideeed wasams:at&mwmbmds e&wo

d t f th .
i O DA ThE S e Bose treriam e uee S apd §ohen B ieht
scpardtn%flbebﬂvm bvliedchyf dleSlféﬁ}&Eﬂvd: @tﬁﬂh‘ﬁysﬁﬁﬁj& cﬁ‘@iohhlfaltpafdbeﬁereﬂector
di t b t
20, RGP SFIreFiEe oG e crved ki aRied? Hina dighroic
coilﬁﬂig that teflegtabad ‘s;fﬂctrlﬂl‘binﬂ ofaw mblﬁaﬁﬂxghﬁﬁ)l Sheight receiver 22, such
e opticCca e cou .
as RSl Pl LV Rty B 1SR it {08 osgh eretaty 4t Frerepeyetiroflective

sufftcd B e ohd eﬁi[bddﬁﬁerﬂrf&sﬁ ddrfz&ﬂeﬂbéthersﬁﬁ‘QMZ fefle@d @Kbrterl
tive, tica

in so wa a al ter
vk n5kee eute A i oD ek io Bk Rsehyer 2.
Lon@@i wikeeldrgttaNihcfudling lﬁﬂa&actna)t aridi deheinBted10it bicORmsmitted
al ong the c nmonl.y red axis. Such a collinear
ﬂW?PQé% “ﬁk?Péeﬁ6§§PQPe woul d be di sadvant aged

for As gia,twnciﬁ IFiREE U OsUtBOREEINd cal WG eflERive sWIle®B 4 reflects
bly be sone_shadow ng of the llg§$ that is
ingiflent H*Ofva%g? SFePR lighfrrerry et neatedraar {ieyfocah regign £2 of second
cufFRAlref @Ok satdade!3a. panabembsdiahl 86donl c3Rel @t AlcESe §lﬁ'face 34
t he reflectéve treatnents thenmsel ves. First curve

acsgp papiiol-delenting dhe hehtiliat wesdrapppiiied tugush fgt Pwvsqh gflective
sufahoTh M ts, most of the infrared (IR) and near-infrared light.

In order to better explain how double parabolic reflector 20 operates as a spectral -
separator, it is useful to describe how first and second curved reflective surfaces 32 and
34 can be arranged in a single assembly in a typical embodiment. The side view of
Figure S shows some important geometric and dimensional characteristics of double
parabolic reflector 20 in a decentered embodiment. As is familiar to those ski{led in the
optical arts, a reflective surface that is parabolic in a plane has an optical axis in that
plane and directs incident axial rays toward a focal point that lies on the optical axis. In
double parabolic reflector 20, optical axis O1 is the optical axis of first curved reflective

surface 32 in the plane of the cross-sectional view shown. Optical axis O2,
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so that it selectively reflects one spectral band and
transmts another. In the enbodi ment described wth

wo edoenersee£ to Figures 2 through 5, the di chroi BCT/OS1007I0p4304
of first curved reflective surface 32 is fornulated to
transmt sone portion of visible red, near IR and
| onger wavel engths, nom nally | onger than about 650
nm Shorter wavel engths are then reflected by this
di chroic coating. Thus, a shorter wavel ength spectra
band is directed toward Iights{eceiver 22 that is
posi ti oned near focal region f . The reflective

coating on out or ond Curv reflect ve s r.f ace
congeOBdiRe g FgRd FHERTaG alFF?éﬁg‘*aJﬁ &%{9‘ yargltel S Gtical axis
OBt tBislde€ent&8d EMBodisieat) baslsaiou e@mﬂearwlﬂslﬁu Thitlig aalka)dl Oy and 02
or other suita

al so be a dichroigc coatin
arq FonspNiBREr Inghis PGP | HGEncape tohiqrpe BTy distancs d scparates
ax&SDARh@02d HiRf adi @dolf birGéEREctivdsutatds 32ean@l3aai¢ then optically
evident to those skilled in the optical, arts

deggniephghieHAERrEhIsiont o srmprented pithin foca! preiqns ] and £2
in BRAIrbJAGbiGH v1E5vQﬁ§’i%tIr§ 5Vdcphited o 3A dfthnang shorter

wavel engt hs t hroug h first curved refl ective surface 32

and It @rqumeantﬂi rhag figcentragionsgffirsh and sgranq cyryedppileativg gurfaces

326Rat34ng oﬁ@]isosrsﬁ)ﬁé &hbddiGeNt aiidtﬂxz%' H@é@aﬁtﬁg&hﬁxfxﬁaﬂﬁfa‘éﬁﬁﬂﬁﬂty or
curved reflective surface 34. is instructive to

foreben ipasonpatiopieyer thegn@rﬁ@ea%rﬁkzeérrewwené farfagipresent invention
is itt EREbhY SecShd E@GEd RAfledliveiPhaess Jh&ald B 6 fehally Hﬁb?{sed in some

close to normal. When a dichroic coating is used

wat sodhefcherntis pReREeresistamee hesrecnifosnl seionsdi pad i%nWéth rFf?rence

tolfguglé ¢ $80ptich k8 PRAMALGS A bd ﬁ?a{%ﬂil‘éﬁﬁﬂindn@é{%&éro& dh®wn.
advaniaged over other types of |ight separators that

Algespatglye piptisiab axeg (Q lhanskOP gould be aen-parblel aerq figghand; sspepdcurved
refiDRRE sSM44de288 50854 RtOMRM WAL i’é’%ﬁcct RECRUBhr ik %m@ﬁfgy As yet

second curved reflective surfaces 32 and 34 may b
angthee ptenaive, @pthabwesm B1dHa? gpwld cuen bhepddngan, with focal regions f1

anA 3P aRp BRI bifir @Iﬁ é)giﬁoniélgng b BREoe ENBEDN L) e§t§ch a collinear

respe tive sur ac , en Tn a direction paral to
arggpgérgent, whids pa@sible, Gpouldrpg digadvpntageshiar hght ellegidon lméﬂever since

thQ%tv&cQﬁﬁ Qﬁa@%giﬁegﬁ?ebéﬂhﬁ giolf %fetl t ht 1s\/gl}éated toward the

reference to t di ment e 5, for exanple,
furth¢rdighesssetver. i s | ess than thlckness t2. This

di ff
e RSBl Sl A By
themsedvesa iy cuay echrefeetivet surface 33 hasesdicnotcocoatingyy ene embodlment
soq:ﬁétq{ éelé:ﬁ@él?qgﬁégtg dne spectral band and transmits another. In the embodiment

described with reference to Figures 2 through 5, the dichroic coating of first curved

reflective surface 32 is formulated to transmit some portion of visible red, near IR, and
longer wavelengths, nominally longer than about 650 nm. Shorter wavelengths are then
reflected by this dichroic coating. Thus, a shorter wavelength spectral band is directed
toward light receiver 22 that is positioned near focal region fl. The reflective coating on
outer or second curved reflective surface 34 is a mirror in this embodiment and may be a
metallic coating, such as aluminum or suitable alloys, or may also be a dichroic coating
or other suitable treatment. Dichroic coatings are particularly advantaged for high
efficiency. As will be clearly evident to those skilled in the optical arts, alternate
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The cross-sectional side view of Figure 6 summari zes,
for a single incident ray R, how doubl e parabolic

wo edozaatses 20 acts as a spectral separator. RapCRUB®0OA004304
pol ychromatic ray, such as a ray of sunlight, having a
range of wavel engths. Shorter wavel engths, such as
visible light, reflect frominner or first curved
reflective surface 32 toward first light receiver 22
at focal region fl ; |onger wavel engths, such as
near-1R and IR light, are refdected from second curved
reflective surface 34 toward second |ight receiver 24

i,S. 1 nport.ant rve,

AT BER O EDORIE ok P A I SRR BB bl g pnd

shéGUF £8ledgthb HRU@Fh Hrst bﬁvé&&ﬂ%ﬂ‘@iﬂkﬂﬂﬁﬁé 32 tfidieflesn mo@t for
26 as descrlbed erein is.sanme_refractive jndex
exgrplenwith ageilertivg cefrtasgefppr tipgeusib blewayedineifis, %S?Cﬁ&%ﬁmed
refdctibeufRieayi al that |ies between first and second
curved reflective surfaces 32_and 34. This arrgﬁ?enen

i s dtivanmgEY Pobsrivaitat Jeht's infident on fsttrapied reliCHvg gurface

32%%5@54 mgﬂarétrelﬁﬁkfé!}eglowfcfrﬂﬁ&aﬁ 2vR88 a AidhRdic BOfTIgHS Bsed, this
probl ens that m result where materijals having

ArTGnETReTS ﬁfow@rsﬁh%gw dichrRls PeroTEIABCS S E e Appaptus of the

rés%ﬁtslﬁvémoﬂ% h@aht368 8$ér\(ﬁ§erque§bh ﬁ%hmp&@ioaé fhat BiRldichroic
ht receivers 22 and 24 26 al so exhibit

Su{fh%f’s% < incideny Hehirtpyaidfhess stgaces i Bighet anedisr act i on
n. %Ns%r first dndSBHatuPRddRASNE dutthak 3012R8 B4 may be decentered,

arrangenments are possible, including configurations
tiligHepreotherpteat R e BRI HERMEEL fsbioms theclistanre bebresmdbese

Qé&ﬂ@éﬂsu&ﬁtése &ﬁ&m 8 a{réaﬁﬁ%,aﬁzlem%p%amés @1dobf ﬁa)e%ry from

refractive I ndex than othér materi al

thatapetp il egtiom ¢F qlqaabl cprdabnlic gpfdectaraPe dV rtb F‘Ffé’@PF“E/@ the embodiment
ofSFll'é\Ir@?eﬁ)r 32aApd, BftiABY PR l%?s[{ﬁ&?ﬂﬁcgm@/s 181 Thisliffef®B¥e in

en receivers 22, 24 and first curved
thickngsa m.uselze talsmgmto aenquehivhen sﬁarckg& mahipkedawlsopirehpligirefiectors

2 ihlaitar@ gqxryg@ b tcdg&y&&cﬁ {1& lﬁqﬁarzé%eéwsﬁs&aﬁe&?y and 34

haV|ng hape, s, Wth each surface
r ot aThmaf*oSI-VctgqnﬁT‘élﬁﬁ W@va@foﬁnguﬂetﬁssuaam@ﬁzemfoe abagleriagident ray R,

OQ\t d&ml n%;Ierpcﬁb eéﬂéer(p%%/ arsgagsggar el@@yarg’tgr | Ra er? ?5]8’@%%1’[1&'[10

ination o nt” nateri a
raﬁ,esualm ds s epaafauilighti aving a range ef warad¢ngthst jShierter Wavelengths such

asqgﬁgl%gfg g# ec'?’ ﬁo&%Hné}%rQﬂB%%ﬁ rgﬁécjﬁvg 'sﬁrﬁce%@c*o@%q{}gt light

curve
receiver 22 at focal reglon fl longer wavelengths, such as near-IR and IR light, are

reflected from second curved reflective surface 34 toward second light receiver 24 at
focal region 2.

It is important to observe that body 26 has some refractive index n in -
embodiments of Figures 2 through 6. In the embodiments that use body 26 as described
herein, this same refractive index » matches, or very closely matcheé, the refractive index |
of the material that lies between first and second curved reflective surfaces 32 and 34.
This arrangement is advantaged for minimizing unwanted effects such as refraction at
curved surface 32 and other possible problems that might result where materials having
different refractive indices are used. For similar reasons, optical adhesives or other

materials that bond light receivers 22 and 24 to body 26 also exhibit the same, or very
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surfaces 32 and 34 havi ng an ananor phi ¢ shape, that

i's, having one curvature in the YZ plane and a
waldo7aosat curvature in the XZ plane. For rotap@¢DOsto0y004304

symretri c enbodi ments, cylindrical enbodi nents, or

ananor phi ¢ enbodi nents, air may be used between inner

or first curved reflective surface 32 and |ight

receivers 22, 24 with transparent material used

between first and second curved reflective surfaces

34. Alternately, transparentishody 26 material could be

used between inner or first curved reflective surface

32 and light receivers 22, 24 with a tween fir
neagkycthe s25eh Andseraf SR racEiop & tHpeeveh it Sé’eeiflr %ﬁ@ebS%HVF‘é Frhp er

arrkr RARKAEBRE Bosdivid) ild1SdRE SbMBruriRME wikfd Ap@teiaPsaaawithed
pat abolic reflector described with reference

betfieg fies apd sarppdi g ved eddleciy s e detnd 1 ]&"éﬁbcil%fﬁ’fe%‘i’?ﬁa"ﬁ"e
ind% M BRE 'mATBSN P bSHP 26.OAltSRERLY, Hrst$80 B6cdhl @lrvell Reflditive

al ternate enbodi nent” of Figure 7, |ight concentrator
surfmes &P a3 may heiseragatesh Bb’%'h SRy élSPé’&lbgf‘Y‘?ﬁ‘F TESRYSTS 22, 24
anaﬁﬁ§9m§g§95@§k3§ands directing each spectral band to

a suitable receiver 22, 23, or 24. Here, front surface

28 héght sopengatosd0 ean be prebodied withifisstiapd seqond gusysd refisptive
surPARIBALnd B4 hQﬁnQ g&labﬁgld é?l%béj Rt if, 3titAdacR Sudlcefrb@Nbnally

surface 28. known to those skilled in the ‘
syropefrisadbou tt%amﬁ hén arpodingmt pESEPE B1RYIE Rody 2&pr ey e in air,
or tn%g%é Q&né’z‘o bih gtcﬁ{;&t@an &emﬁétex‘?zﬁg f&%od?’@g @hii 8¢pration in air.

rter wave undergo a angul ar
Altepntitelgclight nonaenipatps 3P easf bmrtﬂmmeg Yith fige apg pepend curved reflective:
\é§|3 {l E&ﬁn Egﬁn Shot ﬁf?:rgﬂla]?e tlkPJt 'r's,e hlnhgg' Bng'@érv@ture in the YZ

re atlve ract on angl’e; Idnger red and
Pkwaweﬂemgﬁhsntmwwwmmlmﬁﬁ@$znhﬁa haverelatlvely Iow

ref e f’é thor@ﬂ? ctitCehildiAehts V& 11 38R eRib8Binnt2Br

optical materfal I's a measure of the difference in
angrgbrphist ¢uﬂvp<hatme,eanr wap bovnsed] hehwednsinngrer g greved reflgctizen
sm%gcel j&e E% {%1@1‘3@205 4 bW ﬂiﬁgéméﬁ%ﬁ Ll 'ﬁs&?b&@@&f‘ﬁm and

ns the incident radiation by
seqmnd\pmd{eldgemctlansunﬁacest Adtomatsilp iransparent gy 26 imaasied eepld be

usecp getg' PRQAL(%( C%EP:H@&& eﬁ@cq{x/%%tlrtg&ieie ngtdhl}gh% r&gwekm 0k with air

aVing shorter wave (1 ncluding,
befWﬁen dirstmmkiessacdyﬂdumnteldghﬂecawe swfaned 3480 nm), refracted

findte BLBUSIm AR iy OiSdBodpilhf Sl by first curved

IEIIELLIVE surrace 3 a tnird 11ght receiver
The double parabolic reflector described with reference to Figures 2 through 6 can

also be used in combination with other mechanisms for spectral separation. In the
alternate embodiment of Figure 7, light concentrator 30 separates incident polychromatic
radiation into three spectral bands, directing each spectral band to a suitable receiver 22,
23, or 24. Here, front surface 28 has a prism 36 or other suitable type of dispersive
element in the path of incident radiation at front surface 28. As is well known to those
skilled in the optical arts, the angle of refraction by a prism is a function of wavelength.
In most optical materials, shorter wavelengths undergo a higher angular redirection in
prism refraction than do longer wavelengths. Thus, for example, blue light has a

relatively high refraction angle; longer red and IR wavelengths, on the other hand, have
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23. That portion of visible Iight having | onger
wavel engt hs (including, for exanple, orange |ight at
wae@anas8L0 nn) is refracted at a | esser angl ePOYURINOTMN4304

36 and is directed by first curved reflective surface

32 to first light receiver 22. In this way, first

curved reflective surface 32 reflects the sane

wavel engths as in the Figure 6 enbodi nent, but

effectively provides two spectral bands of this

reflected light, directing-dge spectral band to first

Iight receiver 22 and the other spectral band to third
receiver I R 1ight,. which undergoes very

relatmebr lovarsgrastgn ‘E’rgé‘??g d b aeirl VA FSpEESRGH, anlogﬂaagléﬁl%enal isa

meafiré sf:&@dmfféreﬂaeslacr@ﬁl&t@ﬁrb\éﬁaaeﬁ%b%tvaeﬁg&gr face 34 and
goes to second light receiver 24, Using

di speFgure’.aris the paghpf Wé@éﬂ%ﬂ@uglz a%PFEP"‘ZBbWR and

comBHbls R0 alliNRRA8Hoh B Hr&ﬁé‘i'n 8 QAN PSF dikdetdion YpMEHg a
reflective surface 32; mhereas l'ight receiver 24 is

dispersed insiflsat prlyehsematiqeadiagk energy gTlmpastion ef wisthle ight &aving
sth?efr lweaQIEfe}{Qh§ %glﬁgﬁxg?’f&n‘ egﬁrh%g,} tife ﬁ@ﬁ J!? grd%llh agh ﬁﬂl)t Igfracted ata

of otherw Se optic coup in the

hlghﬁtmmé‘mls theg Wircctegh by Sinstichxyed mﬂ efrnw%é}néa&ﬁ 3Bdo ﬁéﬁlﬁﬁbught receiver
23] Fh& eﬂ(f Elia?ecl?gh% ?awﬁ 1n3ef wg%?éﬁgtl?’(ﬁr(rﬁ&ﬁng Fot Skample,

S| op ervvl Sse eat I ovi
orampf éght at PmI@ﬁh@e TR\l eﬁftaetedat ellgssg@naht tafrprwl 3 and is directed

b %&Q%&i‘f@ﬂ@c‘tﬁﬁ’@&tﬁce ALY %hﬂe%&geﬁf% th s vgé&ﬁ Vﬁgcurved

accordlng to the coor tem of Figure

reﬂ@clﬂse profasa B2 reflectethp sgme W@vﬂemgthg/ﬁe@ the Fkgiugfp@ embodiment, but

R W N I A G

to ﬁzeqt deht mepivey 2|2| agditee @hen sm)eqcteal iband mmdélgpéres;pierelt 33y dR light,

wﬂé&beﬂﬁéﬁf%}ek g%ﬁﬁé‘ ﬁr%ﬁtl{{{%h c Ic tt§ 3?58%%‘ %ra'gﬁﬁl reflected from
seqoodenrvat oefipctive amfaseﬁﬁ anH goqstp spéanddjghe xecervdi Ba@} Hbiog this

dis;,'%gi\?él agxlﬁége%r%ng,”lghk% géscegg}é ¥4 ngal ikoar? 58.&? S‘Jledpx% st glg g&%gregion
of figst chivgll reflrotivestrfat 52, @Eeraasdlgjm nmeaflet % asrmjsiténlned pedrést the

foczal gc)élo% Cﬁﬁggogﬂ%%%seg;rgﬂ%&%e%m nt shown. Focal

Fons i near, - ex ending longitudinally
aI 0 ﬁ’glstxhlﬁ Gyl teraditactoal to Sbdyw2é or ethe®rise gptapally icogritd in the path of

mﬁc?e\é?nﬁéﬁxg eOpQIonlailg r})tl‘isr(iao_ﬂ)c & tbeafg) cf)’ Qltocg'gntbs%rfglgg’ ffg, %S Qhat front
surface 28 is sloped or otherwise featured to provide a prism effect. Prism 36 may
alternately be an array of dispersive elements, extended along the x direction according to
the coordinate system of Figure 7, where x is normal fo the page. Other types of
dispersive elements may alternately be used to provide the needed dispersion of incident
light.
Cylindrical Embodiments ‘

Referring to Figure 8, there is shown a perspective view of light concentrator 30
in a cylindrical embodiment. Here, light concentrator 30 has optical power along an axis
in the z-y plane, extending along the x direction, but may have no optical power in the x-z

plane. The cross-sectional optical axes O1 and O2 for light concentrator 30 are generally |
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per spective view of Figure 8 The obscuration that is
presented by light receivers 22 and 24 is relatively
waouiovaosssal |, particularly when conpared agai NnBCT/URE07/004304
obscuration presented by the conventional Cassegrain
arrangenments described with reference to Figure 1. In
sol ar energy enbodi nents, the height of the inmage
focused at each of focal regions fl and f2 is the
relative dianeter of the inmage of the sun's disc,
whi ch, as viewed fromthe ealih, has a nean angul ar
di aneter of only about .0092 radians, an angul ar
paf%lteﬂ(]) n% a.};aig%uorgma?e nia aFmP cg Ih %ﬁ%s]‘hr\;v% t ?fzregf?ng Plt an%ffZ are
lmaan;rbmtahdhyg lomgcradnmhkky hlong sectyhiedged soicttee sun' s di sc,
still a.relativ small. nen5|on
of t 9 Rt Pyl e ight SRS or A 5P B hepeifrom the
petspectb@saew by Fizugd 8.nThOobdayiration e 54 Iﬁgsehttﬁl Religh @édeB/ers 22 and
ext f rst .and s nd .curved flectl urface
2433 Wil iaif R Y Sy BB PeuB b pon preseated
byatie @l ventidrat Kﬁmr@amhfgeﬁi@haldegﬁlwa with deheerRBREFRIS]. In
nd netho s,of th resent invention. One advant age .of
soffp gndy PROpstss et pF e raes taoind 3 Gedh Of 1o apedons 1 and
2 i thanelave @bﬂb&ﬁ of Getil@gd 6f At sWe's dise, ewm'g:h| a'isg}i‘iwed from the earth,
recei vers 22 and 24, Fiqures , and 9C show
ha3 gmseg ey rLfiapetnet oLy dhevt 9@‘ﬁra Bnypangdar exientiof phgyt 0-5
degra@aMiugfthd fog) heizBt $HBO ihhe: E)Vrhéc[l e ﬁo@ﬁ're@ﬁﬁ)@ﬂl AR iPhominally
Liqgt concentrat 30 ls used receiver 22 can

¢ FENSTRRENT 63 thasap i, Sl a%?mf%ﬁn?lh dimpensiopn dereover,

thoéfrhand apémirb ghtigt%opt ka2 doRYn bt HiressNB L Bdatiaf Of by 0
m(‘_Ergtlcs woul d al | ow sonme tql erance_for aimng

RS thﬁ@ plihextrntat fiustaad geconf gumied reflrstue F%@Ff 3% and 34.

Thak) agra@mpemfetwmeespédt eofarAMHidk@ essdan Bk obidhid & tBe
still allo amount of |ight energy to be

apgHELisseg ™ é’ \trﬁﬂrﬁsenb‘l“"%‘&lﬂ”se be some penalty in

ter r@n@idv@btﬁgéléﬂﬂﬂe Qhail fimhiD8ike MAERIPYRRedZA ORI fegions f1 and 12
i ncreased. i.n size, However, such a di sadvantage m ght

relgies & thedtlatiye fige qikight apielierett 219 rigwies OATREr @ndHy show
enBirS& $l8n ARMA DY BEE B ehiGeINIID TR wing R3bnd BV E %g@%'vﬂﬁln the

ower _al ong nore_than one orthogonal axis ferrin
oyl 1pdpgal grmgodigrent pklight cencertsaiar A0 ersspebiahy ecgivEn 2o Farshe
dlﬁﬁm&eﬂ%ﬁtthaﬁfit BRAAG A e khiBhlesE 6f bRAIRNigBP3$broBuced by light
con etnltr%g)lr 3 %\Qﬁcr:s a{“l?lg %rotuld allow some tolerance for aiming error, as shown in
Figures 9B and 9C, where imperfect alignment with radiation from the sun or other
source still allows some amount of light energy to be obtained. There would, of course,
be some penalty in terms of obscuration'if light receiver 22 were increased in size.
Howe\}er, such a disadvantage might be offset by relaxed alignment tolerances.

There may also be advantages to embodiments that have optical power along
more than one orthogonal axis. Referring to Figure 10, there is shown a perspective view
of an embodiment of anamorphic light collector 30 with optical power along two
orthogonal axes and with spectral separation using double parabolic reflector 20. Figure
11A shows a cross-sectional view of this embodiment with the spectral band separation

to each of light receivers 22 and 24; Figure 11B gives a top view that shows the light
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ort hogonal axes and with spectral separation using
doubl e parabolic reflector 20. Figure 11 A shows a
waee@asaesaect i onal view of this enbodi nent w t h POEUS2007/004304
spectral band separation to each of light receivers 22
and 24; Figure 1IB gives a top view that shows the
i ghtconcentration with respect to the I ength of the
cylindrical structure (along the x axis). Using the
coordi nate axes desi gnations éuven in Figure 10, this
enbodi ment has opti cal pomeT th respect to the y
axis, that is, inthe y-z plane of its parabolic
coﬁééﬁﬁ%ﬁéﬂa%th%‘spe{:ﬂo%jéjﬂ ﬁétﬁrbfﬂ{em 8508 44 0EN! (Ql%ﬁ St 5?ax1s)
optical power e X-axls rectlon s
Usitkgsthg zzorﬁhraaﬁﬁeaxe@dn gnationg siypn ucﬁllgumolm this bmhgdlmat has optical
poéw:f’:1 ith r g@tqr:"ﬂ%? 520, s QQB%cnfg anle of Et?h&gbglgco&%)ss—sect1on In
surface 28 as co respondlngly convex W
additionddis enhbaglimentdips séne ppticat paw el afongpibe ixeadis qhmmepn,l that is, in
P sl KRS Ao P R 3R e AR SRR v iea b
formiag franhjurficg 2R @s i@res)fendlag\lgtcbavemyh te:spertpd» nyclq@nt/\hght rays R.

X | rect|on e (o. a rvatur
Aeodr . SRl Sl 60 iR o R bR IS tioVRN g
Fre¢snenteasstmotyrh oo sufReqerass emtmtum\/\elﬂmayarctarmcmeﬁlgﬂrem/m Yet another.
h ady age that i.S_ga

) @ iy RorB o MRS bl RENAR LT el e o ARG e
paﬁabObtn eurﬁales enthe admaiaﬂa@es mlakgigttheme faeamenphch Repratedtive ray

el fi educe er S|ze
t o%re s WET B e cy sﬁ’ tg% Iag ea%ﬂé%& At 8 e‘iff'gg}hee gldition
ofohecad lpyweaalsnm thepr giorAs omm:tahhm ddesitagd) &ghuet:ctwérs Peaml 24 can
belsncI g Ig:%l% gEév%%z} s%e % nec%&%&é €¢ ﬁpcgr’?ﬁaﬁ amgﬂdlment
of @igmt B,dlﬂereb)( bmmdlgmopd)mngatehyllgss mm'udﬁonfﬂ‘cﬁm incidzaeligi.

rical .co n

l.ec tion can al e internally or. .
5 GRS RRESR TR Bmelh FIEES S 2 2 MPBBET A ctparinciuding
anatecttode é)ttbm?ng aloag gHBPaktyof ﬁ‘&ﬁw tdhee Qﬁ s IEméﬁrt]Iﬁciaﬂ: aéﬁnegtlon can also be

vant age o |rrent ch as,that sho In Flgu
m%g“?tf‘ﬂ’&gy ﬁé%"@h’g’ 511 aceRwith minigum é’mFLlﬂ“aP ‘{eécnbed
subsehesmlyc %?dﬂ&dﬁ&r@ﬁﬁc&nﬂﬁtﬁ%nfa{;ﬁ@%&%i@odﬂ%ﬁnts%héﬁ z:xs\/tﬁat Asrhown in

Si n.of the sun, as descri bed subsequently. a
Fifits 41k R RYe EPRP RANFE I F KGR Poolsronst Fagtpnwhen
tracBinp difid delativa pbyitive bf theyink,ed deserided sybseqadyrent s.  For

reﬁgoEs!.r%lmast ed largely to manufacturability, the

Cylindrical light concentrator 30 design is particularly well-suited to array

embodiments. For reasons related largely to manufacturability, the patterned
arrangement of paired light concentrators 30 shown in Figures 12A and 12B is
particularly advantaged. As was described with reference to the decentered embodiment
of Figure 5, thicknesses t1 and t2 at opposite top and bottom edges of double parabolic
reflector 20 may be different. For this reason, it can be advantageous to fabricate light
concentrators 30 in pairs so that the intersection between adjacent light concentrators 30
has matching thicknesses of their corresponding double parabolic reflectors 20. As
shown in Figures 12A and 12B, this means that one light concentrator 30 is flipped so

that it is vertically mirrored with respect to the other. In the embodiment shown, the
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arrangenent of paired |ight concentrators 30 shown in
Figures 12A and 12B is particul arly advantaged. As was
waleacnotsed with reference to the decentered enbOOURBNT004304

of Figure 5, thicknesses t | and t2 at opposite top

and bottom edges of double parabolic reflector 20 may

be different. For this reason, it can be advant ageous

to fabricate light concentrators 30 in pairs so that

the intersection between adjacent |ight concentrators

30 has matching thicknesses-é%-their corresponding

doubl e parabolic reflectors 20. As shown in Figures

ot h t trat
pa}x%éfa?‘\qgen]tg%ht éc}nﬁ%%txm??rsl 0 ar :a]fa%(%g? rso tt Fhﬂ%@%gs%a}fﬁr% rad_1 acent.
Tllleﬁpaam thhbﬁtshmd:ﬁebeld light redreevemmmmdmmms haweg particular pattern.

t hepai r ed acen [ .conceptrators .30 are arranged..
to e PR b BN oo e Then V) RERRd
reééivst24andelscscﬂh tight (@ht T ctk ‘aﬂﬁﬁge%nahak thé paftaf \have for the

t he shown, first

p ﬁaeraﬁf?ﬁf %O?{SF égrf’éléﬂ%%ssl %@m%wermchvg X1y Rf Figure 13

shbhgratpotmed)ﬁ/mrar&«s« qoatdighesorcBhirdt@it30( With tiilet paird, #@, P2, and P3,

t has th ttern. V- -V r the paire
o SRRl BB RGBT s Aot SRRy vt
VerIF‘S’pBG-tIJfWeOficeNh‘swa}Elegﬂé &r&?geﬁi%ﬁv\ﬁuo&lﬁﬁffﬁ%ﬂes 0#A,8I?B, and 13
pairs

. anr 4 ncent rs 30, with t
s BVl 5 pricion R S5 10 o4 P Re S GaEggns bould e
usedght receivers 22 and 24 agaln repr esent ed by

V- | cour se, thIe th
arr a)ﬁﬁaféﬂ a%m% F?Pi}sdgfmgwagwom ingFigpl pegrpents of light
coﬁdMﬁfﬁt(ﬁg Bd of osryirIen @R 4sqize@dd ialah aydi¢fubNagplit&ion. An array can

al nﬁ g ,. alternate att rns COd|d be used. Array 40
Ear® b‘%‘n? SPHEUPY rofptiongtly sygppqets 1 %‘&lconcentrators 30.
Fig@@NRINhswe fan lein®oi it aﬁme[}mmw&h 2thi@ple Yawy bBgHt@BieRtrators 30

<ﬁgﬁg needed. in an indivi dual gppllcatlon An array can

Pienally SERMEEISRIPHNE caR brBbsryediiBatone opmere ememng

eleotades 44 6xtehdtdt cabR MR donddFafor30. Td GLRI4ns Qﬂ%t%@ additional
of array 40 with multiple rows of i

OB 10 Lo s SR aF FIeuey Wbty lecyipests

extdndé@ inReeRH HGhV@fhcthiiorIEE-6h (i GSPYIRE HieGin or other radiant
el ectrodes 44 extend to each Ilght concentrator 30. To

CORTEY; SPRSE- ivdlesrriertcatier.daisinortinmaat Lisht congentraar 3Qbastthe

ottra@idngstesenttdl byl 1t RsERREIBNInd0fs. Fi gure 14 has
el ectrodes 44 extendlng into each |light concentrator

30 rPenerding o the layppiogsometnyised for agry dP+ige rotadionatly symmetric

arrangement of light concentrators 30 can also be disadvantaged due to a reduced fill

factor. Packing of light concentrators 30 in “honeycomb” or other layout arrangements
may help to alleviate loss of fill factor. Modifications to a rotationally symmetric shape
for reflective curved surfaces can also help to alleviate this fill factor shortcoming, but
the resulting modified shapes may not provide the full advantages of light concentration
from a reflective paraboloid. _
Light concentrator 30 provides a highly efficient system for obtaining radiant
energy. However, like most devices used as solar light collectors, there are some
limitations related to light angle. Referring to the side view of Figure 15, incident light at
higher angles can be reflected away from the light receiver 24 at the focal region f2.
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energy source. As described earlier, this portion of

i ght concentrator 30 has the obstruction presented by
wo cgitioesecei vers 22 and 24. Dependi ng on the | PgDUS2007/004304

geonetry used for array 40, the rotationally synmetric

arrangement of |ight concentrators 30 can al so be

di sadvant aged due to a reduced fill factor. Packing of

light concentrators 30 in "honeyconb" or other |ayout

arrangenents may help to alleviate | oss of fil

factor. Modifications to a-rtationally symretric

shape for reflective curved surfaces can also help to

alleviate this fill factor shortcom ng, but the

Herep Hight 4t ggelectiisfat adighanpde withyespest tp thaanisak Fés Pgapd some
amp artz:g%?ﬂﬁze&ﬁts | g A ORGe B cAdnk Q% & sQLHLéhtr Rk |e§§ﬁ1¢]l¥ €he optical

Li ght concentrator 30 provides a %
axisShiould badirsgied torward thesynaTrackingrapithraiis, deserpgd subsequently, can

B o KER OSSR YRR bt
| | gfrhe sidglvéew REFigrre Hyshiowstotleer posiéble cangenfor fosf gnergy.5Some
L Y] . : | _ :
amp B f3plot] bt L AREL AR SpE A LR R, B0
accoRnt-or égst Effghencat Iraatrglitéorq even thpugh dichyloicasvglagesmre highly

I
effick lelch u,lest%énet 3 aﬁl rﬁﬁ@& %%f 1i gﬁtl 1%&18%? %u@ 8§ %:{gﬁ?%ge? "Brme
smebk amphiat oﬁwhsbbpltghtal mweslhbnwhgh be djqzlrren;tcedtimgmfaﬁldt curved
ref{ecgv%yurfacg 8%0 KJ[M o%@grﬁ (#ise’cteqel‘iggl{ %ﬁlerg %Bg? . lge¥WGen
proper

use I Tpr ove e i gni Ng.
sedoind atid €igst carvied a¢flacti8@ surfdves 34,62. \Hoew I!Iﬂ’tllﬁl gfithes light can be

h ' -
R B SRS DT BRSPS b WP, 10 B g ety o
be divedegta tha wabhg Iigltb'echive‘i€4®a directed away from dithst light receiver 22,
9 efficiency. In addition, even though dichroic surfaces

are highly efficient, sone small percentage of |ight
Aﬂmm@&ﬂgeLMﬂh[bnaﬁMHqumeﬁhﬁansexanple some snal

amount of vi t i ed thro h th

di c E'?’o oFEne B cadmbs '%%ragtw ¢l S\’6/}%C %’ tov i veﬁg‘ﬁl‘rz Saag%used
sp&aral skdpahtloﬁ midyi it be adequachredst. | T]@;I’;iers;ﬂntlxreewmwmf Figure 19 shows

"tra t ween Seco d and f| st cur re

an gl PRIPBL Lght ceRaSE oD G £ SRR THHE A s Single
light reo& et Zzeaildkmkvd&nreﬁdgfvdslufﬁcte £y R:vmive efitheespedt to incident

. surf ight. is |l.ikely to be
e 1 dEB PR PR ey e e pbes Foket ) e gpapjame and
froavaytface a8 has bitisal poght innBe eithe@on@ X-z plane. Optical power in the x-z
plane may be provided by Fresnel lens structure, as shown in area A, or by curvature of
front surface 28. Light rays R are thus directed toward light receiver 22, disposed near

the focal region of curved reflective surface 52. This arrangement provides improved
anamorphic light concentration, without the added spectral separation described with
reference to Figure 10. It allows an arrangement of light concentrators 50 that are
extended linearly but do not require the linear arrangement of light receiver components
shown, for example, in the embodiments of Figures 8, 12A, and 12B. Thus receivers 22
can be spaced periodically along each row of light concentrator 50 instead of being

continuously extended.

Orientation With Respect to the Radiation Source
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24. Ananor phi c Light Concentrator Enbodi ments For sone

applications, such as where stacked photovoltaic
walewraes3ar e used, spectral separation nay notPQEUS2007/004304

requi renent. The perspective view of Figure 19 shows

an ananor phic |ight concentrator 50 in an enbodi nent

in which body 26 has a single |ight receiver 22 and a

curved reflective surface 52, concave with respect to

incident light. In this enbodinent, reflective surface

52 has optical power in the-¥1z plane and front

surface 28 has optical power in the orthogonal x-z

) 08, SRS PR o8 e BEBLSY G5

coﬁan\z&&fdllgelt Bfond the@tm stibthacRddbion kb@bs, if @ YSpLitaitehdt Hilgﬁt
directeg mard i ght recelver 22, .di spose HFar th
copesaifatar {ibs proferly Ariratrd st wepser B GE SIS Afisgrete system,

suéli wa@a%ay R6@VindBE fdrmnmeht@ﬁawsogmhemlcwmce having close
wi t hout the, add ectral separation

t
Pa&’i@ﬁ a’%ﬁ%?%l (%% Hgtgaheringmst P}F”é Y1i§ opipnized|syiply hy aligning

thé¥elopAEA HREd toard th@ftn GPBEHE akiRiBh Sodbe.! Math A¢lindrical
extended linear]y but do not require the |inear

IO HREE NN VST qewgﬁ CriFREEeR e Reompisiierat Yng plong, the Bast-West
ax@X arAel Morth-BohtheE Rt (EBBteviatdd NI ST, 8%) Srientafdn G¥1Bis component

12B. Thus_receivers 22 can be_sp aced periodically

dirgetin affeciy HS FRRRDEIY foribtaining and F?%&earats@ efi@pbengrdf For
refR@dnae, 1681 ISNEOUSbNemRattANS SbwiFd A1V 36 RNV EbSdRRE8SIping used

to the Radi ation SourceAs was described with reference
inpgecpsligg desoriptionn order to efficiently obtain and

CONCEHY geddpRctivdfibwh bPMLRR 194N 198, ldherc W Ak 'li%ﬂt—gathenng

source, it is inmportant that [ight concentrator 30

bepavipeed ehs CPRIPOBEORSD I £ edpsicakgnhadamenyresiivey the FaW and N-

S Gr&EibaL0E ﬂﬁ:\&%&ﬁf{bn Solfrbe. O PARGEQ 7ROEhE 9fndrdcal amts lgeoff 199
of a rotational Y symetri ¢ devi ce having close

copendalas| 30dp geneallyplignedin pargdel withyn E-g¥ enisr i(Wien optimally
orfRhfedGbRAEMnE SuPBt dtﬁ%&%&’iaﬁbmlﬁcé@lﬁﬁﬁd doRBLdEtdrBbtains the

Optl cal axes toward the sun or radi ati on source.

opyiPYIm Ameytiaf dight-alpng fsdill hngth ofitaikahs Feceivies Feand 24.
Of | @i OB GBS %amp%gg%%y 109 31806 32 nﬁqsﬁ%%gﬁmuy

axi s. The North-South brevi at ed
orwtegrwlélhfegp@c@tp e B-W axis oﬂp}ymepqmal length of light receivers 22 and 24

receives focused light. A portion 42 can be missed. However, a substantial amount of
the light is still incident on light receivers 22 and 24. Thus, light concentrator 30
functions, at some level of efficiency, over a fairly broad field of view in the E-W
direction.

The perspective view of Figure 17C shows the behavior of light concentrator 30 if
it is not properly oriented relative to the N-S axis. When inaccurately tilted about its
cylindrical axis C, light collector 30 may allow some “walk-off” of light in the vertical
direction, more extreme than that shown in Figure 9C. As was described with reference
to Figure 15, an extreme angle can be unfavorable, so that the proper spectral bands are
not directed to their corresponding light receivers 22, 24.

It can be noted that the embodiment shown in Figures 10, 11A and 11B, m which

light concentrator 30 has optical power in the x direction, can be made inherently more



10

15

20

25

30

directly affects its capability for obtaining and

concentrating radi ant energy. For reference, the N, S,
WE200MersBent ati on is shown relative to the XyzPCT/US2007/004304

coordi nate mappi ng used in precedi ng description. The

perspective views of Figures 17A, 17B, and 17C show

the light-gathering behavior of Iight concentrator 30

in a cylindrical enbodinment, relative to the E-Wand

NS direction of the radiation source hi Figure 17A,

the cylindrical axis C of |light concentrator 30 is

generally aligned in parallel wth an E-Waxis. Wen

optlnally oriented toward the sun or other radiatiaon
forghyiingsto N1 yRtrackine SHORSise bt wseiyrRS21Rd 2658 Rfimade larger

wifh ekt @fthd gaﬂéct%n%ghbaﬁ ith ¥lourd ENOTIRS, Qfov&e‘bér kid HAke expense of

receivers ure B shows ‘what hap ens

somp areasyrg R thedi- N%Er@@ém%@ ¢rangss, sigecon ghtiindhe grthogonal direction
is Unb &t c‘!ﬂt& BecERRREEE adddD 4l rlfoo?o}e‘éﬁéﬁc% aloh ﬁlear?, Wﬁﬁé@iom can

Iength of light receivers recei ves focused
cayseghalk-affp8at isdn aglireetaen @éhcrﬁogeletg thaftldmmbpd with reference to
]ﬁéﬂpﬁ gantial anmount of the light is still incident on

t receivers 22 and 24. Thus, light concentrator 30
fun <Splaes tracking systeras puslmbthofls eyl leesip, and\ﬁ@n bg r¢aglily |agapted to

us@flgﬁ%oﬁé&!ndl'v@ fe1tﬂé gﬁ’d}:s@rert@gr 1%_?%1 g et Fl OWS a so%a: energy

pect lve VI ew ure hOWS t avi‘or o
systergﬁ'ﬂ acenrdimgtte sheopregmt mfvemuon Oroer rpmpedlayt epei@nopgentration

oA I e ) B o WP LIAEOU R ot

comtholisi byomesrnmbldgiactbbesatr 03 iiropalytrisnl xliane atergy Concentration

am%g&%gkb SCEB%%J§¥$?§ 4ere %%?%%ﬁ%glgure 1 &Q&%ﬁo&&ﬁedayas

wedbetsite mekamjher asijustients ne@sm Bireroms N-R arienfabopr Gpefrol logic
PRS2 AR Ay RS R Slior SR s,
fm}aqrmmhm(mntsﬂ togic procéisgubZmay Genst pAsitionl by nBasurmgthe edlative
amgi‘urgpé e‘ié’c%@aﬁ‘ E&%% rob?*agnéa Ellt ?ﬁyorrp?&"&%gal}uﬂ (BGe %{h spiteble

can org VI ng
sigaah Itlrreapkmsfagoehns(srgnalsﬂlme nhd@hivepépesmcm $0ﬁt201dngic Pocessor 62

thec roxl;1 %e@ g:?ntr ?r 61 £ s%’u!:? %Qc?c?%gc?uattor%ﬂto?ﬁi;]z{ek%Eg%%@ﬁg%s
adnEUmnMEmnammung.of the E—VVtracklng t ol erances, since
fhﬂgﬁhknght in the orthogonal direction

Light concentrator 30 can be formed 'as a discrete unit or as a cylindrical
component as part of an array, as was shown in array 40 in Figure 13. In an array
embodiment, a plurality of light concentrators 30 are assembled alongside each other,
optionally using the arrangement of pairs of light concentrators 30 described with
reference to Figures 12A and 12B. Continuous fabrication of at least a portion of light
concentrator 30 can be performed using extrusion. In one array embodiment, an
extrusion process forms a ribbed sheet, with parallel lengths of double parabolic
reflectors 20 aligned along the sheet. Suitable optical coatings are then applied onto the
curved surfaces on each side of the sheet. The prepared sheet is then affixed to a

substrate using an epoxy or other suitable adhesive, with air bubbles eliminated in the
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I's concentrated onto receivers 22 and 24. Poor
orientation along the E-Wdirection can cause

woOemkewsBs that is in a direction orthogonal tBCT/N&1007/004304
described wth reference to Figure 9C. Sol ar tracking
systens and nmethods are well known and can be readily
adapted to use light collector 30, either in discrete
or in array form Figure 18 shows a sol ar energy
system 70 according to the present invention. One or
nmore radi ant energy concentr3¥ton apparatus 60 is
arranged and designed to track the sun. A tracking

64, i ] | | by .. | | oqi
bR b 8 R S BB BEREFS Ut are
claehanatchal mbneenbodisen. s E- W posi ti on changes

rel ive to earth 66 throughaut e as.well as.to

rokata difot SafiR Emiine e S TI Bl 180 Meed Do B 24 are
opBitAlBNingh exeed on(éijp’tgcbby célgﬂécptopj’oﬁSI QSSﬁfng@ﬂbdﬂiy?jlbﬂatﬁ'ial, such as an

coO er, or, a edl cate m_Croprocessor -pase ontro
op bt e RS S OF SR T] DRLE FLbSh o LU P8y
RO §10& dtiopPodite ci@astiht RglifidiRal @hittiry end RO iOFigure 2, but

el ectrical current obtained at a sitigQn, or b .
pagilehioPf glagsﬁ’é g 1t %fosésegv@‘?PZ W%e“f)ﬁle}rb@p%ﬁ{ﬂ@t light leakage
frcltd’i ilighﬁcic@lﬁél{trelt&a}OGﬂSSdtiﬂeB@érﬁaiﬁhfégo&ﬂ t@ﬂ&ip:a'g@.r , contr oIt

ogi C ocessor e rovi.des a contr i gna 0

| RlRE Ry cept Al BT e Eandrafaiop 3G fa Pofambly saled for
usd Gy b HiA Pk dBEERr Hi i@ thin oAb drdtdnfidbdith @it for example, nominal

concentrator 30.can ge formed as a di screte gnit or as
compopert timeRsipns foRFReAdisht crnCEaFatonf0 a as fRllRws: a5 was

shovoorndan@dtbAyel Akkight: Boawne 13. In an array

embodi ment, a plurality of light concentrators 30 are
as s EnteERr AP HER o ther, optionally using the

ar r angacenlighf casidtfatdt 30 ntiiibeCpic Iy ERIpRIIS aB@wing total internal
described wth reference to Figures 12A and 12B.
reggfition St der ppordion pEaisty of Aieard behty Rape may
urfleSEINTR! RGeS Q10T bR BnP6F heFd Rl TuRGd &l EdtE trfadel a number
one array enbodi nent, an _extrusion process forns a
of timsegfarh eher eppeyntermen Hight receiitgr RS, H inygisif dight concentrators 30
orRAftARAIHaG 40ek veitanghe0 al i gned al ong the sheet.
Sui tabl e optical coatings are then applied onto the .
Light concentrator 30 of the present invention is advantaged over other types of

radiant energy concentrator devices, providing both light concentration and spectral
separation. Light concentrator 30 of the present invention exhibits only a very small
amount of obstruction of incident on-axis light, typically less than 2%, comparing
favorably over Cassegrain-type embodiments proposed elsewhere that obstruct about
10% or more of the on-axis light.

With spectral separation from double parabolic reflector 20, light concentrator 30
enables use of photovoltaic receivers having a lateral, rather than a stacked, arrangement,
in which separate spectral bands are directed onto suitable photovoltaic cells, each
optimized for obtaining light energy from the wavelengths in that spectral band. The
apparatus of the present invention can be used to provide a discrete, modular light-
concentrating element or an array of light concentrators. The apparatus is scalable and

can be adapted to thin panel applications or to larger scale radiant energy apparatus. One
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curved surfaces on each side of the sheet. The

prepared sheet is then affixed to a substrate using an
we@p@s0384 ot her suitabl e adhesive, with air bubdl/@s2007/004304

elimnated in thebonding process. Refractive indices

of the different conponents and adhesives used are

cl osely matched in one enbodi nent. To all ow optica

coupling and mnimze TIR effects, light receivers 22

and 24 are optically imersed or optically coupled to

body 26 using an optical mat2tial, such as an optica

adhesive, that has an index of refraction that is

I . h f d 6. JRefl ' j [
or GutE Sp iy AnmrLaf o Pret o P IRt P BB S
suitablb photpesladié alaterialst foe thelspetrab baddsgrepdded, ticlidihg silicon, gallium

e TR T AR

retdigerp2?)and 24 soulé hhtmuel ywbarhernmwvoliaitdr tidrimopkotbielbdic (TPV),

concentrator, 30 to be sujtably scaled for use in a. .
usf i A dBa s s bR e BaRe el s Hrpate e materia
suf;l_ﬁ) ﬁsh BB Eadniiem temérédﬁlﬁﬁﬁi& ﬂ}:Od?%. NeAS bfc):oﬂﬁref Sfligh@ eddeivers 22, 24

t oncentrato [ as Ol L.OWS: ncentr at or
coplefpe 2. g couplid eviss (T B cuer Hght Seasait h: 10 mm
Adj aaentmbiedhibsaaneantdndlo? hford Of NEHt receiwed 2Z,a4liy the input image

coupled, allo 'qg)total internal reflectjon Tlﬁé .
Plgge HigRoheT aRHicAbSYosYstempYih ied forenetey iggperaion Pisher kel @aglysis, for
extir@lY. . LiRayrecdivet 20N2le Eg40beldRinplitkora8dhe ghiide Bud a&ran%fmcarﬁber,

nore coated curved refl ective surfaces a nunber o
ibf?ﬁﬁgﬂﬁefore ei ther encountering a light receiver 22,

24 in onet edn bé Phereanka Mid HEOGSGE sPEctRX badddPrévidédto the light

4Q as wasted light. Light. concenftrator 30 of the

re¢f RER At Noh sately sRestelly fistine b bl raveseme o ve i vhgre each

spEEtEH] BRAA EINRAIAY sEHRISEIRE k@th® walEihERS | SGth®YinbiGhiRpddiral

i ght concentration and spectral separation. Light .
COBERRIBHAY I B0 insvitehle, PReeHFhrolCTROTEOIS IBRARILFRd Haypan be
in@d¥TaY nSllAbimA FREHBE, &Em@ﬁ@thé}ﬁéﬂf&[ha%@ bk dRIMoi8 Bo@iHeS

I'i ght, typlcallg | ess than 2% conparing favorably
Digheiic exptigypaihbe gpémized dripidsntosredias sl epatampnation to lower
letdatvheRdelined. APRHS ndiBFestieMalEcRbic BRI R AtdrhA8Y be

provided for second curved surface 34 instead of a reflective coating of some other type,

thus providing improved efficiency over many types of conventional mirror coatings.
For any of the embodiments shown hereinabove, spectral bands can be defined and
optimized as best suits the requirements of an application.

The invention has been described in detail with particular reference to ce_rt;in
preferred embodiments thereof, but it will be understood that variations and
modifications can be effected within the scope of the invention as described above, and
as noted in the appended claims, by a person of ordinary skill in the art without departing
from the scope of the invention. For example, while a cylindrical arrangemenf of light
concentrator 30 may be preferred for some applications, there can also be advantages to
alternate shapes, such as a toroidal shape. In a toroidal embodiment, there is optical

power in multiple planes. There can be advantages to the use of multiple components,

such as the addition of a Fresnel lens having optical power in the y direction relative to
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Wth spectral separation from doubl e parabolic

reflector 20, light concentrator 30 enabl es use of
w@b@ravwsBi ai c recei vers having a lateral, ratheeT/Uhz07/604304

stacked, arrangenent, in which separate spectral bands

are directed onto suitable photovoltaic cells, each

optim zed for obtaining light energy fromthe

wavel engths in that spectral band. The apparatus of

the present invention can be used to provide a

di screte, nodul ar |ightconce?trating el enent or an

array of light concentrators. The apparatus is

.scal. able. and n be adapted to thin el appl.ication
i 1 nBis SRy BB R cygiolish a5 £ Bflebt o of
thexesend fnviehidri caudd baveatn® Bparated réshel Bnsdser Finashelvadut@ires or other

PV) .. fabricated from any suyitabl hot oyol.t ai c
sughy 8 gty i CGBRRRA gk f; o Wit Resses tg gach other,
ons ifdbd redutinglédrha, the ahecior dendefiadiing, light bl thogbrahiol the paudbolic
GaSbé andggther materials. One or nore of [|ight
copegnfralion Broyidedn ' 54 coul d al ternately be thernovol taic
or trheredphdicdvylihak kilEPi) thewpticd desigh aftBtiRf béthe ldiiide must

converts heat into electricity, ingludi I .
bepflaN b Brebt P ter G Feabinelte” e b Matmsion;. Practica
optodhdclitnigd tbleRmaed allbinoshige vADaBi 1Y inPrelis®boditiGihg according to the

rec iverg.Zﬁ%%24 coul d be a charge-co | ed devi ce, .
prg B sy tepshyig ofdhrmrssent invention, A8 M@ BRlsE FerHsHPEecise
pafibelio br pRhELIOHd Juifaks aretriidel feflltivesurfased o€ foduedlong a line or

i mage pl ane of another optical . subsystem such as Eor,
at 8RR POYVAYER 4 PBRNSS OB EAPRIOXHRASFL o2 ParRfiolig o piaRoloid
subfa@is ablgeaddy Bt BB, prévidePdtcfRalild résiiblin Applng tHgtbcHaitude of the

such, as an optical fiber, for exanple. It can be
PIEfsRbEYE%hat the two or more spectral bands provi ded

t o tiiRis| WHitlis pRRICH 84 Sn AfpArd@d thad iRk \}\%R@E&ﬁ&hé dun or other
distinct, but will have some overl ap, ere each

PobysBrqpatic Baiator srHTes: REtieRY ssparetrd lighiatofpar aprye prectral
ban@IBnd@PRivides RhclSRREA41Mang &4 APAtBddiRE. Wwoul d be
i nevitabl e, since dichroic response is inperfect and
light can be incident at non-normal angles, degrading
t he performance of the dichroic coating. D chroic
coatings could be optimzed in order to reduce
spectral contam nation to |lower |evels where desired.
As was noted earlier, a dichroic coating could
alternately be provided for second curved surface 34
instead of a reflective coating of sone other type,
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thus providing i nproved efficiency over many types of

conventional mrror coatings. For any of the
wenwadiesent s shown herei nabove, spectral bandsPCENSINE7/004304

defined and optim zed as best suits the requirenents

of an application. The invention has been described in

detail with particular reference to certain preferred

enbodi nents thereof, but it " Will be understood that

vari ations and nodifications can be effected within

the scope of the invention as descri bed above, and as

noted in the appended clains, by a person of ordinary
CLAKMS in the art without departing fromthe scope of

fgmi nvention. For exanple, while a cylindrica

arrangement of |ight concentrator 30 may be preferred

f orl.sonmeAnppbiretusifonebtaining wmdianh ergrep fiven ade afiq rgdiant

|t er nat ‘ 1. as..a toroidal shape. In a
ene rsgv‘%%f&eei?gggﬁ%ﬁ%n%%%h%?' is optical power in

mul &) iapipectpd] anparatof leemgrisang: be advant ages to t he use of

mul tiphe components. such as .the addition.of a Frespel .
ens PA S, ORTFLa B AERea R  RE GRebLARRh ok g feaced v
t oFi grefiect A firdthipsctead bladld el grd adisefbdaleregmmbandftotransmit a second
exanpl e. Eggs,.a light concentrator of the present

i nvenfPYALB#MYH have two separate Fresnel |enses or

Fr esneli) $tdcdfll UaRedGurfatdeincaid tok endid@itradiant energy and treated
concentr%gln conmponents qrthogonal |y di spesed with

r espe&q reiscbBsseetibipeckrldand toward ioiergn | regpon;

ot her (JiRfeis PRCARL hAd bdtdnd cBRled ALHRAQBARAbphicaIPositioned so that
parabolic concentration provided. It is recogni zed by

t hose thadirst ard saeopd doeabregions aie spaped gpars fioma gachiopter;

| atjfqjude nust be allowed for the phrases "near the

focal region" or "at the focal region”. Practica
optrfrsthend ssabnd bikiraeriversal | ow some variability in

pr ; i

T FhREEE iR BRAP LA P nlotEerthe B POE 156 or
notreckiemgl the first speatiad @apdambihkeisecond ljght atneiwrds disposed nearest
surf aces g&ez%he.id al refleﬁ%ive erfa es.for focus

a1 OSSP sl reipn Sotssrey nebnavend SRR ketd ce, onl y
an approximation to a parabolic or parabol oid surface

S chie¥ed, but this provides acce taQ%eyresults in )
apptyi ng RhaPRAGUHA AefpEding o £laim dr WREIIn 1R fgshqupypd surface is

treafddUs refidRbidilSle Wa¢icfgthsl S an apparatus that collects
light fromthe sun or other

3. The apparatus according to claim 1 wherein the first curved surface is

treated to reflect infrared wavelengths.

4, The apparatus according to claim 1 wherein the first and second curved .

surfaces are optically decentered.

5. The apparatus according to claim 1 wherein the first curved surface is

substantially parabolic in cross section along at least one axis. ’
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pol ychromatic radi ati on source, optionally separates

light into two or nore spectral bands, and provides
weaoh/1sect ral band to a |ight recei ver. CLAl NSP&WUS2007/004304

claim 1. An apparatus for obtaining radi ant energy

froma polychromatic radi ant energy source, the

apparatus conprising: a) a §g ctral separator

conprising: () a first curv surface concave to the

i ncident radiant energy and treated to reflect a first

spegt r al Thaappdradabcadinig/ts oldi@CiavhéRe @B fABtcured surface has a
. transmt a second spectral band; (ii) a second curved
dichygicegaingoncave to the incident radi ant energy and

treated to reflect the second spectral band toward a

second focal region; wherein the first and second

curred sThe apeasatyp acepdingdp iclpimdsivhershethe secarfhgury¢resurface has

£4 second focal regions are spaced apart from
ad%%%%§%$ﬂ§$i and b) first and second |ight receivers,

wherein the first light receiver is disposed nearest

Lheg i1 Stpyl 06al o £SOl 8o LRSS VI AGLNG 1L1d: Bhe of the first and

spect ral “band an FRE'SEERT ig Y Hrecel veEr s
secahdgigedcaieans ési phdteveledongtefveeal regi on for receiving

t he second spectral band. 2. The apparatus accordi ng

to claiml1 wherein the first curved surface is treated

t o 9.ef | eThe vpsarhiue avevrdingngichtm Bwhdietn alpast aheof the first and

according.to claim1l wﬁenein the first curved surface-
second NEIIECRivVers 15 2 theBRPvVOIRT Bes havel engt hs. 4. The

apparatus according to claiml1 wherein the first and

second curved surfaces are optically decentered. 5.

Thel&ppad Be @BP3HBES AEFTEinEdO efaamnlu whiggsay &ilpast gae of thefirst and

sec&rH Nt 884 (&6 & 4 Sharge-coupled device.

11.  The apparatus according to claim 1 wherein at least one of the first and

second light receivers comprises an optical fiber.

12. The apparatus according to claim 1 wherein at least one of the first and

second light receivers is an input plane for another optical system.

13. The apparatus according to claim 1 wherein a substantially transparent

optical material lies between the first curved surface and the first focal region.

14.  The apparatus according to claim 1 wherein the spectral separator is
cylindrical.
15. The apparatus according to claim 1 wherein at least one of the first and

second curved surfaces is rotationally symmetric.
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substantially parabolic in cross section along at

| east one axis.6. The apparatus according to claim
waeheneisss t he first curved surface has a di chr BET/US2007/004304

coating. 7. The apparatus according to claimlwherein

t he second curved surface has a dichroic coating. 8.

The apparatus according to ch@im1 wherein at | east

one of the first and second fTght receivers is a

photovol taic receiver. 9. The apparatus according to

cl alfm 1 vherppdiatab ab&R8ingao lah It WRerkid Gt Bk e&DAMface has a

receivers is_a thernovoltac_ receiver

ﬁrs‘aﬁﬁé?r saetional st apchie seeqnd umyer sirare P %\feqoaéﬂoss rigctinal axis
thattlg @ohédIBheaARtS@EANG drbGechisRIa¥RIS 1S a
char ge-coupl ed device. 11. The apparatus according to
claim1l wherein at | east one of the first and second
ligpy reggl Ufpatatal %Mrﬁfﬁ% t@%lef?ﬂt | G/ﬁ!erefﬂ BL's eélt?al sg};h?ator further
apparatus according to clai m lwherein at 8 one of
comhises p sehstamtil ydtamsparenigiedyrheyiigecirent S;urﬁlne ifcnp@t:elpnnanemdent
lighftor anot her optical system 13. The apparatus
according to claim1 wherein a substantially
transparent optical material lies between the first
cur face and the .first. fo eqion. ~14. The '
el ar udhs AEEPRIN g R et s A ey B fir B Fh st comprises
at i&@Rpatniaiedactisg €dtimedr i cal . 15. The apparatus accordi ng
to claiml1l wherein-at |east one of the first and
second curved surfaces is rotationally symetric. 16.
Thejaipparat UppaameadtdidingQo ¢lanm 7lwhéreintths ffdut stificticomprises a
curved surface has a first cross-sectional axis and
leng.he second curved surface has a second cross-sectional
axis that is noncollinear with the first
cross-sectional axis. 17. The apparatus according to
cl a?n 1 WhepRparatus acesdingia (clajmpla whereirs e iffpnt surtace comprises a
dlsl%‘i’ﬂ.eﬁ 'efk‘?r?én‘rfl f&%ﬁﬁml@é irﬁéldteﬁ@gbcl g{rgmau? Qéj(ﬁaﬁ%\ﬁ'ef@ 18 direct a

ont surface for receivin
dispersed polychromatic radiation toward the first curved surface

21.  The apparatus according to claim 20 wherein the dispersion element is a

prism.

22. The apparatus according to claim 16 wherein the separation distance
between the first cross-sectional axis and the second cross-sectional axis is substantially

equal to the center-to-center separation distance between first and second light receivers.

23. The apparatus according to claim 16 wherein the first light receiver lies
along the first cross-sectional axis and the second light receiver lies along the second

cross-sectional axis.

24. The apparatus according to claim 13 wherein the first light receiver is

optically immersed in the substantially transparent optical material.



18. The apparatus according to claim 17 wherein the
front surface conprises at |east one refracting

wo e@rnois34 19. The apparat us accordi ng to cl ai mPQUS2007/004304
wherein the front surface conprises a lens. 20. The
apparatus according to claim17 wherein the front
surface conprises a dispersiqy el enment for-
condi tioni ng incident polych%ohatic radi ant energy to
direct a dispersed polychromatic radiation toward the
first curved surface. 2 1. The apparatus according to
claim20 wherein the dispersion elenment is a prism
22.25The ‘Hivpznnaraiys aecostiag teclesnd| furtheri®mgiesieg:n t he
separ g} 4 ARo0IAIANGRATEIERBAE the fRlddt BSFoRRE AR akiant
axi s ahd the second cross-Sect bonal axi s |
subst emrgnlts foreya iird spechial ads whereo: iherthied spespat bandis also

di st an tween, fi.r st _and second lLight receivers. 23.
S The apifeRRAERId iR u AR ECR SR 0L Lo NCLhe i ot

| i ght dy eddid/Bghd reesival disgpstih aedriths first foss region f@nateiving the
axis gnd, the second Iight receiver lies along the

secondEd gestr onal axis. 24. The apparatus

according to claim 13 wherein the first light receiver

is optically imrersed in the substantial transparen
opt?ﬁg al i dmmesptupaecordige &ppaimaldsy ‘E‘BrtJa%/ figsteyred supace has
10 optidall poR @ a EREMIAS N whdredh 1k aPRAS o€ réfreitRiR fehtiife has optical
dlsper5|ng the incident polychromatic radiant -energy
powiep i @ peroad pianedhatis erthagonsh fritheiet Rlpge-t he third

spectral band is also reflected fromthe first curved
surface; and d) a third light receiver disposed near

t heZi r sfnfapparatusdgr obiaingrg radigait energy fieen & poky¢hromatic radiant

enofREPLI. Rt oo Tace has opti cal pover in-
15 a fd)mspegtasepantr vhmpesmgtatearsparepaistdydmyingd fraot surface for
{48105 BRSSP | PR B BERILR MG N0 T
(1) an inner curved surface concave to the incident radiant energy and treated
to reflect a first spectral band toward a first focal region and to transmit a
second spectral band; ‘ '
20 (ii) an outer curved surface concave to the incident radiant energy and treated
to reﬂect'.the second spectral band toward a second focal region;
wherein the inner and outer curved surfaces are optically disposed so that the
first and second focal regions are separated from each other by a non-zero
distance;
25 and
b) first and second light receivers spaced apart from the inner and outer curved
surfaces, wherein the first light receiver is disposed nearest the first focal region
for receiving the first spectral band and the second light receiver is disposed
nearest the second focal region for receiving the second spectral band.
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27. An apparatus for obtaining radiant energy froma
pol ychromati c radi ant energy source, the apparatus
W@eopndEsBHg: a) a spectral separator conpri si NBCEHUS2007/004304

transparent body having a front surface for receiving

the incident radiant energy and further conprising:

(i) an inner curved surface_ggncave to the incident

radi ant energy and treated to reflect a first spectra

band toward a first focal region and to transmt a

secz8)d sPhe bppdratng adcordinig)to alnim B7ewherainvihe fomt farfeee is featured

concave.to the ingcident radia ener and treated to.
to FFRY e btioa EOBEE Bh i SHRE RIS BANORGIAPA S REYHIR] tig foner and
outéra@iredd supage£i N the inner and outer curved surfaces
are optically disposed so that the first and second
focal regions are separated fromeach other by a
nomger oTgE abgiieRis a8@tdils thicladh 2NUh&eRORE tHdndBiirface is featured
recei vers spaced apart fromthe inner and outer curved
to pseviflg epiical pRweRima pliae Prthegonal ihthembans afdhe pptiepl ppygegrovided
R bnd Retd:! fQf@kesr €9i on for receiving the first
by t;lhgect rz%ﬂ] baﬁ% c&%dtshgﬁsegcond light receiver is
di sposed nearest the second focal region for receiving
t heyseco I : '
to iai m s HRareR pore oistio AL HE AEE O er
conpprizes d dispptsieatiementefor disptisengsthmingydan @ogshtdieatopiadeat energy

ower. .provi ded, by. t he i.nner .and oyt cyrved swfa .
o 151 B B8 SpsSrRLperte e i oY oot e, b Fom e
innér @ilﬂvecsswfaaﬁ and fmftml tcunﬁadismlg mﬁ‘diflféﬁ;ﬁ] eqeeiven lspar'a;empaﬂt firom the
. a plane orthogonal tg the plane t he optic power
i a5 Qe %?V?q%%‘f?%‘fﬁ%g’réﬂ‘&lﬂﬂg e GurvBR el brides 30
The apparatus according to claim27 wherein the front
surface further conprises a dispersive elenent for

di sper si Ag apmeratycionehtaipes jrdies raeiey framigaly duepgijc radiant
enck&) S4B %é%ﬂgﬁﬁ@@&hﬁﬁgi ?and, wherein the third

> ng:
spectral ba also refTected fromthe i )
a) a dispersive surface for providing dispersion to incident polychromatic radiant

energy, forming a dispersed incident polychromatic radiant energy thereby;
b) a spectral separator comprising;:
(1) a first curved surface concave to the incident radiant energy and treated to
reflect a first spectral band of the dispersed incident polychromatic radiant
energy toward a first focal region and to transmit a second spectral band;
(ii) a second curved surface concave to the incident radiant energy and treated
to reflect the second spectral band toward a second focal region;
wherein the first and second curved surfaces are optically positioned so that
the first and second focal regions are spaced apart from each other;
¢) a first light receiver disposed near the first focal region for receiving a first
spectral portion of the first spectral band;
d) a third light receiver disposed near the first focal region for receiving a second
spectral portion of the first spectral band;

and
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i nner curved surface and further conprising a third
i ght receiver spaced apart fromthe inner and outer

waaooradossur f aces for receiving the third spectpeat/ubzndo04304

31. An apparatus for obtaining radiant energy froma

pol ychromati c radi ant energy source, the apparatus
conprising: a) a dispersivesjurface for providing

di spersion to incident polychromatic radiant energy,
form ng a di spersed incident polychromatic radi ant

ene) gyedondrlighy rechiven dispesstdrshr thepacatdfocalogpionsiontgceiving the
(i)eé%fisra&mﬁ%éxgd surface concave to the incident
radi an gnergy and treated to reflect a first spectral
band of the dispersed incident polychromatic. radi ant

Ceoany dpbamERep EoRRE 9t SR ReE B RBAT g (Vo

radiSfCadvCeritfatdRewheeitledth rhdidtiamtoRaigidr adMptik@at ed to

ref|lect the second spectral band toward a second foca

r e@? BAPCCHIRL FRASFAIPHEOTNPHERE 4 H@NERAEHH POt Pipeiae A frprfsugface for
ar geRplihE fld Mcieal faipReena ey hid@furfas cBﬂnEﬁEin%.n d second

focal regions are spaced apart from each other; c) a

fi r st (i) gyimner eeeed spriaresionsers tadbe incident raddantfepergly and treated
regio r r . .
(Tt PdpAEet il HetaRdrd ShaRbEiL RoR B O dndlo &llBmita

di sposredndhepectiehbarid;r st focal region for receiving a
second: LSt . ;

ande) 0 8 EEErFor el hdrlle Shnde)e of e ThoigBRTRERN BAREY and reatea
f ocal torrefjectrthé eecond spesirah abd o verd arsdecayciotalakgioand.

32. An,appapat.us for, obtaini radi ant epergy..

compr PEPRYY G Paer e e Syt S HRC e QRtraledigposed so that the
wher efirst ead Bedoad ifaddl eegions e Bpadet @pat drgi esdsothay, a
spechral separator conprising a transparent body

ha?#fig a front surface for receiving the incident

r agh) ERdt 288 REEDAIANht kU TERS sRBPEpart RBm the @R ahBREfer curved

curved surface concave to the incident radiant energy .

angusfacess wherein the first light receiver is disposed nearest the first focal region
for receiving the first spectral band and the second light receiver is disposed

nearest the second focal region for receiving the second spectral band.

33. The apparatus according to claim 32 wherein each radiation concentrator

is extended in the direction orthogonal to the direction of its highest optical power.

34. The apparatus of claim 33 wherein, for any two adjacent radiation

concentrators either:

the first light receivers of each of the adjacent radiation concentrators are closest
together;
or, the second light receivers of each of the adjacent radiation concentrators are

closest together.

35. An anamorphic concentrator for radiant energy comprising:
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to reflect a first spectral band toward a first foca

region and to transmt a second spectral band; (ii) an
wonienosss ved surface concave to the incident pemusz7/004304

energy and treated to reflect the second spectral band

toward a second focal region; wherein the inner and

outer curved surfaces are ogglcally di sposed so that

the first and second focal gl ons are spaced apart

from each other; and b) flrst and second |i ght

r e Ia\ﬁeapimap@&gdfo%aa okt 8 Qubditial) Fandptderdtith ferisl tical

surfaces, wherein the first [ight receiver is dispose

nedodythaymg: fi rst focal region for receiving the first

spect eceiver is

dlspogqgﬁﬁggggg?gf&QEcég %Qg?g%gpk¥%glon for receiving

the sB}anurvedecfiectivelsarface iosiththelpprtrsurioes ambergaygto the

to claj a Q al

ext ondishergritiale el i SRR cERRL BRRE atfincr opticl

of it poivmgnlmefsﬁrst)plane ahd peviag a leArer Jﬂstmaappwclam%seobnd plane that

claim 33 mher two adjacent radiation

concelFHosPEa etf)ttheeﬁmtp[‘%’ef irst |ight receivers of

each e duireedadiflactive surfde alehed t6 esTlienligiat totvarda €ocal region near

closeﬁkﬁ%ﬁgeth r, or, the second light receivers of

each @cent radiation concentrators are

cl gggast together. 35. An ananorphic concentrator for

radlant ener qy conpr|5|ng a)_ an gptical body

drhakl egawteglr&ht s¢qejver digpepad usar thedfosr rsglontqféh%ﬁtwe%reﬂecﬁve

bquﬂgaylng. i) a front surface for accepting incident

light; 1i) a curved reflective surface opposite the

front surface and concave to the incident radiant

enerqgy, :

op?‘lrégal %%@m%faﬁa{%&c G%BL%galkééﬁ)ef%%%la%ewﬂ@éi%egrv\ﬁt Ih8hce is flat.

optical power in a second plane that

37. The anamorphic concentrator of claim 35 wherein the front surface has

optical power in a plane orthogonal to the first plane.

38. The anamorphic concentrator of claim 37 wherein the front surface has a

plurality of Fresnel lens features.

39. The anamorphic concentrator of claim 37 wherein the front surface has a
curvature.
40. The anamorphic concentrator of claim 35 wherein the at least one light

receiver is a stacked photovoltaic cell.

41. The anamorphic concentrator of claim 35 wherein the at least one light

receiver is optically immersed in the optical body.



Is orthogonal to the first plane, the curved
reflective surface treated to reflect light toward a
wo owalioosegi on near the front surface; and b) apCT/e@as7/004304
one |light receiver disposed near the focal region of
the curved reflective surface. 36. The ananorphic
concentrator of claim35 whegein the front surface is
flat. 37. The ananorphic concentrator of claim 35
wherein the front surface has optical power in a Flane
or #hogofhk ahambiphid corsentpitanef cldide 3TNeesginihs ppfica! body is
.concentrator of claim37 wherein the front surface has
“"maa lurality of Fresnel lens features. 39. The
ananor phi ¢ concentrator of claim 37 wherein the front
surface has a curvature. 40. The ananorphic
concentrator of claim35 wherein the at | east one
light receiver is a stacked photovoltaic cell. 41. The
ananor phi ¢ concentrator of claim35 wherein the at
| east one light receiver is optically imersed in the
optical body.42. The ananorphic concentrator of claim
35 wherein the optical body is toroidal.



