. ;bce3e. R OL. zV6T5<$16 May 2003 NUMERI CAL APERTURE LIM TER Field of the
Invention The present invention relates to an optical thermal inmag @y 2003
system and nore particularly to a nunerical aperture limter for an
optical the MWUMH“HW system whi ch uses light in the niddl e and far
infra-red r duce an inmage bn a detector surface for the purpose
of thermal i nmagesa&eui sition. Background of the Invention Devices

i ncorporating thermal i i Y, 1 for various civilian
and mlitary applicati A@R}Iﬁ’%éééﬁ;mgmmwi ensiti ﬂ

noi se, especially to the noise generated by radiation from nmn,ﬂmm mmmm’

t hense . i f noi se generated by the detector is achi, by
cool i ng“‘ggm%ﬁﬁggﬁygggggor to a | ow tenperature. Another nethod ofe%t;%gduci ng
noi se conprises the provision of a cold shield in front of the detector

pl ane. The qolethrekdrtlifivétich fabard aalopticabPiveant] WhasingSSAWes, @k hdge r eal
pupil of the entire optical system The cold shield Comunicates with the
det ect partioewrly 10 & aumericad aper@iiret kimméteh dor ag eptibial itbexahaldinaggding grystenwhi ch
causes the cold shield to assune_ the sanme tenperature as the detector. Only
t hose MAjeh useirlight e aiddisasnd farainira-ted regiens: toapeadusaan ipage oned i maged
cold spi el and ar.e \H'Ft hi n th(gtf‘i el q .0of view.of.the device as defined by
the defEEFHH surge forfhepurRqse St therdng! Jgee AFAHSN. t he optical system will
reach the detector. Al rays which do not neet the above conditions wll
event ugl ' eTeR the device or the cold shield itself, but

w | | fgﬁkxggdé%%gﬁt%@ﬁ?é@{ or. The cold shield concept thus ensures the
reduction of hot-ray noise arriving at the detector fromthe scene and

i mproves t hPevi@sahcbponatinge thiekinad imhgingesyyahenire Madeleusedfer vafiogsm i t's
advant ages, the above-nentioned cold shield systemsuffers from several

dr anbaciviliarelandi mélitary awplieationsnalThebe denices nargi Inighlyy sersitivei tohthermabl d
shields., First, . the cold shield strygture..itself copstjtutes_ a |arge, 16
Vay 2008056 SIRACIAlNLY e SO1CRBETREE G TaHaiAN PR HBC dssiess Bsmssh&sme nor e
power n e ent | . opt ical t IS
much n%?@i%%gr}flploggﬂ&?gq%eﬁg?#a&}? g@diﬁ%&é %&Qﬁ%’gr:&?@ a"&oél()f/%t gﬁ%’?’o e-1 mage
the colslestol e o 104 tbhpeflRbRCt Or into the entrance pupil of the system
Also, owng to the close proximty of the cold shield and the detector

pl ane, the F-nunber (F/#) rapidly increases with the angle of the field of
vi ew. Last, Anothenanethedsif redinng inatsgecamfiprises the grevisioni ofca delicshield ithe rays

with the field of view causes additiqnal degradation of transn ssion
t hr oug omh@F et &tﬁ@tpé Rlagee ol ke ?&at%\ﬂfﬁgm Adncshanical draphregng; Which sesYessone

ob cot® B HEPWERENE s BRI KAl bolchf o EEERLY Rield el S BER A i T o
and i (AP DRARRSTE o R B ABE R} Rl LRSS, VRIhTEbENe ™ ™

i nci deguié shfeldvo assutinethesameasmperhtiifeeasrthiodeiectdr. aperture of the sel ected
system It is another object of the present invention to provide an NAL

whi ch need not be located in the evacuated and cool ed internal space of the
detector, Haulyuhiose raysrirem the ohissbepacs thatdiibthesinianes pupid (dstrsdnagedi ndow,

o' or S8 Sipl. paf Wil IRH, ofcreBERL R dibee® ety bk BRERER o
b ndow 255 M ELRENLE fock pMictor B AARAPFER, WA (RUCH WP allector SARCLET o)
var i ougy9WHikldo A6t Akt EieSild® EdhditiGm Wwill eventually hit the housing of the

device or the cold shield itself, but will fail to reach the detector. The cold shield

concept thus ensures the reduction of hot-ray noise arriving at the detector from the

scene and improves the signal-to-noise ratio of the system.

However, apart from its advantages, the above-mentioned cold shield system
suffers from several drawbacks relative to conventional thermal imaging systems

without cold shields. First, the cold shield structure itself constitutes a large,



. selecting the appropriate NAL for that series. It is still another object
of the present invention to provide an NAL that can be used with a%ﬂ/ﬁ?iz‘éﬁﬁ
thermal systemwi thout the need for an optical relay. In accordance wth
the present invention, there is therefore provided a nunerical aperture
limter for an optical thermal inmaging system conprising at |east one pair
of wedge-like prisns nmade of a transparent material having a known index of
refraction, the prisns of said pair being disposed in close nutual

pr oxi mi dddithmehlimass &b bdpoRl)TaBsiogphsidolar ioe ndmuinne merehpdveer theamr the end
of one prism adjacent to the wide end of the other ,prisn}l the prism

sur f aceepnvgatioplohsrmabhigtemof Ehang thei optimal mystam 1B enwgh spare ¢oatex, from

one anot her, by a dij.stance at. | east ual to the wavel.engt the |ight
Hoed” by eaaiing HnesdifoRs thuRe! tensyahu st dads FE S HA Srpe GFrectaty

. e . . . L dind ;
pri o1 L AE AR Ak 0RE AR IMTRE G e BRSETHER AR of dedipdex, of
an opt i (had]dtingrthe! detdter lfs'lané,yt%%uﬁ%p(m Repidly [IR3€4seQWRitkIRUBNAE dfhr ee
wedge-li ke prisns made of a transparent material” having a known 1nhdex of
r ef r actthetfield b€ vipw.s iastobusadtdegstpthe dmingg ofithpangle ofincldenee ofithatays

proximty and in opposite orientation with the narrow ends of the first and
thi rd pritkribeoficldapt vigve qaubes additionak dagradetioneofiirdasmisdiast thresghkebend

prism .the.prism surfaces, facin e,anot her of saj.d group. of, prisns being
D baced iBSafeR ARG EE RS 5l e don fome diteretinge) el

wavel ength of the |ight used by said imagi ng system wth the vertex angle
of the i .;sns of said group being a and the vertex angle of
t he sec%dr{éﬁ%%'?%%P Iégle'gﬁg'r?oup being 2a, with a being a function of the
desired nunerical aperture and said index of refraction. Brief Description
of the Draw]pgs thizeondo€nhé objestd bf Hevphseseitiehtied tonprovites tiu@ieridal h
certain preferred enbodinents with reference to the following illustrative
fi gur esapsputendimitar (INALDevhroh as thak¢d/ onnther pincipgle Wf ttotad ppteralcrefleteomnce
now to the figures in detail, it is stressed that the particulars shgogwn are

by way (§Rbardivil teanamitio the dgtestor plang pnlysthpsg rays the aaalesolonciskenee ef
preferred odi nents of, the present .inventian, onl nd are presented in
Phe cadCuohsss biFdeted e pimBhifd erb Fhs SRR sM Mot vt "and readi Iy
under st ood description of the principles and conceptual aspects of the

i nvention. hpistahother dof l’i!l?q[ ﬁfés@ﬁﬂhvéﬁtid@ﬁﬁpﬁo@i@&f{vl\ﬁﬂ%i%%lk:e&’%bﬂ' I's of

the invention in nore detal an I's necessary for a fundanenta

under stharidcatgd dh thdrevacuassd amdhcodled idteswali spaco of thk dotectdr bvaywh2éiD8amt Wi t h
t he draw ngs maki ng apparent to those skilled in the art how the several

forms OF atiashedii@ e ewtsidgoiibedetrstprcwindovyr therabyesaving theocrpraviwapted Fig. 1
schematical Ly jllustr th assage of a.single light ray through a
TI R- bad® 80 coi(% Sﬂf‘?ﬁiﬁt@&@o‘?fﬁ?f?@'ﬂt“gsﬁgnﬁr esent invention; Fig. 2
shows a single NAL elenent for the purpose of calculation of the wedge
angle as a i t ed:f“(;h ﬂ’f@l e Eqn.of the
wedge nat eriflg{g%@%h(ﬂgeri Séstt ra g?}g&[sn?rllg_ etK&Ltde‘9 g)srﬁé%?%f%rga‘?ﬁgé%%r%gse of
cal cul ;A0 stachhbleatokie olitstdd 6f aadetestori WiHdoaysashat dnenahd Ahe Maniche
angl e of incidence of that ray, the wedge angle of the NAL elenent, and its
i ndex détecwirsRewanogolBr ynit ¢an be aised fptvarioiis epticalthehmalisyséends by siroptyneen
t he angl es. of incidencge refracted rays for a single NAL el enent havin
a Vertgg(le% gle&ppg(_)@rggtc?\?gL for that ser(ljes. Y J J
It is still another object of the present invention to provide an NAL that can be

used with an optical thermal system without the need for an optical relay.

In accordance with the present invention, there is therefore provided a
numerical aperture limiter for an optical thermal imaging system, comprising at least
one pair of wedge-like prisms made of a transparent material having a known index

of refraction, the prisms of said pair being disposed in close mutual proximity and in



. corresponding to F/# 1.5; Fig. Sis a graph indicating reflectance on
passage through a single NAL el enent as a function of the angle of ;¢ nav 2003
i ncidence relative to the first surface of a wedge, for three dlfferenty
wavel engths; Fig. 6 is a perspective view of an NAL to be used in
conjunction with a two-di mensi onal detector, conprised of eight identical
wedges; Fig. 7 is an enlarged, elevatrPonal view of a fragnent of the NAL of
Fig. 6; Fig. 8 is a perspective view of a second enbodi nent of an NAL
accor diopgosite dhientatier mitlothie rgpw @nd ofoonegiresmadacenproetheny alei el of tha
prior-art thernmal inmaging system having a two-dj nmensional detector and

oper at iotheragtson.dhagrism suréaces faringioar @n@m%@ﬁtsaldanﬂir pf grismg beingspacedal | y

gﬁséﬁf BB oS Enbapomsa ch Hstanch el esabenvaltp o rev Efbnefhyoh B i teq%tsdd
Lot ho . s Hhitheide 37l Sl fhe Fefek ahble BIRAG TR o aifi 15 GRY BFEOF ' O

vedge- FhHafRh &Fﬂh%rﬂ“es@cdﬂuh@n@@]%}ﬁ'rﬁﬁeQﬁd@ﬂffd%ti@}?ofm}{dﬂloﬁre conponent parts
of the conplete NAL as shown in"Fig. 6. For clarity, prisns 2, 4 are shown

wi dely spaced apart, although in reallty t he conponents of the basic units
of the NAL dihe frventibnsfurthen proeidencd memeracsl sperturen limiger for bn éptidal as
w || be explained belowwith regard to Fig. 7, the conponents are separated
by an #harmghpmsging,system, oompiistig ¢t legskane grpugy ofithres wedgpilikiet prsgs e of

total inter reflection i hlsa 0 the_.an hat , def es. the
nuner | &de é"r{rﬁ?%i’a(‘i*@&)m%tfmﬁic@d?%ﬁ OébeF €0 rﬁ@“‘ﬁ@%’i‘ ethf: pB’éW Stallfe limt
angl e r.nal sage
o 1  gBloB. bR o el ode kil nBRa B ndi SRpaRl S RblaR R 8RS on o
the Seﬁgﬂgwséﬁcfsftﬁﬁhé ﬂ?§t and' tfh'iszpris‘?nﬁﬁf §a{IB| r8tp bBﬁ‘x’g dd]éd%nt@@%l%eeﬁmw éfdn 2 and
| eaves prism4 as r ; in a direction parallel to r,. Ray r2, the angle of
i nci denf ¢heoteaumidcprismj thel piésm sunfases facing 5)mfarmth1ernmi2$a1dn group hoef prigmes | i nb
of iTIRis reflected into surface 5 and fails to pass prism2, while ray

r3, wi being spaeed pparg&ons ege @nether hzz.ad@ﬁta@ce@hbreﬁgwlttettm wayeleagth of and
5% % BinGent uisth by el Beeing, sblerdy Wittelta {“eﬁ%%ﬁﬁgaiﬁ% ﬁra?%nai}@f L: ng
BS?'nE PiBo Fnid e e of SRkt TS g SR SBERG e S Erol T
”ega“M@e rﬁ%m"ﬂi’j oﬁbelpé%y@nwgﬁ ofh{é E&irl" \ﬂﬁé‘nc%fl Bgnﬁiéx%gérg} &AH?J%@%% Gis OA,

cannot asi c unI't consrs require
the pragaziien. of a second basic unit conpri sed of prisms 6, 8 (Fig. 6),
optically coupled to the first basic unit in mrror-synmetrical
orientation. Such an arrangenent would suffice for use with a |inear,

one- di Beief Desatipdioncof thie Destveimigsr s. For a t wo- di nensi onal array of
detectors, however, two additional basic units are required, as shown in

1 S B AL AT D Btbe RO B ot 2 o
e vty O SAREE e RN, DGt Mr e oY

surf acgose ﬁj;ll}llﬁy%é}-gtlobqu angle i ~, which stri kes second surface 5 after
refraction at” the limt angle of total internal reflection iTIRIf i ~is
the angle of the refracted ray r relative to first surface 3, then iT~-Ris
seen in Fi gWith spedifici refer¢ace wher t0 ahé Sigures werdeeail, ain gb estrefsséd ¢chasertige:
irrR=i~+a thus, a = iTIR- 1 ¢ ITjR for _the internal ray i nci dent on

sur f acrarcelars showalacabyteey of exgmpleeand o1 puposessofrillistrative disqusgiond r ay

b || h f
o oF 1 S rEterted SBo G REeieden i8¥ et Bn D ARl A5 BrSEnled RIBE, on o
be 90: a]ﬁg@ﬁe%%%wmlhg \ﬁﬁtR@ B RERG ol 08 Ot Qs R i HRy lind B0l 100
a

mat er i
description of the principles and conceptual aspects of the invention. In this regard,

no attempt is made to show structural details of the invention in more detail than is

necessary for a fundamental understanding of the invention, the description taken



. ITIR = arcsin ( 1 /n) The angle of refractioni ~ on the first surface 3 is
equal Iy calculated using Snell's Law 1 ~ = arcsin (sin i =~lIn) Fingshpy 03
dTjR - i ~ =arcsin (1/n) - arcsin (sini ~In) (1). The follow ng table
lists the vertex angles a of wedges made of germani um using equation (1)
above, in which n = nor = 4.0035, for different F/#s and the corresponding
nuneri cal apertures NA and critical a"f’igl es i ~: 16 May 2003 7

F/ #1. 21. 52. 02. 53. 04. ONAQO. 3850. 3160. 2430. 1960. 1640. | 24i ~22.6218. 4314. 041

| . 319. &hth theaRa@&8saAdkingAppatemt 2o thbsa 2kBedrAndhe BrtiHdwithe savesalfosmpgfe NAL
el ement for the purpose of calculatjon of the angle of refraction i"' of a
ray padhfl inyentienngy pe ewhodicddn pragkicRg an angl e of inci dence smaller than
the critical angle, as a function of the angle of refraction i' of a ray

i nci dent on.s rfgce.B at an angle i, of the angle of incidence i" of that
ray on surfg&ﬂ"%,ragﬂﬁg%f the index of refraction n of the wedge material .

Gven k's 7 ke : I | - h § ction
o5 Figrh ichefuioalif Mus PRERN, Rishe SYE.sindle vl i B B08h B PIRARLEEC
arcsin {n StRRRMOLAR NABdckofifs (diieSprasdf #verkied; cat i ng the rel ati onship
in a single NAL el enent between The angle of incidence and the angle of

ref racFign2 {hows-a 4imp08BIAla eferBer4dr thet purposdef saeunlatibatof the lveddgeearigde t he
angl e of incidence, the change in the angle of refraction is non-Ilinear and
accel er at esawnia funchioneels they regwitedst/dr alil(hgh@éﬂ@@i ofirgfragtion |ofstheawvedge

reflectance_of the first surface of an NAL el ement provided with an
anti-refl ecP@$¥pating, as a function of the angle of incidence, for three

L P PSRRI el AR cRo6P s bPEBOGROT AL fppfispocs
Lo LR i st e, oo PRundaorhoRy ne whege
angle of the NAL element, and its index of refraction;

Fig. 4 is a graph indicating the dependence between the angles of incidence and
refracted rays for a single NAL element having a vertex angle of 9.94°,
corresponding to F/# 1.5;

Fig. 5 is a graph indicating reflectance on passage through a single NAL element as a
function of the angle of incidence relative to the first surface of a wedge, for
three different wavelengths;

Fig. 6 is a perspective view of an NAL to be used in conjunction with a
two-dimensional detector, comprised of eight identical wedges;

Fig. 7 is an enlarged, elevational view of a fragment of the NAL of Fig. 6;

Fig. 8 is a perspective view of a second embodimént of an NAL according to the
invention,

Fig. 9 is a schematic representation of a prior-art thermal imaging system having a
two-dimensional detector and operating according to the cold shield concept,
and

Fig. 10 schematically represents the system of Fig. 9 with an NAL according to the

present invention.



. 8 As nentioned above, the provision of two basic units, each conprised of
two wedges, would suffice for a one-dinensional array of detectors)bNfayeh3

for a two-di nensional detector array. For such an array, the NAL shomm in
Fig. 6 is provided with another two basic units, consisting of four wedge
el ements 10, 12, 14, 16, optically co%pled to the first two basic units at
the interface between prisns 8 and 10 -and angul arly di splaced relative to
the first two basic units by rotation of 90 about the optical axis OA
Wedges Detailed Descttiptiomys associated with the left half of the horizontal
medi an pl ane; wedges 14, 16 deal with rays associated with the right half

of that plane..lt should pe noted that .in Fig.,.6, the NAL is.show _highly
For eshor | endtfaing RGWadRs APSTBENEE i fer i Kig. 4 Frdieradiment af the
subst anti, al yar . .. As i . abg j i daon.mth Fig. . .1, 4&he
sl ant i %A?‘aé%??@#‘gt ﬁeth\%eparggéshttﬁﬁgﬁﬂhog{z c%é@afgﬂng g)? *Eg&‘f‘ﬁﬁdg}l#@@g e(fggﬁgsoﬂtol ace
only - } ; i } t l.um of
o | e R ABESIAPRLE, } dnRRppite BALTCR, WRA! o ShipShen’ SR, PR
woul d h@nigletNATegs sHovpieFent6.t Ros clarioyn prismeed] dgre showai widdipypagda

| ower index of refraction has to be interposed, e.g., between wedge 2 and
wedge 4pasyushheugteiti toalio thadcahponangs pf Bee basic pnits of e NAlefarefar desareen
the two edges, as shown {n_F

: b f ivye, [ b
wi der tiAAREANORRLy 85 éz@h 24 fEfg-t el f%ﬁt 23,44 @?ﬁn‘@neagw%@\krwﬁﬁgz%a@sf em
I i ce, . 07 . . . .
ar e pr ddbo g SERetbals hef SulrREt 5y AR LR SLabBEN AL el cvant vedge
faces. Shinms 22 could either be narrow strips to be applied at opposite

ends of the qleh ;#30g. PrisTRE NIt fahgfé?éf totAeinedthhl fofldkioh S/ O WIBEN i Blso
nount ed and hel d toéether in a housing wth appropriate openings (not

shown) thé&aggle8hat defiiosahe aumesieabastranrd (NiAJsrtacotptancéahgkoafothdisystetro t he
present invention, in which prisms 4 and 6, respectively 12 and 14 in Fig.

6, havddayeed theoiimitl angle drm Sotallietepralsiafiection Jekesglace, i prevgntiegdhe havi ng
a vertex angl e of 2a, opposed_to the yertex angle .a, of prisms 2,.8, 10
Bnd” 16 AR O EDE To¥se TS, Mecangle of fioideheS Sl tapie D ot s
carrie ' . e ' of Fi . ' ahoye in
conj undeafd HRERRE 882 BPoEURARLIRRD 5, fistes ptinda SHEIANBE Bty

t her mal,i iNg; ' a 5. di ' : idng
accordhg 0o 4 LCHRIEPAARY 00T Ry P aRLRI infIREs BT afieh RRRIdaGy

obj ect ioviesutthcasdof gligtn 2PWihsthdtupped Uimb dflip,) & tofkgted hftoGakfics!d ahdl in
the pupil plane 28. Detector w ndow 30 and cold filter 32 are quite renote
f r om déaibsctoopasslprisen 24 whileeray o withpa siucholargst apgledo§ kriaidencds underigoesreans
that the v%%Pne to ae cool e isfgﬁl ively Jlarge. Fig. 10 shows an NAL
accor di9ta! redlection gpdderyentuaibhratloqteds@l afprism Zer nal i magi ng system Due to
the close proximty of the detector window 30, cold filter 32 and detector

pl ane 34, ag yal bﬁgf)g}&?at@&) ?t?ﬁgiglss?{s N ,acyongﬂﬁg.f;tltfll n&l%elg%sji](? unt ek i}%\?bout

hal f as | ong as rior ar em’ t’or a ctor size. urt her

advant gge hahdRPén1Galay$ m_vmg]sa tp%'sngz_eaglogau_. d.ehdydanal firdtharikaGurfabats bhe
optical path o the principal rays in the inagé space are tel ecentric, which
per m t prismehfroanpospeaboa theroptisal 65 6 of thelsysteay éseerligab il Rags with a
different fields of view It will be evident to those skilled in the art

that t pegativeeropani.¢.sraystthpt sirike surigce Pefraat ppings belovyaxisoPdg rmgpt be
i | | ustyated,enbqdi rent d that th t i t] be. embodi ed i
ot her Bsled B3 féy ARSI MHocRNSRDS OF RESES o 4HANGEAPTE BF wOVisir af &

i b - - , i i der ed
' 1B bR o BRSNS TR S (PRYSY, iRl BOBb R0 fie TRaRE, de” ©
| nvent i iR ehitthridih iRl RyichbfioAP PS e dn WrAinFBmedt MRjuld halfidy férhase

f oregoi ng description, and all changes which conme wi thin the neaning and
range witheajlineat, eoreydimfiertsiomat lazfaysofidetectors.eflorea itwbedidwmsionabarmagbofaced

t herein. 16 May 2003 10 V~IL.~T IS CL:~I1~IED]S: a nt:cr~rical ap~:~'tsa
1i . - 1i €&ectors, hgwevigpttwenadditiapal hasiy unitfegiefgdwiyed, as hovanin Fig f-and 3% | east
one pairlaf ~fr:L~ﬁ§-lilce prans zach Fris:~ being doted by su:fac~s and a
_.. ~ cxplangd further belpW, no = a1 hay ink a nou:, i~:d:-~ of zei~action
~rrn.~ any." gad rn~ ~o~a (: zs ar,. . . ,. said ~~e: ~~t a."Q~s L o;l:~
i~'e:lt:cal, said oris,:zs beii:g irirncvabl:' disposed in c!os~: nutual
pro~i:::iy and it opposite orient~at:on with the narrow ead of ore prisr:~
adj acent to tho wino ones of tl:e other Frism the prismsurfaces facing
one anot her of said pair of prisns tein~ spacod apart E~orn ar_e another by
a distance at Fast equal to tze a ~"a~'elzn~th ef the Ii~ht ra~5 Lsod by
said inia~in~ s~"stem with L':c v~rteY a.n~le of said prisns being a
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. edge c'eSions of said pair. 16 May 2003 Il f. .~ nunerical aperture
limt:.r for an ep~ca.i t,":errral imging sy'st;,m conprising: ajy h@d@sztom
ono gr pup of three wedg~;-lik_|;ris:r;s each prismbeing def ned %y
surfao;.s and a v?rtex angle wnd nmade of a transparent rzat~rial having a
k. owt index of refraction, said vertex a:_g:~s being identical, tl:e ,
pri.sras of said ?roup being i movably disposed ir. close nutual proximty
and is opposite orientation with the narrow ends of th;, first and tz'aird
prisnms of sdiig Zslupys beingle AL stamenttfor theepuiipdee efidalofilative cfathendrtpxi sm
Lh:, prism surfaces facing one another of said _group of prisms being spaced
apart fangle enef teowkdge,nas a funefiem et the reqead EgmndtNJAt agdvthe isflongfh of

the ligh{ used said imging system with the,yertex_angle, of .the first
and t hireéaﬁr9%95¥1w wgggfa &ig- b%‘lqwl is &Y rnBCidsn on firsgsurfgee Srat hecond
?raup _he . nction of .the desired

i f.sai d i ~, beiLi | i.
P mer! Cxifical Analt Ful weh Siafies strond sir e s aber Setractind ¢ (hoToi LG oF, gy
~i1th.di ti i nha. id desi i | t
Tol? ettt el RS tnge e A0 s carele it TR E oy POl gt

princi gl he nur.r i cak-. re Lim S. Ch ai in Glai ,
conpri gyrﬁ"ace?a,_ gleg‘r l@iﬁplg_sgén ?‘ﬁ:}: éép%?o i’ gil(f ﬂyédb’%‘%h %elspt&‘?sv%?pﬁxh@gggg’g%ésoup
of sai qvegrg'b_sms bei ng optically coupled to the first group and angularly

di spl aced™rzl atve thereto by rotation of 90 about the axis of said |limter.
7. The nunerical aperttu'c; lir:~ptes;asiglaimed in claim:, wherein

spaci ng apart of said prisns is eff;.cted by dle use of shim spacers
extendir_g along at |east fiythuQepesykeip~' .. ~ resions of the slanting
st,:rfaces of each of said three pr!sns.
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The angle of refraction i on the first surface 3 is ‘equally calculated using Snell’s
Law:

i'c = arcsin (sin i ¢/n)

Finally,

o = ipp - I'c =arcsin (1/n) - arcsin (sin i ¢/n) (D).

The following table lists the vertex angles a of wedges made of germanium,
using equation (1) above, in which » = ngg = 4.0035, for different F/#s and the

corresponding numerical apertures NA and critical angles i ¢:
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F/# 1.2 1.5 2.0 2.5 3.0 4.0

NA 0.385 0316 0.243 0.196 0.164 0.124

ic 22.62° 18.43° 14.04° 11.31° 9.46° 7.13°

o 8.98° 9.94° 10.99° 11.66° 12.11° 12.69°

Fig. 3 illustrates a single NAL element for the purpose of calculation of the
angle of refraction /" of a ray passing through prism 2 and having an angle of
incidence smaller than the critical angle, as a function of the angle of refraction i’ of a
ray incident on surface 3 at an angle i, of the angle of incidence i"” of that ray on

surface 5, and of the index of refraction » of the wedge material.

Given " = {' + @, then, according to Snell’s Law, the angle of refraction /"' at
surface 5 is
""" = arcsin (n sin i"") = arcsin [#n sin(i' + a)] =

arcsin {» sin{sin(i/n + a)]}

Fig. 4 is a graph indicating the relationship in a single NAL element between
the angle of incidence and the angle of refraction (» = 4.0035; o = 9.94°). It can be
seen that, relative to the angle of incidence, the change in the angle of refraction is

non-linear and accelerates with increasing angles of incidence.

Fig. 5 illustrates reflectance of the first surface of an NAL element provided
with an anti-reflection coating, as a function of the angle of incidence, for three
different wavelengths. It can be seen that reflectance steeply increases as the point of
TIR is approached. This phenomenon facilitates sharp transition from light to

darkness at the NA boundary, enhancing clear definition of the NA of the system.
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As mentioned above, the provision of two basic units, each comprised of two

wedges, would suffice for a one-dimensional array of detectors but not for a

two-dimensional detector array. For such an array, the NAL shown in Fig. 6 is

provided with another two basic units, consisting of four wedge elements 10, 12, 14,

16, optically coupled to the first two basic units at the interface between prisms 8 and

10 and angularly displaced relative to the first two basic units by rotation of 90° about

the optical axis O4. Wedges 10, 12 handle rays associated with the left half of the

horizontal median plane; wedges 14, 16 deal with rays associated with the right half

of that plane.

It should be noted that in Fig. 6, the NAL is shown highly foreshortened and

the faces perpendicular to the optical axis OA are substantially square.

As mentioned above in conjunction with Fig. 1, the slanting faces of the
wedges must not touch, as the TIR effect takes place only when a ray is about to pass
from a medium of a higher, to a medium of a lower, index of refraction. If wedge 4
were to touch wedge 2, the TIR would be frustrated. To prevent this from happening,
a medium having a lower index of refraction has to be interposed, e.g., between
wedge 2 and wedge 4. Such a medium would obviously be air in a gap @ defined
between the two edges, as shown in Fig. 7. To be effective, the air gap must be wider
than the wavelength of the light used by the thermal imaging system. In practice, a
gap width of about 0.02 mm suffices. The required air gaps are produced by the use
of shims 22 interposed between the relevant wedge faces. Shims 22 could either be
narrow strips to be applied at opposite ends of the air gap, or narrow frames. The

entire NAL is, of course, mounted and held together in a housing with appropriate

openings (not shown).

Fig. 8 illustrates a second embodiment of an NAL according to the present
invention, in which prisms 4 and 6, respectively 12 and 14 in Fig. 6, have been joined
to form single prisms 18, 20 respectively, each having a vertex angle of 2a, as

opposed to the vertex angle « of prisms 2, 8, 10 and 16. Spacing of the slanting faces



109 & ()- @ 10%] & ()- @ #10%4| & ()-h, t dEUVT@ #10%4} & () -) 10%}] & () -
L' #10%| & ()- %gl0%}| & ()- #@ 10%}| & ()- !#10%| & ()- N Y 16 May 2003
Q dEUVT @#10%4| & ()- 310%| & ()-1- 10%4| & ()- &O#10%| & ()- |.
109 & ()-*#10%| & ()-Q dlelflglsiul ! #b@y g#HLO%& ()- 109%& () -
S109%& ()-' 109%&' ()- 104| 104| 104| Y7TF1QY%| & ()-#&)))))).*rS4@ 10% U& () -,
$10% U& ()-' 10% U& ()- 10 10 10!, ,) T#Poow ()-! S&@10%& ()- M * ++
- (-f-dEr S4@ 10, #10% U& ()- !Z10% U& ()- @10% U& ()-:s 10% U& ()-y10%
U&' () - Siftbeopiisng )is Zafried out iEadi@iogy@ theYemBadinds' ¢f) Figklf)%s explained

above in conjunction with Fig. 7.

Fig. 9 schematically represents a prior art thermal imaging system having a
two-dimensional detector and operating according to the cold shield concept. Shown
are two optical units, an objective 24 and relay optics 26 required to re-image the cold
shield in the pupil plane 28. Detector window 30 and cold filter 32 are quite remote

from detector plane 34, due to the position of cold shield 36. This means that the

volume to be cooled is relatively large.

Fig. 10 shows an NAL according to the present invention used in a thermal
imaging system. Due to the close proximity of the detector window 30, cold filter 32
and detector plane 34, as well as the absence of relay optics 26, the system is about

half as long as the prior art system, for a given detector size.

A further advantage of optical systems using an NAL resides in the fact that
the optical path o the principal rays in the image space are telecentric, which permits

identical spectral transmission of all rays, regardless of different fields of view.

It will be evident to those skilled in the art that the invention is not limited to
the details of the foregoing illustrated embodiments and that the present invention
may be embodied in other specific forms without departing from the spirit or
essential attributes thereof. The present embodiments are therefore to be considered
in all respects as illustrative and not restrictive, the scope of the invention being
indicated by the appended claims rather than by the foregoing description, and all
changes which come within the meaning and range of equivalency of the claims are

therefore intended to be embraced therein.
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VWHAT IS CLAIMED IS:
1. Anumerical apertuws limiter for an optical thermal imazing systam, comprising:

at least one pair of wadge-like prisims each prism being defined by surfacss and a
vertex angle and made of a transparant material having a known index of refraction,

said vertex angles being identical,

said prisms being immevably disposed in close mutal proximity and in opposite
orientation with the narrow end of one prism adjacent to the wide end of the other prism,
the prism surfaces facing one another of said pair of prisms bteing spaced apart from one
another by a distance ar least equal to the a wavelength of the light rays used by said
imaging system,

with the vertex angle of said prisms being a function of a desirsd numerical aperture

and said index of refraction upon said light rays with directions exceeding said desired

numerical aperture are reflected from the prism surfaces due to total internal reflection

principle.

2

e

wedge-like prisms, the second pair of said prisms being of a mirror-symmetrical orientation

The numerical aperturs limiter as claimed in claim 1, comprising two pairs of said

and optically coupled to the first pair of said prisms.

3. The numerical aperture limiter as claimed in claim 1, comprising two groups of two
pairs each of sald wedge-like prisms, the second group of said two pairs being optically

coupled to the first group and being angularly displaced relative thereto by a rotation of 99"

about the optical axis of said limiter.

4. The numerical aperture limiter as claimed in claim 1. wherein spacing epart of said

pair of prisms is effected by the use of shim spacers extending along at least two oppesite

edgs regions ot said pair.
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with the vertex angle of the first and third prisms of said group being o and the

vertex angle of the second prism of said group being 2c, with « being a function of the
desired numerical aperture and said index of refraction,

wherein upon said light rays with directions exceeding said desired numerical aperture

are reflected from the prism surfaces due to total internal reflection principle.

6. The numerical aperture limiter as claimed in claim 3, comprising two groups of three
of said wedge-like prisms, the second group of said prisms being optically coupled to the
first group and angularly displaced relative thereto by rotation of 90° about the axis of said

limiter.

7. The numerical aperture limiter as claimed in claim £, wherein spacing apart of said
prisms is effected by the use of shim spacers extending along at least to opposite edge

regions of the slanting surfaces of each of said three prisms.



