METHOD AND APPARATUS FOR FORM NG AN | MAGE USI NG ONLY
DI FFRACTI VE OPTI CS TECHNI CAL FI ELD OF THE | NVENTI ON
wabeos/odrsyenti on rel ates in general to optical BEBEUSI084/015250
and, nore particularly, to optical systens which form
an image in response to incident radiation. BACKGROUND
OF THE I NVENTION There are a variety of optica
systens which can forman inmage in response to
incident radiation. Sone of these optical systens are
specifically configured to image infrared radiation.
In recent years, there has been a decrease in the cost
of optical systens which image infrared radi ation.
Neverthel ess, the current cost of infrared inmaging
optical assenblies is still too high to permt w de
use of these assenblies in high volune, |ow cost
mar ket s such as the autonotive industry, where
conpetitive price pressures arg very strong. Some of
t he techni ques which have been“used in recent years to
reduce the cost of infrared i maging | ens assenblies
have i ncl udedvEepbRCENBNAPPARATUE FORt FORMING| AN
refractive lenses with diffractive |enses, in_order to
el i mi nate costYBCK 7 EE QRLE| BRERRACTEVE RBFLCHr oper
materi al selection for sone el enents, such as use of
an appropriate infrared glass, has pernitted the
f IBEINISRLofF NESAs €F USIEhgNGHEr HiNgh vol une

This invention relates in general to optical systems
and, more particularly, to optical systems which form an

image in response to incident radiation.
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manuf act uri ng processes, such as nolding or casting,
t hereby reducing fabrication costs. The result has
whe@s/ 005y ared i magi ng | ens assenbl i es whi ch cPOI/EBIV0OH015250
conmbi nation of refractive optics and diffractive
optics. Wile systens of this type have been generally
adequate for their intended purposes, they have not
been satisfactory in all respgcts. SUWARY OF THE
I NVENTION From the foregoing, it may be appreciated
i r a method and appar at us
BA%%%%WW@S% ﬁg@gﬁ%ﬁ, and which can be easily
mamHeed uied at viaawetgstoindpt hchar gosehsmsicknean form an
. formof the invention involves an apparatus having an ,
imagfgithgre SRR CEP oFGHASRT | 538 éa8pbRABT veSeler gdi &fiese optical
a ne > @S t he L atl to.form :
sy B RRe e T ERE Y neo PR P M one Qoo e infrared
radieitnigorf r eeInf retemit yemwd t htlopte chbby beefir agt dgerease in the

ower _and | ncl udin | ens which has an opti_cal l
codh 1 19Tct PREL CRLr aCYSEFEE! o IO hel™ 19T m OF EERESE

NeJdMa 1y | NelevesyarBhodowhi chr i NGl fietese & ONfh g optical
an imaging lens section to be free of structure with

assgmiilciald y isef eaéilivetpowndtigihd o pavais | whdew whearpf these
optically diffragtive racterjstjc,. a | n

ass’réO |1a S%n rlrorlr%lg%sc\é’r?el r’ougj%v{ hégqg%gﬁn%lgﬁiaeﬁés buch as the

autseeidions iddudimg) nthéeascsepet bnicausiriget peessures are very
radiation to forman inmage at an i mge pl ane . BRI EF

STHYNSERI PTI ON OF THE DRAW NGS A better understandi ng of

thespresent {Ryerdami¥ids PRhich have been used in recent

years to reduce the cost of infrared imaging lens assemblies

radiation.

have included replacement of some (but not all) refractive
lenses with diffractive lenses, in order to eliminate costly
refractive elements. Further, proper material selection for
some elements, such as use of an appropriate infrared glass,
has permitted the formation of lenses using some high volume
manufacturing processes, such as molding or casting, thereby
reducing fabrication costs. The result has been infrared
imaging lens assemblies which contain a combination of
refractive optics and diffractive optics. While systems of
this type have been generally adequate for their intended

purposes, they have not been satisfactory in all respects.
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realized fromthe detail ed description which foll ows,
taken in conjunction with the acconpanyi ng draw ngs,

wo poosfodshe FI GURE 1 is a diagram of a | ens asseabiug2004/015250
whi ch i mages infrared radiation using only diftractive
optics, and which enbodi es aspects of the present
invention; and FIGURE 2 is a graph show ng a nom na
modul ation transfer function 3or the | ens assenbly of
FIGURE 1 as a function of fractiona

Inﬁ%% AR CRIPTION FIGURE 1 is a
|agranna c viewof a lens assenbly 10 which

enmpadine 1as pastsgofng heipr magntbe mpetdcdmteAs that a need has

.di scussed bel ow, the |l.ens assenbly 10 does not hav
ATIER SAOTCPUREMIRHARE CRRANIR B YRITAcErg 1mage radiation,

and afHatH 0fan bUE 334830 nsass Htyrék f ;EE acblyvecHy usidren large
to effect I magi ng of 'radi ati on. The | ens assenbly 10

volugesi.ves Omér diceth r adi athen Bnveredony inwrleres weinchapparatus

ha\;ﬁigf%t?}m&m%{i g%]t,?le? egl l%/%atwﬁ%cl? ang rnf}!agﬁggsé ](':QI gadlatlon

orns an 1 mg

froal BNeddmgerplavausihg dﬂiiﬂ:@@@ﬂat@i@@dtﬁeﬂibrms an image at an
configured to effect imaging of far infrared radiation

ma@%/mﬂga%aweﬂ@ﬁgﬂﬁ@gﬁﬁga lesebapet 6Pn sPedngs fHeS ons, structure
w1tll_’l°\éfpl &G altl lpéjgizncgﬁﬂféwﬁg%éﬁdaha q?ltclki&'ﬂﬁtged%tfeﬁé”vﬁhlch has

and” cou alternative e used
an b@ﬂﬂdé&ﬂy|dnﬂﬁnapuﬁvaunharaﬁu@mrﬂtI@d|at|on havi ng

I OO TRAP, Gibarthd adPAEFOA T Sokgives & Tethod which

includes configuring an imaging lens section to be free of

structure with optically refractive power and to have a lens
with an optically diffractive characteristic, and passing
radiation from a scene through the imaging lens section, the
imaging lens section causing the radiation to form an image at

an image plane.
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ot her portion of the optical spectrum including but
not limted to visible radiation. The |ens assenbly 10
w0 p@baasgd t wo | enses in the formof | ens el eneP€BUIB04/015250

and 17. In the disclosed enbodi ment, the |l ens el enents

16 and 17 are each made fromsilicon. However, they

could alternatively be made of any other suitable
material, including but not I4mted to an infrared

pol ymer, or a conbination of silicon and an infrared

I [.SC \Vi e di scl osed enbodi nent
BR]]'%% ﬁﬁ?ﬁ%ﬂﬁo@%w&%@ of radiation in the
fary i pEraeed ymanehanthdiby 6oulthdepadaghed ifprentden nwill be
ot her wavebands. It will be recogni zed that th

reqidraecsubaom nater AaFansed FOECEART IehV I GhohpL Py, taken in

depend qn i i, 1 bl I cht hat
corf BRI o i R AlptYa s, Wbt neL
16 rrcURE nearest at héisgeme bE i s rlefey r edseubher eilni@s images

~ the first or front surface .thereaqf, and.the opposite ,
infgageds raddRtiORs WF BREntC g ofil%-#r-ag:%ll&eer?gglizg, and which

by s  bher . The lens
, emﬂekfdleéé‘ a?%%éi\gsssﬁ‘?% Yrd Lot sthbaseidbher 808

‘enment a diffractive surface 21 on the_rear
si CRIGURE edf 15 andotrhehl ehovdinshentnawipas godulation transfer
diffractive surface 22 o rear -si t her eqf . ;
funct gt n aragaﬁaf%%% gﬁ%“%ﬁ%ﬁéﬁ sFi gggdh§7§?nE%ﬁEQHCtlon of
Frabiscdase b apedidrent are made fromsilicon. The
diffractive surface 21 or 22 on the rear side of each
| ens el enent 16 or 17
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is formed by etching the material of the |lens el enent,
or alternatively by enbossing the naterial of the |lens
webk@somts49 Et chi ng and enbossi ng techni ques sui PEbUS2000015250

formng the diffractive surfaces 21 and 22 are known

in the art, and are therefore not described here in

detail . The formation of diffractive surfaces through
the use. of etching or enbossisng techni ques permts

each of the lens elenents 16 and 17 to be accurately

figi nuf actured at | ow cost and in |arge
DE@%fﬁﬁéébﬁégﬁ%#ﬁﬁgﬁd-like carbon (DLC) coating 41 is
prowicerizon the f4 oAt agirdematilcheviens o egenterld. assembly 10

- Suitable DLC coating materials are well known in the
whigh erphodhesdpspresed cdntidtr neReseRhelpventsdani-ng Apl discussed

| th -l i ' i .

beldu®, BHbL debp BRI 1, Bog? P RN sHY Hifutige which

iscagiganledl dfs aeliandtdoat | rgdtihatiopr,ot Bats ihet&&dAs uses only
| ement 16 from scratching or other damage due to the

di gt inhre et onEnt topgt g%si dlAg 1He Ofo &BFARE E4P on

therhensgephenBilertfy i 101 $0R0H RECESSAFYrEQT rhRE kSRS emitted
assenbly 10 to have "a separate protective non- I nmagi ng

by wi adoacehenemhidhspdsed fletweendihgrsveabic¢alayd eie 12, and
int B0 S B¢l S AT L304L00,0118 SYOLRLL oBehus ac an
imd®Viidedagn ihe fuiopd Pidmce of Thhe &es8s816b6AENdMAddiment is
coggfaéﬁggpggséyggg? fﬁ?gigg g% far infrared radiation having
wavelengths in a waveband of 8 to 14 wmicrons. However, the
present invention is not limited to this particular waveband,
and could alternatively be used to effect imaging of near
infrared radiation having wavelengths in a waveband of
approximateiy 3 to 5 microns, or narrowband radiation in some
other portion of the optical spectrum, including but not
limited to visible radiation.

The lens assembly 10 includes two lenses in the form of
lens elemenfs 16 and 17. In the disclosed embodiment, the lens
elements 16 and 17 are each made from silicon. However, they
could alternatively be made of any other suitable material,
including but not 1limited to an infrared polymer, or a
combination of silicon and an infrared polymer. Ag discussed
above, the disclosed embodiment is configured to effect imaging
of radiation in the far infrared waveband, but could be adapted
for use in other wavebands. It will be recognized that the
particular material used for each lens element will depend on
the particular waveband within which that element is being
used.

The side of each lens element 16 or 17 nearest the scene

12 igs referred to herein as the first or front surface thereof,
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serves as a narrow pass filter which rejects radiation
ot herthan radiation in the specific wavebend of

w0 ndosesdy which in the di scl osed enbodi nent i BCBUSO4/d15250
m crons. The bandpass filter coating 43 actually
i ncl udes a nunber of separate |layers, but they are not
separately illustrated because the structure of the
filter coating 43 is technol ogy known in the art. Anti
-reflective (AR) coatings 46 and 47 of a known type

are provided on each of the rear surfaces 21 and 22 of
ang Heh¢ eprPRFehentsd960hn829Y, LGRPcRlaMenEndedPEr Adctifydeterred

to SH&E@&ﬁS-aJh%héRsr&féﬂ@g%Hﬁr 4h-helR todpdyee thene lens
I c I

0SS of energy whi woul d ot herw se occur as a result
elafenindds r Ablse aefdetfrarisivé tchedmaur Racesnwerlee| efgar side
uncoat ed.

I n_particul t he oati_ngs. reduce, t he
thqhiithel APt FEB: A GOkl (288 ettt SHin tanguriace 22
on &hd head£nsi &l eyt soA46 and 17. In the disclosed
enbodi nent, the AR coatings 46 and 47 are each a

si i eexpapénedo@ans of thekd@me t gpemebhe 16 wabfld 17 in the
.alternativel w.b oss| bl I, =lay R :
dl%&%ﬁ?%@.eggﬁélggggifﬁ%gcﬁgﬁgc#§§W§t$%££%?ntheefgﬁédl?fraCtlve
sussenly dP 27 eosethd orédri 8idJABLE dachl bhefABeEehenthes or 17
l ength dinension refers to the distance fromthe Ui%
i & ment, or

is cERETIRG 4BVt ©HHE I mEES1 AMATRELR T acl OV EE L 4
al ¥ r2RefAd 1PN thidy d e, yayv gl englide fiange, of toRer alihonelement.
I's defined by the formula: (I'l - 12) / ((Il +12) /
Etdhing and embossing techniques suitable for forming the
diffractive surfaces 21 and 22 are known in the art, and are
therefore not described here in detail. The formation of
diffractive surfaces through the use of etching or embossing
techniques permits each of the lens elements 16 and 17 to be
accurately and efficiently manufactured at low cost and in
large volumes.

A diamond-like carbon (DLC) coating 41 is provided on the
front side of the lens element 16. Suitable DLC coating
materials are well known in the art. In the disclosed
embodiment, the DLC coating 41 is a multi-layer coating of a
type known in the art, and is therefore not described here in
detail. The DLC coating 41 is a hard coating that protects the
lens 'eiement 16 from scratching or other damage due to the
external environment. By providing the coating 41 on the lens
element 16, it is not necessary for the lens assembly 10 to
have a separate prdtectiire non-imaging window element disposed
between the scene 12 and the lens element 16, thereby reducing
the‘ overall cost of the lens assembly 10.

A bandpass filter coating 43 is provided on the front
surface of the lens element 17. The bandpass filter coating 43

serves as a narrow pasg filter which rejects radiation other



10

15

20

25

For exanple, where the wavel ength range of operation

is from8 mcrons to 14 mcrons, |l in this formula
wowruwsaotsed 14 nmicrons, and |2 woul d be 8 m cr onBCTERI0R4/115250

CHARACTERI STICS Field of View 25 degrees Effective

Focal Length 23nm F/ Nunber F/| Total- Nunber of

Elenents 2 Flat Surfaces 4 Diffractive Surfaces 2

Aspheric Surfaces 0 Substrate Material Silicon Length

1.75 inches Fractional Bandwi dth 0.2 mcrons

Wavel engt h Range of Operat.ian 8-14 mcrons $Q basi c . .
thagy .ﬁ%§¥Qﬁ g%et£8n§pﬁc syﬁfﬁéﬁﬁﬁl?§a égéﬁeéi’ which in
thkOrdfsd ToJoBLEm odiReRe R ref eps 10 kherbinsst Ofrhe bandpass

front surface encountered by radiation reaching a

filless, andtRRIMedAs eAEusédyndivrlidss sarfagmber of separate
LSRR LEC L GRS LA LOPLE,2 PRIUELSC 50 e ehe
stTypeutrevPagigeret el 8er coating 43 is technology known in the
art. '

Anti-reflective (AR) coatings 46 and 47 of a known type
are provided on each of the rear surfaces 21 and 22 of the lens
elements 16 and ‘17, which are the diffractive surfaces. The AR
coatings 46 and 47 help to reduce the loss of energy which
would otherwise occur as a result of undesirable reflections if
these surfaces were left uncoated. In particular, the AR
coatings reduce the Fresnel reflection losses and raise the
transmittance of the lens elements 16 and 17. In the disclosed,
embodiment, the AR coatings 46 and 47 aie each a single-layer
coating of a known type, but it would alternatively be possible
to use a multi-layer AR coating.

Some specific characteristics of the lens assembly 10 are
set forth in TABLE 1. In TABLE 1, the length dimension refers
to the distance from the DLC coating 41 to the image 14. The
fractional bandwidth of operation within the wavelength range

of operation is defined by the formula:
(A1 - A2) / ((A1 + A2) / 2).

For example, where the wavelength range of operation is from
8 microns to 14 microns, Al 1in this formula would be

14 microns, and A2 would be 8 microns.



10 um Surface (R2) 16 Si 3 .42 R =R =R No d=
0. 057982 Sphere/Flat Infinity C= -0.151640 C3=
WO WBRTBIB R2 = R2 = R2 Yes C4=" -0.50003 Di f f pE&r/UB2084/015250
Infinity C5= -0.116280 17 Si 3 .42 R = R = R No d=

0. 561890 Sphere/Flat Infinity C2= -0.003646 C3=
0.019104 R2 = R2 = R2 Yes C4= -0.042072 Diffractive
Infinity C5= 0.031824 Exact | &ns paraneters for the
| ens elements 16 and 17 of the disclosed enbodi ments
are set forth in TABLE 3, ippghgdiingradii, centered

t hi ckness, air gaps, aspheric coefficients and
diffractive surface gHRRRETBRESTINS information in

| TABLE 3 is set forth-in-aforns]
Faglepeifcdiedesi gn sof tware progfam 9EERSSEs t he

e ETClrat 'y ayaklagbte under the
G e G i

rom Optical{ Research Associ ates of
FPasatbema, California. TABLE 3 COBELV > lis 23 nm 10nmm

‘ t /1 Al -SI-RDY-TH RVMD-G-A>-OBJ - NELNLRY
TpielNNppber of Elements 2
Flat Surfaces 4
Diffractive Surfaces 2
Aspheric Surfaces 0

Substrate Material Silicon

Length 1.75 inches

Fractional Bandwidth 0.2 microns

Wavelength Range of Operation 8-14 microns

Some basic parameters of the lens elements 16 and 17 are
set forth in TABLE 2, where Rl refers to the first or front
surface encountered by radiation reaching a lens, and R2 means

the second or rear surface encountered by the radiation.

10

TABLE 2
Parameters
Leng | Mate- | Index | Surface Radii Diffrac- |Diffractive
rial at Type : tive Parameters
10 um Surface (R2)

16 Si 3.42 R1 = Rl = R1 No Cil= 0.057982
‘ Sphere/Flat | Infinity C2= -0.151640
C3= -0.097673

R2 = R2 = R2 Yes C4= -0.50003
Diffractive | Infinity C5= -0.116280
17 Si 3.42 Rl = Rl = R1 No Cl= 0.561890
Sphere/Flat | Infinity C2= -0.003646
C3= 0.015104
R2 = R2 = R2 Yes C4= -0.042072
Diffractive | Infinity C5= 0.031824

Exact lens parameters for the lens elements 16 and 17 of

the disclosed embodiments are set forth in TABLE 3,

including



1 INFINITY 0.000000 2 INFINITY 0.000000 3 INFIN TY

0. 500000 4 INFINITY 0.060000 1Si 1 5 INFINTY 0.005000
WS MS4REA HV2 REA HOR - HXI O OOO000E+00 HYPCT/US2004/015250

O OOOOOCE+00 HzZI 0. 713927E+18 CXI 100 CYI 100 CzZI 100

HX2 O OOO0OCE+00 HY2 O 000000 X+00 HZ2 0. 713927E+18

CX2 100 CY2 100 CZ2 100 HW. 10200 .00 HTO SPH HCT R

HCO /'HCC C 5.7982E - 02 C2 91.5164E-01 C3

-9.7673E-02 d 0 C 0 C30C4 -5.0003E-02 G5

-1.1628E- 01 .C5 0 STO | NFI 0 7 | TY '
T 10600 6T o HIRTRISRY O 49855 HORSROR TREA HD i ents and
dilfERact ikl sQrE&R0PEThdtdrQ OOROOEHO0riEtion in TABLE 3 is

0.713927E+18 . ) X
set forth in a format suitable as input for an optical design
software program, such as the program which is commercially

available under the trademark CodeV® from Optical Research

Associates of Pasadena, California.

TABLE 3
CODE V> lis )
23 mm/10mm format £/1 All-Si
RDY THI RMD GLA
> OBJ: INFINITY INFINITY
1: INFINITY 0.000000
2: INFINITY 0.000000
3: INFINITY 0.500000
4 INFINITY 0.060000 Tgit
5: INFINITY 0.005000
HOE :
HV1: REA HV2: REA . HOR : -1
HX1: 0.000000E+00 HY1: 0.000000E+00 HZ1: 0.713927E+18
CX1: 100 CY1l: 100 CZ1: 100
HX2: 0.000000E+00 HYZ2: 0.000000E+00 HZ2: 0.713927E+18
CX2: 100 CY2: 100 CZ2: 100
HWL : 10200.00 HTO: SPH HCT: R ’
HCO/HCC .
Cl : 5.7982E-02 c2 : -1.5164E-01 c3 -9.7673E-02
c1L : 0 c2 0 c3 0
C4 -5.0003E-02 C5 -1.1628E-01
Cc4 0 Cc5 0
STO: INFINITY 0.878923
T INFINITY 0.010000 'sit
8: INFINITY 0.814195
HOE :
HV1: REA HV2: REA HOR: -1
HX1: 0.000000E+Q0 HY1l: 0.000000E+00 HZL: 0.713927E+18
CX1: 100 CYl: 100 CzZ1l: 100
HX2: 0.000000E+00 HYZ2: 0.000000E+00 HZ2: 0.713927E+18
CX2: 100 CY2: 100 CZ2: 100
HWL : 10200.00 HTO: SPH HCT: R
HCO/HCC
- Cl 5.6189E-01 c2: -3.6460E-03 C3 1.9104E-02
Cl : 0 C2: 0 C3 : 0
c4 -4 ,2072E~02 C5: 3.1824E-02 . C3 : 0
c4 0 C5: - 0




CXI 100 CYl 100 CZI 100 HX2 O. OOOOOCE+00 HY2
O OOO0OCE+00 Hz2 0. 713927E+18 CX2 100 Cy2 100 CzZ2 100
wWORW0s203@0. 00 HTO SPH HCT R HCO /' HCC O 5. 618BEF/ 032002015250

-3.6460E-03 C3 1.9104E-02 G 0 C2: 0 C3 0 4

-4.2072E-02 C5: 3.1824E-02 C3 0 C4 0 C5: 09 : INFINITY

0. 000000 10 : INFINITY 0.000000 IMa INFINTY 0.000000
SPECI FI CATI ON DAATTAA FNO 1. 00000 DIMIN WL 11000. 00
10000. OO 9000.00 REF 2 WW1 2 1 IN rbc XR 0.00000 O

.GOAGU 6—666064 VHET -06660—6—20¢ %DO —20000—WH-
QOO 1 .00 0000 VUX 0. Dt I)(U @ 00000 O
9 QO VLX 0.

I
0. 00000 0 .0 Bioiofied

SPECIFICATION DATA

FNO 1.00000

DIM IN

WL 11000.00 10000.00 9000.00
REF 2

WITW 1 2 1
INT _rbc

XRI 0.00000 0.00000 0.00000
YRI 0.00000 0.20000 -0.20000
WTF 1.00000 1.00000 1.00000
VUX 0.00000 0.00000 0.00000
VLX 0.00000 0.00000 0.00000
vuy 0.00000 0.00000 0.00000
VLY 0.00000 0.00000 0.00000

PRIVATE CATALOG |
PWL 12000.00 10000.00 8000.00 5000.00 4000.00 3000.00
'si!t 3.417223 3.417740 3.418400 3.422100 3.425390 3.432390

REFRACTIVE INDICES
GLASS CODE 11000.00 10000.00 2000.00
Tgif 3.417467 3.417740 3.418049
No solves defined in system
No pickups defined in system
This is a decentered system. If elements with power are
decentered or tilted, the first order properties are probably

inadequate in describing the system characteristics.

INFINITE CONJUGATES

EFL 0.9055
BFL 0.0000

FFL 0.9988

FNO 1.0000

IMG DIS 0.0000

OAL 2.7701

PARAXIAL IMAGE

HT 0.2044

ANG 12.7230
ENTRANCE PUPIL

DIA 0.9055

THI 1.0246

EXIT PUPIL

DIA 31.8389
THI -31.8389

CODE V= out t
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VUY 0. 00000 O .00000 O .00000 VLY 0.00000 O .00000 O
. 00000 PRI VATE CATALOG \ PW. 12000.00 10000.00 8000. O
w@2880015¢0 4000 .00 3000.00 'si' 3.417223 3. 417GTH0S2004/015250
3.418400 3.422100 3 .425390 3.432390 REFRACTI VE
| NDI C2EESS GLASS CCDE 11000. 00 10000. 0 0 9000. 00 1Si
3."417467 3.417740 3.418049 N o sol ves defined in
system N o pickups defined inisystemThis is a
decentered system If elenents with power are
decentered or tilted, the first order properties are
probably inadequate in describing the system
Chg%g lﬁ% Shb&53iméhE! NeTE @@NiUQATaﬁuEEﬁlgfggéélggLsurface 46
0. FFL 0. 9988 FNO 1. 0000 i M5'DI'S 0. 0000 OAL 2.
of PARMXI D& hRBGESHE 05 2084mAKG PRrPR3E@ the correctlon of pupil

aberrations, one example of which 1is spherical aberrations.
The diffractive surface 47 on lens 17 has as its primary
function the focusing of infrared energy so that the energy
forms an image 14 at the image plane, and has as its secondary
function the correction of field aberrations. Alternatively,
however, it would be possible for the diffractive structure to
collectively perform a larger or smaller number of functions,

and for the functions to be allocated differently among one or

‘more diffractive surfaces. The configuration of FIGURE 1

provides a highly corrected and good quality image with a very
high modulation transfer function (MTF) for a particular
wavelength, where the MTF will decrease as .the fractional
bandwidth increases.

In this regard, FIGURE 2 is a graph showing a nominal
modulation transfer function (MTF) for the lens assembly of
FIGURE 1, as a function of fractional bandwidth. In general,
the wider the bandwidth of the radiation imaged by the lens
assembly 10, for example as determined by the bandwidth of the
bandpass filter coating 43, the lower the MTF, which is a
measure of the contrast of the lens assembly.

As discussed above, the lens elements 16 and 17 of the
disclosed embodiment are made of gilicon, but could
alternatively be made of an infrared polymer of a type known in
the art. The polymer lens elements could have AR coatings of
the type discussed above. However, polymer lens elements have
relatively low reflectance and relatively high transmittance
even without AR coatings, and the AR coatings could therefore
be optionally omitted. Polymer lens elements could optionally

be made relatively thin, for example on the order of
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ENTRANCE PUPIL DIA 0.9055 THI 1.0246 EXIT PUPIL DI A

31.8389 TH -31.8389 CODE V > QUt tln the enbodi nent
WORWBHAIRE 1 , the diffractive surface 46 of |rPCEUIB04/015250

has as its primary purpose the correction of pupi

aberrations, one exanple of which is spherica

aberrations. The diffractive surface 47 on |lens 17 has

as its primary - function thedocusing of infrared

energy so that the energy forns an i mage 14 at the

I mage plane, and has as its secondary function the | ,
aPEBPFé@?F%%YoP-Ppél&ngﬁerréF?oH%?tﬁ$Y%?ﬁat?v&?ﬁ‘lmaglng window

coﬁ?&eﬁgrpﬂdﬁﬂﬁéa(EéEMéE§SEHEeSE%het@%dﬂéﬁéa§éh¥eelements, in

structure to collectively performa larger or snaller
ordanbep pfrofidet oot ecanidrf ofon hehd uhens oaseenbg. The window

Located differently anong one or _nore diffr.activ .
codliaf atet. StREPLEnt PGy FALR O 0P FPEERERT UHl o) gt o DLC coating
onhicalel Ve et esteduare 9otk quabi by, ixrgeouttAga oter yhe rear or
. high nodul ation transfer functlonN%NWF) for a ,
inpert sEdear dalferehgrhvingdere coHddVPE WOV igest @asdhe opposite

o1 BHE 304 o0 DUKMAT, | PEEESSBlls L) StePishon or che
iméganspeanéuncahdn €HMIEY f havehethensbassipriglsy dfilter coating
thereon. Alternatively, the AR coating could be omitted and
the bandpass filter coating could be provided on the rear or
inner side of the outer window.

The invention provides a number of advantages. One such
advantage 1isg that, through the careful selection and
combination of lens materials, spectrall band, diffractive
surfaces and performance requirements, an imaging lens assembly
is provided which can producé an image using only diffractive
optical elements, and without wusing any refractive optical
surfaces with power. As a related advantage, the use of only
diffractive surfaces which are approximately flat permits the
diffractive sutrfaces to be fabricated using traditional, high
volume, low cost processes, such as etching or embossing.
Consequently, the imaging lens assembly can be manufactured at
a very low cost. In fact, by using very inexpensive materials
and processes, suitable performance can be‘ achieved while
reducing the manufacturing cost by a factor of ten times or
more in relation to pre-existing lens systems.

The invention i1s. advantageous when used to implement an
imaging lens assembly intended for use in imaging infrared
radiation. As a result, an imaging lens assembly which
embodies the invention can be very advantageous in markets
where high volume and low cost are important due to competitive

pricing pressures, one example of which is an infrared imaging



FIGURE 1 , as a function of fractional bandw dth. In
general, the wider the bandw dth of the radiation

wo pgeaishy t he | ens assenbly 10, for exanpl e aBCT/US2004/015250
determ ned by the bandw dth of the bandpass filter
coating 43, the |ower the MIF, which is a neasure of
the contrast of the | ens assenbly. A s discussed
above, the lens elenents 16 ahdl 17 of the discl osed
enbodi nent are made of silicon, but could

; d d f
v B SRRLILY, B A NS A6 PRLYERS 1 il Povencion

ishavesARagpaht Agsocak tﬁtﬁrtblﬁhedi selbsesrpbeyrl bowewetial uses
pol ynmer lens elenents have relatively | ow refl ectance
whghg rel aFpeerpahilgh Le¥Rin CfanPEréPEMaReholts ARReeded  at  a
d Al S fq
ref A L0051 100ns ey TRETOHAPS, SARVEFTIAREE e Racions.
optAbnhbtghbenaadmboéhabntehystbe&n fidl vestartes] amd hescribed
. order r ox el 002 inch, In that eve
in ORE Lo b Ui hoRec DR RSB oAb VBe e A Sdations and
alét@gaﬁh@ng epseehemniie Wi (HAR débapf@yﬁglef.%ﬁat %@ @pirit and
for the lens elements. The w ndow coul d,” for exa
scppesidfi coite oprgEedni tMyenridna BIC @@ﬁmﬂé dnftgge followmg
Cléiont or outer side and an AR coating on the rear or
innef side. A further w ndow could be provided on the
opposite side of the lens elenents, for exanple in the
regi on of the inmage plane, and could have the bandpass
filter coating thereon. Alternatively, the AR coating
could be omtted and the bandpass filter coating could
be provided on the rear or
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i nner side of the outer window The invention provides
a nunber of advantages. One such advantage is that,

wao boosiogis4e he careful sel ection and conbi nati onPCF/UBEN$015250

materi als, spectral band, diffractive surfaces and
performance requirenments, an imaging | ens assenbly is

provi ded whi ch can produce an_i mage using only

diffractive optical el enent's, 14nd wi t hout usi ng any
refractive optical surfaces with power. As a rel ated

aghtant agecrhherwsesef only diffractive surfaces which

are approximately flat permts the diffractive

surfaces to be fabricated using traditional, high

volume, | o 0 S 1_as _et ching. or .
enbossﬁhg. H§ %%%??%,Sﬁﬁg%g%ga négﬁéﬁgi §§%n%?§60580t19
behirehufi actrespdnative & Wwddvetoist . fddm fAcécehy¥ B8NGausing
very inexpensive materials and processes, suitable ' ,
pE&RLEr @:ﬁﬁ@w bleP - LQERi Pedi NG e2F edliciipdheblane, said

TRy ?ggurilréglscosge@é/i&]fagg%gof £ 8R UIdPeS QL ADLErLN yith

rela to pre-existing |l ens 3ystens. The invention

i spadeahiggeedsantiereu pevern amplianenidiang i amyeng Whnsh has
assenb i nt ended for use in _imaging infrared o
S5 GPFYRnTAT S5 ralt LV e TR g Lo S -assenbl

whi ch enbodi es the invention can be very advant ageous

in markets where high volunme and | ow cost are . ‘

i nport dnt ddke ARPIEHPE | BFVRTRENG] B pFrledsures, whakein said
e . e _of Lch .S s I AL -iﬂﬁ_ggg St I ntended.
f%@gﬁlhgﬁt tllé(rr% urs%eeci%r:%%gl vgéi 2{%&1'_ e |&nv§§ti§%}¢ns %@g Tmage
advangagedistfion sthbinnal redeyixed ycormeoe atavetesd.

3. An apparatus according to Claim 1, wherein said
imaging lens section is configured to form said image

using infrared radiation.

4. An apparatus according to Claim 1, wherein said
imaging lens section includes a further lens which has an

optically diffractive characteristic.

5. An apparatus according to Claim 4, wherein each

said lens has a diffractive surface on one side thereof.

6. An apparatus according to Claim 5, wherein at

least one of said diffractive surfaces is one .of an

~ etched surface and an embossed surface.

7. An apparatus according to Claim 5, wherein said
each said diffractive surface is one of an etched surface

and an embossed surface.
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where a reasonable | evel of performance is needed at a
relatively |low cost, including surveillance

wa@ppsioecss® ons. Al t hough one enbodi ment has beePCT/US2004/015250

illustrated and described in detail, it will be
understood that various substitutions and alterations
are possible w thout departigESfronwthe spirit and
scope of the present inventioR; as defined by the
following claims .WHAT IS CLAIMED I S: 1 . An apparatus

conprigi ngagn 'p@iaa&‘aﬁﬂlé NS SELANP N BNEER 1S of ESPANSAME said

to radiation froma scene for causing said radiation
tinﬂﬁrantnw¢naghaaacaarnﬁage pbéne onsai daivhgi kend ensffects

ctlo bei n ree_of structure with 2 ticall . .
r e? TV pg%ge AR n@ft’e&Fﬁ‘ﬁlé’fﬁsens i cﬁaﬁés Ghtfractive
%Haféﬂ&e/rﬁéﬁé asfi ¥BeCbahaet eriisl lens? efﬁ%’t@ppfaécais@ng of
according to Claim1, wherein said inaging |ens
skd grrd i e | jed c@OF B ¢ ot o saf df %%gealagrﬁ@tlons
radiation within a relatively narrow waveband. 3 . An
apparatus according to Caim1l, wherein said inaging
| ens sectinn h@pamaﬁqyuanbdnﬂfngrmsaCMaimagelmﬁsnpin each
i nfr red radi ati on. An" appar at us ac%pr ding to,
G&i LeRhertFn @3@8 |ﬁEQanalem?§ﬁ§ '?éh%ﬁﬁ%?%ye to

fMﬂltHexred e%dﬂﬁbﬁa%%@tlwékﬁéhéraﬁi V2 range of .

characteristic. . An appar at us accordlng to daim
anpeding ealeh 3 to 5 microns.

10. An apparatus according to Claim 4, wherein each
said lens is made from a material transmissive to
infrared radiation having wavelengths in a range of

approximately 8 to 14 microns.

11. An apparatus according to Claim 4, wherein at

least one of said lenses is made from silicon.

12. An apparatus according to Claim 4, wherein at

least one of said lenses 1s made from an infrared

polymer.

13. An apparatus according to Claim 4, wherein at
least one of said lenses is made from a combination of

silicon and an infrared polymer.

'14. An apparatus according to Claim 1, wherein said
lens has on at least one side thereof a coating that

effects bandpass filtering of said radiation.



said lens has a diftractive surface on one side

thereof. 6. An apparatus according to Claimb5, wherein
wa@rtoosoarsto one of said diffractive surfaces i s POEUSIO0Q0MS250

etched surface and an enbossed surface. 7 . An

apparatus according to Cdaimb5, wherein said each said

diffractive surface is one of an etched surface and an

enbossed surface. 8. An apparat@s according to C ai m 4,

wherein said diffractive characteristic of one said

| ens efd ect gnCcoppachina ‘afccB':&ﬂ':L ga@g 'AtdQRs; and-$84%ng an

diffractive characteristic of ot her sa|d11ens

effeeled otwbiayedf dshedtpad datsposealndrc athHecte@iowfof said

f.i%ggﬁw rrations. 9. An apparatus according to Caim

d1ei'" each said lens is made froma nateri al

transm ssive to infrared radi ati on havi ng wavel engt hs

in a range of approximately 3 to 5 mcrons. 10. An

apparatus according to Caim4 , wherein each said

lens is made froma nmaterial transm ssive to infrared

radi ati on havi ng wavel engths in a range of

approximately 8 to 14 microns. 11. An apparatus

according to Caim4 , wherein at |east one of said

| enses is made fromsilicon. 12. An apparatus

according to Caim4 , wherein at | east one of said

| enses is made froman infrared
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polymer. 13 . An apparatus according to Claim4 ,
wherein at | east one of said lenses is nmade from a

w@ eoobiooss® on of silicon and an infrared pol ynmePCT/L&2004015250

apparatus according to Caim1l1, wherein said | ens has
on at |east one side thereof a coating that effects
bandpass filtering of said radiation.1l5. An apparatus
according to aim1, including an uncool ed infrared
detector disposed in the region of said imge pl ane
.16. A nethod, conprising: configuring an inmaging |ens
section to be free of structure with optically

refractigre pOWRItiddl tQodpvesdhd ens wWith an optical ly
diftractive characteristic; and passing radiation from

a scene€qrHrighyhingi ani ragidigid ehsnsecidniosatd be free of
i ' | ens section.cadsing said radiation to forma
| g8 i T hede OB ARE T Y7 F TR O aBBBrHI AP oo tave a
Cllain® 14.chveel ejpt isaild v oniff e d iy of cisai £t dR0E #0c; and
| ens section includes configuring said imaging lens .
sect i oA 8T 15t P nElPRg JusTIIRPY aBEPVOR @PLAI dmaging
A1ERAL LLELY Al T 0N ¥AVERAREng 1fend B @@Poﬁ%%{ﬁif}g said
to ai m 16, erein sal onfiguring of sard inmagin
| enslise¢dtorond fomdes: dorfgeguwrt reg sianadye nelgame). | ens
section to effect said
17. A method according to ClaimA16, wherein said
configuring of said imaging lens section includes
configuring said imaging lens section to effect said
imaging wusing radiation within a relatively narrow

waveband.

18. A method according to Claim 16, wherein said
configuring of said imaging 1lens section includes
configuring said imaging lens section to effect said

imaging using infrared radiation.

19, A method according to Claim 16, wherein said
configuring of said wherein said imaging lens section
includes configuring said imaging lens section to include
a further 1lens which has an optically diffractive

characteristic.

20. A method according to Claim 19, wherein said
configuring of said imaging lens section includes
configuring each said lens to have a diffractive surface

on one side thereof.
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"selecting said diffract

I magi ng using infrared radiation. 19. A nethod
according to Claim 16, wherein said configuring of

W@ 200d/0045¢¥ ei n sai d i magi ng | ens section i ncl udeGT/US2004/015250

configuring said imaging | ens section to include a
further | ens which has an optically diffractive
characteristic. 20. A nethod according to Caim 19,
wherein said configuring of sdié imaging | ens section
i ncludes configuring each said |l ens to have a

di ffractive gurface on L t.hergof . 21. met hod. .
accord?ﬁg toidqﬁﬁﬁ ,amggFéﬂﬁgségﬁ gg%??@ﬁ#i@w%?reln said
saloth fliRAing lEMsaettimging! uées keefiBg ahdiedsls forming
one of said diffractjve_surfaces by carrying out one

oftard e&thidite prioctritd A hhErant EidoSerAgCprod¥dGgRErying out
2 0 :or di i | N _sai

R o g B G S R i oo aure.
form ng each of said diffractive surfaces by carrying

out one_of an etchin rocedure and enbossi n . ,

p:rjoced(élze. 28. “}?%Cﬁo%CQBEg}BSn&O( oggféﬁnm%, .‘ah‘ﬁ%itﬂ said

S abeh £6 Sri e I0FY ééficﬁaiin?béeﬁg%i Ténd eBSc8e6hI 9Rch Delkdd g%rming
RY;

| . i aracteristic of one sa
| easht ofefdaid <@bfFeattibyie ofupliipresalber reaixineng apdt one of

SR e e RO el RS el
g or sal adl atl on an
23. A method according to Claim 19, wherein said
configuring of said imaging lens section includes
selecting said diffractive characteristic of one said
lens to effect correction of pupil aberrations, and
selecting said diffractive characteristic of the other
said lens to effect focusing of sald radiation and

correction of field aberrations.

24, A method according to Claim 19, wherein said
configuring of said imaging lens section includes making
each said lens from a material which is transmissive to
infrared radiation having wavelengths in a range of

approximately 3 to 5 mic¢rons.

25. A method according to Claim 19, wherein said
configuring of said imaging lens section includes making
each said lens from a material which is transmissive to
infrared radiation having wavelengths in a range of

approximately 8 to 14 microns.



correction of field aberrations. 24. A nethod
according to Claim19, wherein said configuring of
W@ 200d/001F8gi ng | ens section includes maki ng eagPCHEBIN04/015250
lens froma material which is transmi ssive to infrared
radi ati on having wavel engths in a range of
approximately 3 to 5 mcrons. 25. A nethod according
to Caim19, wherein said confg guring of said imaging
| ens section includes naking each said lens froma
material which is transmssive to infrared radiation '
havi ng6wavePertgtHod nagepafgadoftapptexinndt®el ywBerping said
m.cr.ons. _..26 t hed, i t ' 9., rLein :
S B TLr T hoobt S AME Rl e erec sl SRR gpking
- eekilegsat dreasdf ona dfl saiak |Preesifrisosi [ icon. 27. A
met hod according to Caim19, wherein said configuring
of said imaging | ens section includes naking at | east
one ‘of,-sai dpl ensgs.dr Lnkr d : g 2 ; ;
netho§7§cco$ding t6§C?gFQ?%%ggmﬁgfeF%Qgérgj%on??aﬁ?%ﬂgSald
ebnSdiothrimagi oy sehd assgribby liemd uskest toat inglaties making
| east one side of sajd lens with a material that
BF d6rS th S G T TP S P T e el
met hod according to Claim 16, including detecting said
i mage by using an uncool ed infrared detector disposed .
in thé&sregi &n ftlked darpageipParie Claim 16, wherein said

configuring of salid imaging lens assembly includes
coating at least one side of said lens with a material

that effects bandpass filtering of said radiation.

29. A method according to Claim 16, including
detecting said image by using an uncooled infrared

detector disposed in the region of said image plane.



