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BBEAEHWUE

B HacTosilee BpeMst OGHUM U3 HAIlpaBlIeHUH ONITH-
Yeckoro MnpubopoCTpoeHHUs], Pa3BUTHE KOTOPOTrO
Haubonee BocTpebOBaHO, SIBISIETCS HaIpaBleHHe,
CBSI3aHHOe C pa3paboTKoNM W Co3maHHeM MOHOdO-
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It is shown that placing a diffraction microstructure
on the flat surface of one of the refractive lenses of
a high-aperture triplet can simultaneously satisfy
the correction conditions for both chromatic and
monochromatic aberrations and obtain lenses
designed for the middle and double infrared ranges
having sufficiently high optical characteristics.
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INTRODUCTION

Currently, one of the areas of optical instrumentation,
the development of which is most in demand, is the
direction associated with the development and creation
of monofocal optics and optics with variable focal length,
designed to work in extended spectral ranges. In the vis-
ible and near infrared (IR) ranges, this is primarily the
mass optics of mobile phones, smartphones and tablets,
as well as security systems and technical vision (in par-
ticular, unmanned land, underwater and air vehicles).
In the dual IR range, including medium and far infrared
radiation (3.7-11 microns), this is the optics of thermal
imagers and night vision devices for various purposes.
High-quality optics of all the above ranges is also neces-
sary for medical instrumentation. At the same time, it is
obvious that in order to meet the increasing requirements
for the overall dimensions and technical characteristics of
optical systems, it is necessary to expand the elemental
base and the range of optical materials.
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KQIBHOM OIITUKU U OITHKU C U3MEHSION[HMCS
GOKYyCHBIM pacCTosiHHMEM, IpelHa3HauYeHHOM [JIs
paboTHl B pacCIIMpeHHBIX CIIEKTPAJbHBIX AHAIa30-
HaxX. B BugumMmom u 6nuskHeM uHpakpacHbx (UK)
OMalla3oHax 3TO IIpeskAe BCero MaccoBas OITHKA
MO6UIBHBIX TenedOHOB, CMAapTPOHOB M IUIAHIIE-
TOB, a TaKXKe CHCTeM 0e30MacHOCTH U TexXHUUe-
CKOTO 3peHHs (B YaCTHOCTH, OeCIIMIOTHBIX Ha3eM-
HBIX, MOABOAHBIX M BO3AYIIHBIX TPaHCIOPTHBIX
cpeJ:LCTB). B nBoriHOM MK-guamasoHe, BKIOYAIOIEeM
cpenHee U panbHee HK-usnyuenue (3,7-11 MKMm),
3TO ONTHKA TEIUIOBHU30POB U IIPUOOPOB HOUHOIO
BUJEHHUS Pas3JIMYHOIO Ha3HayeHHs. Brlcokokauye-
CTBeHHas OIITHKa BCeX BHIIICIIePeYUCIeHHBIX OHa-
I1a30HOB HeobXogMMa TaKKe M MeJULIHHCKOMY
npubopocTpoeHH0. [IpU 3TOM OUYEBUAHO, YTO IS
yOOBJIIETBOPEHHS BCe BO3PACTAIONIUX TpebOBaHHUM
K MaccorabapUTHBIM M TeXHHUYEeCKUM XapaKTepHu-
CTUKaM OITHYeCKHUX CHCTeM HeobXOOMMO pacIIH-
peHUe 31eMeHTHOM 6a3bl U aCCOPTHMEHTA OIITHYe-
CKHMX MaTepHajoB.

OIUH M3 BO3MOHBIX IIyTel PpacIIMpeHHUs 3Je-
MEHTHOM 6a3bl IpeAIonaraeT UCIONb30BaHUe NUb-
PAaKLIMOHHBIX ONTHUYeCKUX 371eMeHTOB ([03). Ilpu
3TOM YHHKa/lbHBIe abeppalllMoHHBIe CBokcTBa O3
maoT Haubonpmuil 3¢dexkt B MK-muamasoHe. [eii-
CTBUTEJILHO, BBeJeHHe TaKOoro 3jJIeMeHTa B ped-
PaKIMOHHBIA OOBEKTHB TeIVIOBH30pa II03BOJISIET
YIIPOCTUTh €r0 OINTHUYECKYI CXeMY M AOCTUYb IIPHU
3TOM TpebyeMBIX ONTHYECKHUX XapaKTePUCTHUK (CM.,
HanpuMep, [1, 2]). Tak, B YacTHOCTH, B CpefHEM
HUK-nuamna3oHe (3<A<5 MKM) pasMellleHHe OUbpaK-
LMOHHON MHKPOCTPYKTYPbl Ha IIJIOCKOM IIOBEPX-
HOCTH OAZHOM M3 pedpPaKLHOHHBIX JIMH3 BBICOKO-
anepTypHOro TPHUILJIEeTA II03BOJIsIeT OJHOBPEMEHHO
BBIIIOJIHUTHL YC/IOBUS KOPPeKLMH KaK XpomaTuye-
CKHUX, TaK U MOHOXPOMAaTH4YeCKHUX abeppauuu. He
MeHee BaKHOI IIpefCTaBIIsIeTCs BO3MOXKHOCTb OTKa-
3aThCSL OT MCIIONIb30BaHHUS B TPHUILJIeTe IepMaHUS,
obsazaromero BBICOKMM K HeJHHEHMHBIM TeMIlepa-
TYPHBIM KO3POHUIIMEHTOM IIOKa3aTe/s IIpeaIoMIie-
Hus. IIpy 3aMeHe repMaHUs Ha Xa/IbKOTeHHOHOe
CTeK/I0 OUGPAKIHOHHAsE MUKPOCTPYKTypa obecrie-
YKMBaeT BO3MOXKHOCTb COXpPaHeHHs alloXpoMaTH3a-
LIMY M HU3KOI'0 YPOBHA chepoxpoMaTH3Ma, a He3Ha-
YHTe/JbHOE TeIlJIOBOe M3MeHeHHe I[IoKasaTesns
IIpeJIOMJIEHUS XaJIbKOTeHUOHOIO CTeKJ/a I103BOJIseT
n3besxxaTh TemaoBoM JedoKycHpOBKH. Bonee Toro,
ucmonb3oBaHue 103, Kak 6y,IIET I[IOKAa3aHO B HACTO-
samefl cTaTbe, BechbMa 3PHEKTHBHO U B 0OBEKTHU-
Bax ABorHoro MK-muama3oHa, Ipu4yeM KaK MOHO-
GOKa/JIBHBIX, TaK U C MeXaHHUYeCKU H3MeHSeMBIM
$OKYCHBIM paccTOSTHHUEM (zoom-06BbeKTHBAX).

=

One of the possible ways to expand the elemental base
involves the use of diffractive optical elements (DOE).
Moreover, the unique aberration properties of DOEs give
the greatest effect in the infrared range. Indeed, the
introduction of such an element into the refractive lens of
a thermal imager allows us to simplify its optical design
and achieve the required optical characteristics (see, for
example, [1, 2]). So, in particular, in the mid-IR range
(3<A<5 pm), the placement of the diffraction microstruc-
ture on the flat surface of one of the refractive lenses of a
high-aperture triplet allows simultaneous fulfillment of
the correction conditions for both chromatic and mono-
chromatic aberrations. Equally important is the ability to
refuse to use germanium in a triplet, which has a high
and non-linear temperature coefficient of refractive index.
When germanium is replaced by chalcogenide glass, the
diffraction microstructure makes it possible to maintain
apochromatization and a low level of spherochromatism,
and a slight thermal change in the refractive index of
chalcogenide glass avoids thermal defocusing. Moreover,
the use of DOEs, as will be shown in this article, is very
effective in dual IR range lenses, both monofocal and
mechanically variable focal length (zoom lenses).

1. DESIGN PARAMETERS AND OPTICAL
CHARACTERISTICS OF THE MIDDLE IR
RANGE REFRACTIVE-DIFFRACTIVE LENS

We will demonstrate the above-described capabilities

using an IR lens as an example, two refractive lenses of

which are made of AMTIR3 glass (refractive index at a

wavelength of =4 pm n1,,,;z=2.621003, and a dispersion

coefficient of A;,=3 pm and A.,=5 pm, vaumr=173.38),
while the third lens, bearing the diffraction
microstructure, is made of zinc sulfide (n,,5=2.250382;

Vzs=112.20). The refractive indices and dispersion

coefficients given here and below were calculated using

the dispersion formulas of the INFRARED catalog of the

ZEMAX optical design program (3] and work [4].

The optical scheme of the lens is shown in Fig. 1. Its
focal length is f=40 mm, the aperture value is K=0.84,
and the angular field in the space of objects is 20=24°. The
distance from the vertex tangent plane of the front lens to
the image plane is L=73,7 mm.

Tables 1 and 2 show the design parameters of the
lens obtained after preliminary dimensional and aber-
ration calculations by optimization using the ZEMAX
optical design program [3]. Moreover, each of the non-
planar surfaces of the refractive lenses of the lens was a
so-called even aspherical surface, described in ZEMAX by
the equation:

sz 2p
7(p)=—F————+> ap”,
Q 1+1-(1+x)c’p’ pz;z' P
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1. KOHCTPYKTUBHDIE
NMAPAMETPbI N ONTUHECKUE
XAPAKTEPUCTUKN PE®PAKLLMOHHO-
ANDOPAKLUMNOHHOIO OBBbEKTUBA
CPEAHEIO UK-ANATIA3OHA
OmnucaHHble BBIIIe BO3MOXKHOCTH IIPOAEMOHCTPHU-
pyeM Ha npumepe UMK obbexTHBa, ABe pedpak-
LIMOHHBIE JTHH3bI KOTOPOTO BBIIOJIHEHBI M3 CTeK/a
AMTIR3 (mmokasaTesb IpeJoMJIeHHUS Ha [AJIHHe
BOMHBI A=4 MKM Namrir=2,621003, a ko3dpouIu-
€HT JOUCIEePCHHU MPU A,j,=3 MKM U A,,,=5 MKM
Vamtir = 173,38), TpeThsl 5Ke IMH3a, Hecyllast Audpak-
LIMOHHYI0 MHKPOCTPYKTYPY, BBHIIIOJHEHA K3 CePHU-
cToro mMHKA (ny,4=2,250382; v,,c=112,20). I[Tokasa-
Te/IH IIPeIOMIeHUSI U KOIPPUIIMEHTH THUCIIePCUH,
IIPHUBeIeHHbIE 3[0eCh U HIKe, PaCCUMTAHBI 10 JHC-
[IepCUOHHBIM ¢opmynam Kartanora «INFRARED»
IpOrpaMMBbl  OITHYECKOTO  IIPOEKTHPOBAHUSI
ZEMAX [3] u paborts! [4].

OnTuueckast cxeMa oO6beKTHBA IpefCcTaBlIeHa Ha
puc. 1. Ero dokycHoe paccrosinue =40 MM, IHa-
dparmenHoe yucno K=0,84, a yriosoe I10jie B IIPO-
CTPaHCTBe IIPeAMeTOB 2w=24°, PacCToOsHHE OT Bep-
HMIMHHOM KacaTe/lbHOM IIJIOCKOCTH GPOHTaIbHOM
JIMH3BI [0 IVIOCKOCTH U300paskeHUs L=73,7 MM.

B Tabn. 1 u 2 mpencTaBieHbl KOHCTPYKTHBHbBIE
ImapameTpsl 06beKTHBa, IOJNydeHHBle IIOC/Ie Ipef-

L3

Puc. 1. MpuHuunuanbHas onmu4eckas cxema obsekmusd
cpedHezo VIK-duanasoHa: 1, 4, 5 — pedpakuuoHHble AUH3bI;
2 - 0udpakyuoHHas MuKpocmpykmypa, 3 - anepmypHas
duappazma

Fig. 1. Schematic diagram of the middle IR range lens:

1,4, 5 - refractive lenses; 2 - diffraction microstructure;

3 -aperture diaphragm

162 ®POTOHUKA TOM 14 N2 22020

__ m ONTUYECKME YCTPOUCTBA M CUCTEMbI I

where z(p) is the coordinate of a surface point spaced
apart from the optical axis by a distance p in the
coordinate system whose XOY plane touches the top
of this surface; c¢ is the curvature of the surface at its
apex; K is a conical constant; o, - surface asphericity
coefficients.

As for the diffraction microstructure placed on the
flat frontal surface of the second refractive lens, it was
modeled in the framework of ZEMAX by a Binary2 type
surface with a phase delay of the form

¥(p)=mY Ap”,
=1

where m is the number of the working diffraction order,
A are constant coefficients.

This IR lens with a relative aperture of 1:0.84 pro-
vides a resolution of 50 mm™ with a contrast of at

Ta6numua 1. OCHOBHbIE KOHCTPYKTUBHbIE MApamMeTpbl 06b-
ekTmea cpegHero MIK-guanasoHa
Table 1. Main design parameters of the middle IR range lens

Ne noBepxHOCTU Paanyc, TonwmHa, OnTUYyecknm
No. of surface MM MM mMaTepuan
Radius, Thickness, Optical

mm material

0 oo oo

1 170,970 7 AMTIR3

2 376,847 16,861

3" oo 0

47 oo 7 ZnS

5 -71,778 29,855

6 24,822 7 AMTIR3

7 20,283 6

g -

IT1710CKOCTE ITpeJIMeTa.

AnepTypHas quadparma.

[ToBepxHOCTb THUIIA Binary2: m=1, A;=-0,293270 MM?Z,
A;=2,63695%x10"* MM, A;=-1,36419%x107° MM©,
Ay=3,23954x10"° MM 8, A;=-3,73643x1012 MmO,
Ag=1,97365x10715 MM 12, A,=-3,47328x10710 Mmm 14,
I1710CKOCTD M300paskeHU .

Object plane.

Aperture diaphragm.

Binary?2 type surface: m=1, A;=-0.293270 mm?,
A;=2.63695x10"* mm™, A;=-1.36419x10° mm°,
A,=3.23954x10" mm8, A;=-3.73643x10"2 mm™°,
Ap=1.97365x10"> mm™?, A,=-3.47328x107 mm™4.

" Image plane.
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Ta6numua 2. laHHble 0 YeTHbIX acPepnyeckmnx NoBepxXHOCTAX 06bekTrBa cpeaHero MK-grManasoHa (KoHMYeckas nocTosH-
Has k=0)
Table 2. Data on even aspherical surfaces of the middle IR range lens (conical constant k=0)

1 —7,19179%x107° -5,04931x107°
2 -6,38446x107° -2,94625%x107°
5 -8,85312x 1077 1,63519x10°8
6 4,98013x107° 2,87470x1077

-1,28006 x10712 —-3,23291x107%°

4,25107x10713 3,69895x 10716
-1,64264x1071° 3,90923x10713

-3,81400%x107° 2,69047x10711

BapHUTE/IBHOIO rabapuTHOTO U abeppallHOHHOI0 pac-
YeTa IIyTeM ONTHMH3ALUY C [IOMOIIBIO IIPOrPaMMBbI
ONIITHYeCcKOro IpoeKkTHpoBaHUsi ZEMAX [3]. Ilpu
3TOM Ka’kfasl U3 HeIUIOCKUX IOBepxXHOCTeHr pedpak-
LIMOHHBIX JINH3 00beKTHBA IIpe/ICTaB/sIa COOOM TaK
Ha3bIBAEMYI0 YeTHYI achepuyecKylo IOBEPXHOCTS,
OIHChIBaeMyi0 B ZEMAX ypaBHeHHEM:

A

cp’ 2
=t ) a,p’,
Q 1+,1-(L+x)cp? % P

rae z(p) - KOOpAMHATa TOYKH ITOBEPXHOCTH, OTCTOSI-
IIel OT OIITHUEeCKOM OCH Ha PACCTOSHHH P B CHCTeMe
KOOpPAHHAT, IJI0CKOCTh XOY KOTOpPOM KacaeTcsl Bep-
IIMHBl 3TOU IIOBEPXHOCTH; - KPUBH3HA II0BEPX-
HOCTH B ee BepIIMHe; K - KOHHYeCcKas KOHCTAHTa;
o, - KO3pOUIIHeHTH acPepUUHOCTH II0OBePXHOCTH.

YTo >xke KacaeTcs AHUPPAKIIMOHHOM MHKPOCTPYK-
TypBl, Pa3MeIleHHOM Ha IIIOCKOM (POHTa/JIBHOHU
IIOBEPXHOCTH BTOPOHM pedpaKLHMOHHOM JIHMH3BI, TO
OHa B pamKax ZEMAX MoJenupoBasiach IIOBEPXHO-
CTbIO THIIA Binary2 c $a3oBoH 3aepsKKOK BUA

W(p)=mY Ap",
=

rie m- HoMmep pabouero 1MGPaKLHOHHOIO IIOPSAKA,
Aj - IIOCTOSIHHbIE KO3POUIIUEHTHI.

JauHbET WK-00BeKTHB IIPX OTHOCHUTEIBHOM OTBEp-
cruu 1:0,84 obecrieurBaeT pasperreHue 50 MM mpu
KOHTpacTe He Hipke 0,5 u 35 MM IIpu KOHTpacTe He
Hipke 0,65 B mpeeiax II0/IeBOro yria 2w<24°, OcraToy-
HBIH XPOMAaTH3M IIOJIOKEHHUsI B JHAIas’oHe OT A =3
MKM 70 A, =5 MKM He IIpeBbIIIaeT 3,4 MKM IIPH JOIIy-
CKe, OTPaHHYeHHOM AHQpaKLKer, PaBHOM 11,3 MKM.
XpoMaTH3M YBeJIUYeHHs CocTaBiasger 4,1 MKM, 4YTO
HEeCKOJIBKO MeHbllle pafuyca IJITaBHOTO MaKCUMyMa Kap-
THHBI DUPH. JIUCcTOpcHs 00beKTHBA MeHblIe 0,25%.

least 0.5 and 35 mm™ with a contrast of at least 0.65
within a field angle of 2w<24°. The residual position
chromatism in the range from A ,;,=3 pm to A ,,, =5 pm
does not exceed 3.4 pm with a tolerance limited by
diffraction equal to 11.3 pm. The chromaticity of the
increase is 4.1 pm, which is slightly smaller than the
radius of the main maximum of the Airy picture. Lens
distortion is less than 0.25%.

2. DESIGN PARAMETERS AND OPTICAL
CHARACTERISTICS OF THE DOUBLE IR
RANGE REFRACTIVE-DIFFRACTION LENS

Aberration calculation and subsequent optimization

using ZEMAX optical design programs have shown

that the refractive-diffraction triplet, after a

corresponding modification of the optical scheme, is

able to successfully operate in the double IR range [5].

The modification of the optical scheme included, in

particular, the replacement of the used optical

materials with GASIRI (refractive index at a wavelength
of A=7.35 pm Nguge=2.501489, and the dispersion
coefficientatA;,=3.7 pmand A, =11 pm vg,qp, =74.84)

and ZnS_broad (1, pr0aq=2-228805; V755 broad = 18.03).

For the obtained lens (see Fig. 2, Tables 3 and 4), the
apochromatic correction of longitudinal chromatism
with a tertiary spectrum not exceeding the tolerance
limited by diffraction and correction of chromaticity
increase to a value on the order of the radius of the
main maximum of the Airy picture are preserved in the
double IR range.

However, chromatic aberrations of higher orders
with an expansion of the spectral range increased sig-
nificantly, which led to a decrease in aperture (K=1.1)
and resolution. Within the same angular field for
which the above-presented mid-IR lens (2w=<24°) is
designed, this dual-IR lens provides a resolution of
35mm with a contrast of at least 0.3 and 25 mm™ with
contrast not lower than 0.5. The focal length of the
lens is still f=40 mm, and the distance from the vertex
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2. KOHCTPYKTUBHDIE
NMAPAMETPbI M ONTUYECKUE
XAPAKTEPUCTUKN PE®PAKLLMOHHO-
ANDOPAKLUMNOHHOIO OBBbEKTUBA
ABOWMHOIO UK ANAMA30OHA
AbeppallMOHHBIN PpacyeT U IOCIeAylollas OIITH-
MH3ALHUS C I[IOMOIIbIO IIPOrpaMMBbl OITHYe-
CKOTO IIpOoeKTHpoBaHMUd ZEMAX IoKasaau, 4YTO
pedpakuMOHHO-TUPPAKIIMOHHBIN TPHUILJIET II0C/Ie
COOTBETCTBYIOIIeH MOAHUPUKALHUU ONTHUYECKOH
cxeMbl CIiocobeH ycIemHo paboTaTe U B JBOMHOM
UK puamasoHe [5]. MoauduUKaALHUS OITHUYECKOH
CXeMBl BK/IIOYaja, B YAaCTHOCTH, 3aMeHY MCIIO/Ib3Y-
eMBIX OITHYeCKHX MaTepuasoB Ha CASIR1 (moka-
3aTeNpb MpeNoMIeHUs HA [JMHe BOMHBI A=7,35 MKM
Neagp = 2,501489, a  Ko3QPULIMEHT [OUCIIePCHUU
Opu Ap;p=3,7 MKM H Ag,,=11 MKM Vguqp;=74,84)
u ZnS_broad (ny,g proaq=2,228805; Vzis broad =18,03).

Y monyueHHOro obbeKTHBA (CM. puC. 2, Tabm. 3
1 4) B nBoriHOM HK amarasoHe COXpaHEeHBI aIloXpo-
MaTHYecKass KOPpeKLHMs IIPOLOJIbHOIO XpoMaTH3Ma
C TPETUYHBIM CIIeKTPOM, He IPeBhIIIAIUM JOIYyCK,
OrpaHHUYEeHHBIN JUpaKLMer, U KOPpPeKLHs XpoMa-
TH3Ma YBeJIMYeHHUS [0 BeJIMYMHBL IOpsAKa pajuyca
[JIAaBHOI'O MaKCHUMyMa KapTHHBI JHPH.

OnmHako xpoMaTHyeckre abeppallMu BBICIIHX
IOPSAJAKOB C pacClIMpeHHeM CIIeKTPajbHOro JHala-
30Ha OIIyTUMO BO3POC/IH, YTO IIPHUBEJIO K CHHUKEHHUIO
aneptyprl (K=1,1) 1 paspellieHusi. B mpenenax Toro
>Ke YIJIOBOTO IO/, Ha KOTOpOe PACCYMTAH BbIIIe
IIpe[CTaB/IeHHBIN 06beKTUB cpefHero HK-guamnasoHa
(2w <24°) maHHBIHA 00BbeKTUB ABOMHOro UK-auarmasoHa
obecrieqnBaeT pasperieHue 35 MMl IIpU KOHTpacTe
He Hrke 0,3 u 25 MM~ Ipu KOHTpacTe He HUKe 0,5.
®oKycHOe PpacCTOSHHE O0OBEKTHBA IIO-IIPEeKHEMY
f=40 MM, a paccTosIHMe OT BepUIMHHOHN KacaTesb-
HOM IIJIOCKOCTH (QPOHTAJIBHON JIHH3BI A0 IIIOCKO-
cTu usobpaxkeHuss L=69,03 MM. [lucTropcus He
npesbimaer 0,3%.

3. ANOPAKLNOHHASA SOPEKTUBHOCTDb
MK KWNHO®OPMA U TMYTU EE
NMOBbLIWEHUA

JudopakiiMoHHas MHKPOCTPYKTIypa, MoJenupye-

Masi B Zemax 6eCKOHEYHO TOHKHUM TPAHCIIAPaHTOM,

OCYILIEeCTB/IAIOIIUM 33a4aHHYI0 (a30ByI0 3aJepsKKy,

B peajIbHOCTH BBIIIOJIHAETCA B BUAe KUHOdOpMa, T. e,

nunoobpasHoro penbeda Ha IIOBEPXHOCTH OITHYE-

ckoro Martepuana. CerogHs XOpOLIO OTIakeHHas

TeXHOJIOTHS aJIMa3HOrO0 TOYeHMS II03BOJISeT B IIPO-

MBIIIJIEHHBIX MacIITabax TUPaskHUpPOBaTh THOPUIHEIE

sneMeHTHl MK nuamnasoHa ¢ KUHOPOPMHOM MHKPO-

CTPYKTYPOH, BBHIIIOJIHEHHOH B ILIOCKOH, cdepude-
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tangent plane of the front lens to the image plane is
L=69.03 mm. Distortion does not exceed 0.3%.

3. DIFFRACTION EFFICIENCY OF IR
KINOFORM AND WAYS TO INCREASE IT

The diffraction microstructure modeled in Zemax by
an infinitely thin banner that performs a given phase
delay is actually performed in the form of a kinoform,
i.e. sawtooth relief on the surface of the optical mate-
rial. Today, a well-established technology of diamond
turning allows the industrial production of hybrid ele-
ments of the IR range with a kinoform microstructure
made on a flat, spherical or even aspherical surface of a
refractive lens [6].

The diffraction efficiency (DE) of a kinoform micro-
structure can approach unity, but only at a single
wavelength and at a single angle of incidence of radia-
tion, and only a strict theory of diffraction based on
the solution of the Maxwell equation system gives a
reliable estimate of the decrease in DE depending on
the wavelength and angle of incidence. The DE of kino-
form microstructures of both lenses described in this
work was calculated by rigorous coupled-wave analysis
(RCWA) [7]. In this case, the calculation of the micro-
structures of the mid-IR lens was performed using the
RCWA-PSUACE computer program developed by the
authors, and the microstructures of the dual-IR lens
using the computer program presented in [8].

The kinoform microstructure of the middle IR range
lens consists of 33 ring zones. In this case, the width of
the narrowest zone (the minimum period of the kino-

Puc. 2. MpuHuunNuanbHas onmu4eckas cxema obsekmusa
080LiH020 VIK-0uana3oHa: 1 - duppakuuoHHas Mukpocmpyk-
mypa; 2, 3, 5 - peppakyuoHHble AUH3bI, 4 — anepmypHas
duappazma

Fig. 2. Schematic diagram of a dual IR range lens: 1 - diffrac-
tion microstructure; 2, 3, 5 - refractive lenses; 4 — aperture
diaphragm
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CKOM WJIM Jake acheprvecKoN II0BEPXHOCTH pedpax-
LIUOHHOM JUH3HI [6].

JudpaknuonHas 3¢PeKTUBHOCTD ([9) KUHOGOPM-
HOM MHKPOCTPYKTYPBI MOXKET IPHUOIMKATBCS K equ-
HHILIe, HO TOJIBKO Ha OGHOHM [JMWHE BOJHBI U IIPHU
ONHOM YyIJle MaJileHHUs] U3Iy4eHUs, a HOCTOBEPHYIO
OLIeHKY ITaJleHus [ B 3aBUCKMOCTH OT IJIMHBI BOJIHBL
U yIJIa IaleHHus JaeT TOJIbKO CTPOrasi TeOpHsl TUPPaK-
LIMK, OCHOBAaHHAs Ha pellleHUH CHCTeMbl YPaBHEHUH
Makcseyta. Pacuer I3 KMHOQOPMHBIX MHKPOCTPYK-
Typ 0bouX OOBEKTHBOB, OIHMCAHHBIX B HACTOSIIEH
paboTe, BBIIIOJMHSICS METOLOM CTPOrOro aHaIu3a
CBSI3aHHBIX BOJIH [rigorous coupled-wave analysis
(RCWA)] [7]. IIpu 3TOM pacdeT MUKPOCTPYKTYp 0bBeK-
THBa cpefHero UK mramna3oHa BBIITOMHSIICS C KCIIONb-
30BaHHEM pa3paboTaHHOM aBTOPAaMU KOMIIBIOTEP-
Hol nporpammel «\RCWA-PSUACE», a MUKPOCTPYKTYP
obbekTHBa ABOMHOro MK-guarasoHa — ¢ MCII0/AIb30Ba-
HHeM KOMIIBIOTEPHOM IIPOrPaMMBI, IIPeJCTaBIeHHOHN
B pabote [8].

KuHOQOpMHAsT MHKPOCTPYKTypa 0OOBeKTHBa Cpel-
Hero MK guamasoHa COCTOMUT M3 33 KOJIBLIEBBIX 30H.
[Ipy 3TOM LIMPHHA CaMOH Y3KOHM 30HBI (MHUHHMAaJb-
HBIH Iepuof KuHodopMa) P>400 MKM, a MaKCHMaJIb-
HBIM Yroj MaZileHUs U3/1ydeHHs] Ha MHUKPOCTPYKTYpY
U3 Bo3ayxa 0<13,5°. PacueT mokasasn, 4To 19 3TOro
KHHOQOpMa IIpH ONITHMAJIbHOM INybuHe penbeda
(h=3,2 MKM), 6naromapsi 3HAaUMTEIBHOMY OTHOIIe-
HUIO IIPOCTPAHCTBEHHOTO II€PHO0/Ia MUKPOCTPYKTYPBI
K rnybuHe penbeda (P/h>125), okaszanack 6IH3KOH
K Ipefieny, IIPOTHO3UPYEeMOMY CKA/ISIPHOM TeopHel
nudpakuuy, T.e. He HIKe 0,8 Bo BceM pabouem
CIIeKTPaIbHOM JHalia3oHe. I[Ipy 3TOM [IBajLlaTh MIPO-
LIeHTOB Iajaioller Ha KUHOQOPM 3HEPrHUu, IIPHUXO-
Ioamyecss Ha robo4yHble nUdPAKIUOHHBIE ITOPSAKH,
HeMHHYyeMO IIPUBeIYT K IafleHHI0 KOHTpacTa B $op-
MHpyeMOM OOBeKTHBOM HK300paskeHHUH U B Ppsfe
C/Iy4aeB K HeMOIIYCTHMOMY CHISKEHHIO OTHOLIEHHS
CHUTHAJI/ Iy M.
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Ta6bnunua 3. OCHOBHbIE KOHCTPYKTMBHbIE MapamMeTpbl 06b-
eKkTuBa ABovHOro VIK-arnanasoHa

Table 3. Main design parameters of the dual IR range
lens

Ne noBepxHOCTU Paanyc, ToNLWMHa, onTnyeckum

No. of surface MM MM mMarepwman
Radius, Thickness, Optical

mm material

1~ oo 5 GASIR1

2 -117,261 0,9

3 33,82 17,356 ZnS_broad

47 oo 2,644 ZnS_broad

5 16,153 10,684

6 55,274 20 GASIR1

7 -94,313 12,444

IT;mockoCTh IpeaMeTa.
" TloBepxHocTb THIA Binary2: m=1, A;=-0,120730 MM2,
A,=2,35222x1074 MM, A,=-7,53758x107 MMS,
A4=2,95736x107° MM 8, A;=-9,04286x10712 MM 10,
Ag=1,47517x1071% MM 12, A,=-9,26221x10718 mm 14,
AnepTypHas nuadparma.
I1710CKOCTD U306pasKeHU .
Object plane.
Aperture diaphragm.
Binary2 type surface: m=1, A;=-0.120730 mm?,
A,=2.35222x10"*mm ™4, A;=-7.53758x107 mm®,
A,=2.95736x10° mm$, A;=-9.04286x10"2 mm™°,
Ap=1.47517x10"¥ mm™?, A,=-9.26221x107¥ mm™4.
" Image plane.

Ta6anua 4. [laHHble 0 YeTHbIX achepuyeckmx NoBepXHOCTSX 06bEKTMBA ABOMHOro MK-ananasoHa (KoHMyeckas nocTo-
aHHasa k=0)
Table 4. Data on even aspherical surfaces of the dual IR range lens (conical constant k=0)

-6,33829x1077

5,35875x107°

~7,88732x10712

4,31504x107%°

—4,89559x107°

8,70405x10710

1,52122x10712

-1,43474x10714

-3,12592x107°

-1,21270x1077

3,26480x10710

-2,35539x 10712

1,83209%107¢

-4,66089x107°

1,76607 x1071%

-4,23797x10714

3,28870x107¢

1,10840x107°8

-9,24665x1071L

2,98402x10713
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ITogHATs 12 BO BCeM CIIeKTPJIBHOM JHAaIla30He
Y JIJIs1 BCETO MHTEePBaJla YIJI0B HaJeHUs U3/TyYeHUs 10
ypoBHs 0,85 u maske 1o 0,95 MOKHO IIyTeM Ilepexona
K JBYX- WM TPeXCIOMHBIM KHHODOPMHBIM MHKPO-
CTPYyKTypaM. Tak, B YaCTHOCTH, ABYXC/IOHHAas OJHO-
penbedHast MUKPOCTPYKTypa (CM. pHUC. 3), CKOMIIOHO-
BaHHas u3 ALO; uZnS (n,=1,660731, n,=2,250382) pu
ONTHMaJIbHOM I1yb6uHe penbeda (h=6,72 MKM), yriax
IajeHus u3nydeHUs -15<0<15° U B CIeKTpPaJbHOM
nuamnasoHe 3<A<5 MKRM obecneyuBaet [[2=<0,87 npu
P/h<5u [1320,90 mpu P/h=30.

3[eck cpasy ke 3aMeTHM, YTO COBPeMeHHbIe TeXHO-
JIOTHH I103BOJISIIOT, HUCIIOJIb3Ys IIJIOCKYIO [IOBEPXHOCTh
pedpaKkLMOHHOM JHH3bl KaK IOAJIOKKY, HaHeCTH
Ha Hee cJIoM Apyroro MK-mpo3payHoro MarTepHana
C TOJNILIMHOH, JOCTAaTOYHOM [/ BBIIIOJHEHHS B HeM
nunoobpasHoro penbeda, a ero B CBOIO odepemdb
[IOKPBITh ellle OAHMM Cjl0eM, KOTOPBIM K 3aBep-
mMUT GOpMHUPOBaHUE [BYXCIOMHON OfHOPenbedHOMU
IK11006pa3sHON MHKPOCTPYKTYPbl. AHA/IM3 II0Ka3al,
YTO Jy4Iller Iapol MaTepHaloB AJISI TAKOM MHKPO-
CTPYKTYpPBI B CIIEKTPAJIBHOM AHara3oHe 3<A<5 MKM
MoryT cny>kutb AL,O; 1 AgCl (n,=1,99996). Ilpu onTu-
MaJIbHOH rny6HHe penbeda (h=12,22 MKM) U yrjax
nafeHus u3nydeHus -15<0<15° sTa MUKpPOCTPYKTypa
obecriequBaer [3<0,9 npu P/h<5 u [1920,92 npu
P/h=30.

TpexcioMHasi  >Ke  MHKPOCTPYKTypa  (cM.
pHuC. 4) IpU ONTHMAJIBHBIX INyOHMHAX IBYX peibe-
¢oB (h;=18,76 mkm, h,=10,96 MKM), CKOMIIOHOBaH-
Hasl U3 A1203, MgF, u ZnS (n;=1,660731, n,=1,348829,
ny=2,250382) B TeX >ke yIJIOBOM U CIIEKTPAIBHOM JHA-
masoHax obecrmeunBaeTr [1320,92 mpu P/(h+h,) <5
u [1320,95 npu P/ (h;+h,)>30.

KuHopopMHASI MUKPOCTPYKTYpa IIPeCTaBI€HHOTO
BhIllIe 0O0beKTHUBa ABOMHOro UK nuaria3oHa COCTOUT

CECEEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e
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form) P>400 pm, and the maximum angle of incidence
of radiation on the microstructure from the air 6<13.5°.
The calculation showed that the DE of this kinoform at
the optimal relief depth (h=3.2 pm), due to the signifi-
cant ratio of the spatial period of the microstructure to
the relief depth (P/h>125), turned out to be close to the
limit predicted by the scalar diffraction theory, i.e. not
lower than 0.8 in the entire working spectral range.
At the same time, twenty percent of the energy inci-
dent on kinoforms attributable to secondary diffraction
orders will inevitably lead to a decrease in contrast in
the image formed by the lens and, in some cases, to an
unacceptable decrease in the signal-to-noise ratio.

It is possible to raise the DE in the entire spectral
range and for the entire range of angles of incidence of
radiation to the level of 0.85 and even to 0.95 by switch-
ing to two- or three-layer kinoform microstructures. So,
in particular, a two-layer single-relief microstructure
(see Fig. 3) composed of AL,O; and ZnS (n;=1.660731,
n,=2.250382) with an optimal relief depth (h=6.72 um),
angles of incidence of radiation -15<6<15° and in the
spectral range of 3<A<5 pm provides DE<0.87 at P/h<5
and DE>0.90 at A/h=30.

Here, we immediately note that modern technolo-
gies make it possible, using the flat surface of a refrac-
tive lens as a substrate, to apply a layer of another
IR-transparent material with a thickness sufficient to
make a sawtooth relief in it, and in turn to cover it
with another layer, which will complete the formation
of a two-layer single-relief sawtooth microstructure.
The analysis showed that AL,O; and AgCl (n,=1.99996)
can serve as the best pair of materials for such a micro-
structure in the spectral range of 3<A<5 pm. With an
optimal relief depth (h=12.22 microns) and radiation
angles of incidence of -15<6<15°, this microstructure
provides DE<0.9 at P/h<5and DE>0.92 at P/h>30.

Puc. 3. lsycnoliHas 00HopeAbedHASt MUKpOCMpyKmypa
Fig. 3. Two-layer single-relief microstructure

Puc. 4. TpexcnoliHas dsyxpenbedHass mukpocmpykmypa
Fig. 4. Three-layer two-relief microstructure
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BCEro M3 5 KOJIbLIEBBIX 30H U BBIIIOJIIHSETCS B IIJIOCKOK
IIOBEPXHOCTH OIITHYecKoro maTepruana GASIRI (moxa-
3aTenp MpeNoMIeHHs HA [JIMHe BOMHBI A=7,35 MKM
Noasiri = 2,501489, a K03OPUILIMEHT OUCIIePCHU IIPU
Apin=3,7 MKM U A, =11 MKM Vgaqp;=74,84). Ilpu
5TOM IIMPHUHA CaMOM Y3KOH 30HBI, T.e. MHHUMAaJb-
HBIM Iepuos KuHodopma P>2,8 MM, a MaKCHMAaIb-
HBIM YTOJ MafleHHs U3/1y4eHHs] Ha MHKPOCTPYKTYpY
13 Bo3ayxa 0<12°.

PacyeT moxasas, 4TO IIPHU ONTHMATIBHOM IybHHe
penbeda h=3,7 MrMm [ID Ha Kpasx pabouero crek-
TPaJIbHOTO AHaIlla3oHa (3,7<A<11 MKM) 6y/1eT OIry-
ckaTbhcsl 0 0,4 maske IMpHU odeHb OOBIIMX OTHOIIE-
HHUSIX IPOCTPAHCTBEHHOIO [TepHo/ia MUKPOCTPYKTYPBI
K I1ybuHe penbeda.

B cnydae OBYXC/IOMHOHM OBHODPeNbepHON MHKPO-
CTPYKTYPHI, CKOMIIOHOBaHHOM U3 GASIR1 1 ZnS_broad,
02<0,52. 1 maxke B cyiyyae HaHECeHHS HA IIJIOCKYIO
[IOBEPXHOCTb I1epBOK pedpPaKLIMOHHON JTHH3BI IBYX
cinoeB U3 matepuanos CdTe u ZnS_broad, pasgenen-
HBIX OFHHUM IHI006pa3HbEIM penbedoM, MOAHATH [9
BhIIIe 0,7 He yAacTCA.

CHUTyauMs CTAaHOBUTCS MPHUHLMIIHAIBHO HHOH
IIpH KOMIIOHOBKE MHUKPOCTPYKTYPHI U3 Tex ke MaTe-
puanoB GASIRl u ZnS_broad, HO c AByMs peibe-
damu pasHon riaybunsl (h;=132 MM, h,=155,8 MKM).
HecMmoTpsi Ha CTO/Nb 3HAYHUTENBbHYIO CYMMapHYIO
rnybuHy penpeda u 6naromapsi 6onbIIoMy OTHOIIe-
HUIO IIPOCTPAHCTBEHHOIO IIepHo/ia MUKPOCTPYKTY P
K CyMMapHol rinybuse (P/h~10), 1920,9.

3AKJTKOYEHUE

Pe3yynpTaThl HCCIeNOBAaHHUM, IIpeACTaBIeHHBIE
B HACTOsIIeH paboTe, HATISIHO AEMOHCTPHUPYIOT
30 PeKTUBHOCTb HCIIONIb30BAHUS IUPPAKIIMOHHBIX
3JIeMeHTOB B OOBEKTHBAaX CpeJHEro U [IBOMHOIO
HK-muama3oHoB. [IokasaHoO, 4TO pa3sMelleHHe OUd-
PaKLIMOHHOM MHUKPOCTPYKTYPEl Ha IIJIOCKOM IIOBEPX-
HOCTH OOHOMW U3 pedpaKLMOHHBIX JHH3 BBICOKO-
alepTypHOro TPHUILIeTa II03BOJIsIeT OJHOBPEMEHHO
BBIIIOJIHUTh YC/IOBMS KOPpPeKUHM KaK XpoMaTH4Ye-
CKUX, TaK H MOHOXPOMAaTHYeCcKUX abeppanmuit
U OOCTHYb LOCTATOYHO BBICOKHMX OIITHYECKHUX Xapak-
TepPHUCTHUK. B TO >ke BpeMs 3HauMTe/JbHas IIMPHUHA
pabodyero CHeKTPaJIBHOIO [AHAla30HAa BBIHYXKAAeT
st obecriedeHHsl ImpuemieMod [19 munoobpasHom
peibedHOM MHUKPOCTPYKTYPhl IepPeXoJHTbh K JBYX-
CJIOMHBIM OJHO- MJIM JByXpelbePHBIM MHKPOCTPYK-
TypaM. IIpu 3ToM I71yOUHBl pebedoB MHOTOKPATHO
BO3pacCTaloT, YTO CYyIeCTBeHHO OrpaHHUYHBaeT LOIIy-
CTHMBle MUHHMAaJbHBIHN IIPOCTPAHCTBEHHBIH MTEPHO/,
MUKPOCTPYKTYPEL M YIVIBI IIaJeHUS HM3JTyYeHHs Ha
Hee. DTO B CBOIO o4Yepelb HaK/IaAblBaeT OIpelesleH-
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The three-layer microstructure (see Fig. 4) at the opti-
mal depths of two reliefs (h;=18.76 pm, h,=10.96 pm),
composed of ALO;, MgF, and ZnS (n,=1,660731,
n,=1,348829, n,=2.250382) in the same angular and
spectral ranges provides DE<0.92 for P/(h;+h,)<5 and
DE>0.95 for P/(h;+h,)>30.

Kinoform microstructure of the double IR lens pre-
sented above consists of only 5 annular zones and is
performed on a flat surface of the optical material
GASIRI (refractive index at a wavelength of A=7.35 um
Noasir =2-501489, and the dispersion coefficient at
Amin=3,7 pm and A, =11 pm vgagr;=74.84). The width
of the narrowest zone, i.e. the minimum kinoform
period is P>2.8 mm, and the maximum angle of inci-
dence of radiation on the microstructure from the air
is 0<12°.

The calculation showed that at the optimal relief
depth h=3.7 pm, the DE at the edges of the working
spectral range (3.7<A<11 pm) will drop to 0.4 even with
very large ratios of the spatial period of the microstruc-
ture to the depth of the relief.

In the case of a two-layer single-relief microstructure
composed of GASIRL and ZnS_broad, [12<0.52. And
even if two layers of CdTe and ZnS_broad materials
separated by one sawtooth relief are applied to the flat

is aspure ;
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Hble OTPAaHHUYEHHs Ha pa3MelleHHe MHKPOCTPYK-
TypHL B IIpeJesiax ONTHYeCKOH cXxeMbl obbekTHBA [9].
OpfHaKO, Kak II0KAa3aHO B HAaCTosIel pabore, cKoM-
IIOHOBATh OITHYECKYI0 cxeMy 0b6BeKTHBa, obecriequ-
BAIOIIYI0 HAJJIEKAIYI0 KOPPeKLHIO abeppaluil IpH
IpHeM/IeMBIX MHHHMAJIBHOM IIPOCTPAHCTBEHHOM
nepuoje SUPPAKIIMOHHON MUKPOCTPYKTYPHL U YIIaX
NafieHUsl HU31y4eHHs HA Hee, yAaeTCs Oa’Ke B IIPO-
CTeHIIeM Clydae TPHILIeTA.

BKJ1IAAQ YJIEHOB ABTOPCKOI'O
KOJINEKTUBA B PABOTY

Bce aBTOpBI [IeKIapUPYIOT PaBHBIM BKJIAJ KaKIOro
B IIOATOTOBKY, 00CY>KIeHKe 1 HallMCAHHe CTAThH.

PaboTa BBHIIIONIHEHA B paMKax
20-19-00081.
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surface of the first refractive lens, it will not be possible
to raise the DE above 0.7.

The situation becomes fundamentally different when
composing a microstructure from the same materials
GASIR1 and ZnS_broad, but with two reliefs of differ-
ent depths (h;=132 pm, h,=155.8 pm). Despite such a
significant total depth of the relief and due to the large
ratio of the spatial period of the microstructure to the
total depth (P/h~10) DE=0.9.

CONCLUSION

The research results presented in this paper clearly dem-
onstrate the effectiveness of using diffraction elements
in the lenses of the middle and double IR ranges. It is
shown that the placement of a diffractive microstructure
on the flat surface of one of the refractive lenses of a high
aperture triplet can simultaneously satisfy the correc-
tion conditions of both chromatic and monochromatic
aberrations and achieve sufficiently high optical char-
acteristics. At the same time, a significant width of the
working spectral range forces us to switch to two-layer
single- or two-relief microstructures to ensure an accept-
able DE sawtooth relief microstructure. At the same time,
the depths of reliefs increase many times, which signifi-
cantly limits the permissible minimum spatial period of
the microstructure and the angles of incidence of radia-
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tion on it. This in turn imposes certain restrictions on
the placement of the microstructure within the optical

circuit of the lens [9]. However, as shown in this work,
it is possible to compose the optical scheme of the lens,

which provides the proper correction of aberrations at
an acceptable minimum spatial period of the diffraction

microstructure and angles of incidence of radiation on it,

even in the simplest case of a triplet.
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