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AxpoMmaTuspoBaHHbIe
06BbeKTUBbI
TenJioBusopos

M. II. Muwkun, A. I1. IlIkadapesu
HTL «JISMT» BeAOMO, MuHck, Pecniybauka Beaapyce

[aHo onucaHue KOHCTPYKLUMU
axpoMaTU3MpOBaHHbIX 06bEKTUBOB,
pa6oTatowmx B UK-obnactu cnektpa (8-12 Mkm).
Mpn NpoekTUpOBaHNUU TEMIOBU3UOHHbBIX
06beKTUBOB HEO6XOAUMO Y4YUTbIBATb TOT

¢aKT, 4TO pasmep nuKcesna COBpeMeHHbIX
MuKpob6onomeTpoB coctaBnsieT 10-12 MKM,

a NJIOTHOCTb NUKcenen gocTurna ¢opmarta
1280x1024. 3T napamMmeTpbl onpegensitot

6onee BbicOkue Tpeb6oBaHus, NpeabsBisieMble

K KQ4yecTBy M306pakeHus, paspeluatoLemn
CNOCO6HOCTU U NOJIIO 3peHus paspabaTbiBaeMoro
o6bekTuBa. MpM 3TOM 06BHEKTUB A0/1KEH 6bITb
CBETOCU/IbHbIM, TEPMOCTabUNN3NPOBaHHbIM

M nMmeTb pOKYCUPOBKY. PAacCMOTpEHbDI
06beKTUBbI: 4-IMH30BbIN C POKYCOM 50 MM,
3-1MH30BbIN € $OKYCcOM 150 MM U 7-TUH30BbIN

c nepeMeHHbIM pokycom 30-150 MM.

KntouyeBble cnoBa: axpoMaTM3MPOBAHHbIN
06beKkTMB, TepMoCcTabunmzauns, pokyCcmpoBka,
3yM

Cratbs nonyveHa: 22.05.2020
MpuHATa K nybamkaummn: 16.06.2020

BBEAEHUE

[lepedeHb [OCTYIHBIX OITHYECKHX MaTepHAJIOB,
Ipo3pavyHbIX B 067acTH crekTpa 8-12MKM, BecbMa
orpaHuYeH. Haubonee pacIpoCTpaHeHHBIH Mare-
puan - repmMaHui. OH HMeeT BBICOKHUH IIOKa3aTeslb
IIpe/IOMJIEHUS] M HH3KYI0 TOKCHYHOCTB, YTO BAaSKHO
IIPU IIPOU3BOJICTBE M 3KCIUIAYTaIluK 06BeKTHBA. [TpaK-
THUYeCKH BCe OIITHYeCKHe MaTepHaIbl, UCIIOTb3yeMble
B TeIJIOBU3HMOHHHIX IpHbopax, 061afaroT CHIBHOM
3aBHCHMOCTBIO IIOKa3aTessl IIPeJIOMIEHHSI OT TeMIIe-
partypsl. IlosToMy Ipu pa3paboTke 0OBEKTHBA B €ro
KOHCTPYKIIUX Heob6XOOHUMO ITPefyCMOTPeTb BO3MOK-
HOCTh TePMOKOMIIeHCAUH. O6BIUHO /ISl 3TOM LieNH
HCIIO/IB3YIOT KOMITEHCALIMIO B 3affHEM OTpe3Ke 00BeK-
THUBa, IepeMelas o6beKTUB WU MHUKPOOOIOMETpH-
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Achromatized Lenses
of Thermal Imagers

1. P. Shishkin, A. P. Shkadarevich
RTC “LEMT” BelOMO, Minsk, Republic of Belarus

A description is given of the design of
achromatized lenses operating in the infrared
region of the spectrum (8-12 pm). When
designing thermal imaging lenses, it is necessary
to take into account the fact that the pixel size

of modern microbolometers is 10-12 pm, and

the pixel density has reached 1280 x 1024 format.
These parameters determine higher requirements
forimage quality, resolution and field of view of
the developed lens. In this case, the lens should
be fast, thermally stabilized and have focus. The
following lenses are considered: 4-lens with a
focus of 50 mm, 3-lens with a focus of 150 mm and
7-lens with a variable focus of 30-150 mm.

Keywords: achromatized lens, thermal
stabilization, focusing, zoom
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INTRODUCTION

The list of available optical materials that are transpar-
ent in the spectral range of 8-12 pm is very limited. The
most common material is germanium. It has a high
refractive index and low toxicity, which is important
in the manufacture and operation of the lens. Almost
all optical materials used in thermal imaging devices
have a strong temperature dependence of the refrac-
tive index. Therefore, when developing a lens, it is
necessary to provide for the possibility of thermal com-
pensation in its design. Usually for this purpose, com-
pensation is used in the back focus of the lens, moving
the lens or microbolometric matrix with temperature
fluctuations, which greatly complicates the mechanics
of the lens.

Most modern fixed-focus lenses for thermal imag-
ing cameras consist of 3-4 single lenses. This is pri-
marily due to the need to combine the maximum
achievable aperture and budget cost. At the same time,
with a limited choice of glass brands, it is impossible
to significantly improve the image quality of the lens
by increasing the number of lenses or the length of



RRRRRR RN RN R RN N R R R RN AR R R NN NN RN RN NN R AR RN RN
S S m——= OPTICAL DEVICES & SYSTEMS m
RRRRRR RN RN R RN N R R R RN AR R R NN NN RN RN NN R AR RN RN

YeCKYI0 MaTpHULy IIPU KolebaHUSIX TeMIIepaTyphl, UTO
3HAUUTEIBHO YCIOKHSIET MeXaHUKY 0ObeKTHBA.

BOJIBIIMHCTBO COBPEMEHHBIX 00BEKTUBOB C QHKCH-
POBaHHBIM GOKYCOM AJIsl TeIUIOBH30POB COCTOUT M3
3-4 OOWMHOYHBIX JIMH3. JTO CBA3aHO IIpPEeXZe BCEro
C HeoOXOJHMMOCTBIO COUETAHMSA MAKCHMAIbHO JOCTH-
SKUMOHM CBeTOCHJIBI U OIOMKeTHOHM CTOMMOCTH. B TO
5Ke BpeMsl IIPH OFPaHHUYEeHHOM BBI6Ope MapoK CTEKOI
HEBO3MOXKHO CyLIeCTBEHHO YJIYYIIUTh KayecTBO H30-
6paskeHHs 06BEKTHBA, YBeTMUMBAs KOTUYECTBO JIMH3
WK AJUHY 00beKTHBA. I103TOMy MHOTHe pa3pabor-
yuKkH [1, 2] aKTUBHO HCHONB3YIOT B HK-06BbeKTHBaxX
achepuyeckre JHUH3b HIH AUPPAKIIMOHHbBIE 3J1e-
MeHTHI. [Ipy TakoM IOJXO/le MOKHO COKPAaTHUTh KOJIH-
YeCTBO JINH3, HO JOOUThCS KaUeCTBEHHOTO YIy4IIeH s
paspenIammeil CIocobHOCTH OOBEKTHBA He yIaeTcs.
K ToMy >ke HU3rOTOBIeHHE achepHUECKHX MEHHCKOB
6onpIIoro guameTpa AJs OOBEKTUBOB C OTHOCHUTEJIb-
HBIM OTBepPCTHEM 1:1 JOBOJIBHO TPYAOEMKHUH MPOLECC
13-3a BBICOKHMX TPeOOBAaHHI K KaUeCTBY H3TOTOB/IEHHUS
ONTHYECKHX [TI0BepXHOCTeH. MX co3maHue 4acTo obHa-
5KaeT Helleecoo6pa3sHOCTh C TOYKU 3peHHUs cobmrome-
HUs 6a1aHCca MeKIy KauecTBOM KM300paskeHHs U CTOH-
MOCThIO 0O beKTHBA.

ANbTEPHATHUBHBIM METOIOM [OCTHKEHHUsS Teope-
THUYEeCKOTO ITpefiesia pa3pelleHus B 00beKTHBe MOXKET
ObITH ero axpomMartu3sanys [3]. DTOT MeTon 3aKIOdYa-
eTcsl B Iofbope KOMOMHAIIMK CTEKOJI, HMEIONIHX Pa3-
TUYHBIe KO3QOUIIMEHThl OUCIIePCHH. [IpaBUIBHBIM
BBIOOP [1a€T BO3MOSKHOCTh KOMIIEHCHPOBATh XPOMAaTH-
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the lens. Therefore, many developers [1, 2] actively use
aspherical lenses or diffractive elements in IR lenses.
With this approach, you can reduce the number of
lenses, but to achieve a qualitative improvement in
the resolution of the lens fails. In addition, the manu-
facture of large diameter aspherical menisci for lenses
with a 1:1relative aperture is a rather laborious process
due to the high demands on the quality of manufac-
ture of optical surfaces. Their creation often reveals the
inappropriateness, in terms of maintaining a balance
between image quality and the cost of the lens.

An alternative method to achieve the theoretical
limit of resolution in the lens can be its achromatiza-
tion [3]. This method consists in selecting a combina-
tion of glasses having different dispersion coefficients.
The right choice makes it possible to compensate
for chromatic aberration and thereby significantly
improve the image quality of the lens.

FOCAL DISTANCE AND RELATIVE HOLE

It is known that the detection range of an object
depends on the focal length of the lens and its aperture.
The market offers a wide selection of thermal imaging
lenses in the range of focal lengths of 30 ~ 300 mm
and relative apertures F/1 ~ F/1.5. But most of them
are designed for 640 x 480 format with a pixel size of
17-25 microns. On the other hand, an increase in the
focal length of a fast lens leads to a significant increase
in its size and weight. Table 1 shows the dependence
of the weight of the lens on the focal length, aperture,

Ta6aumua 1. 3aBUCMMOCTb BeCa 06beKTMBA 0T paboymx NapameTpoB

Table 1. Lens weight dependence of the operating parameters

Pabouve napameTpbl
Operating parameters

@DOKyCHOe paccTosiHMe, MM
Focal length, mm

OTHOCUTEeNbHOE OTBEpCTUE
Relative aperture

Bec, kr
Weight, kg

JINH3bI, WT.
Elements, it.

AnnHa, Mm
Length, mm

50 F/1,0 3 65 0,06

50 F/1,15 4 66 0,09
100 F/1,15 3 130 0.3
100 F/1,15 4 126 0,67
150 F/1,15 3 205 0.89
150 F/1,15 4 203 19
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qecKkue a6eppau1/m H TeM CaMbIM 3HAYHKTEJIbHO ITOBbI-
CHUTDb Ka4eCTBO 1/I3o6pa>1<eH1/1${ 06BbeKTHBA.

POKYCHOE PACCTOSAAHUE

N OTHOCUTEJIbHOE OTBEPCTUE

V3BeCTHO, 4YTO [JAJIBHOCTh OOHApykeHHs 0OBeKTa
3aBHCHT OT $OKYCHOI'O PACCTOSIHHUSI 06BeKTHBA U €ro
CBeTOCHJIBl. Ha pBIHKe IIpeficTaB/IeH IIHMPOKUH BbI6OP
TeIUIOBU3HMOHHBIX OOBEKTHBOB B AHaIa3oHe QOKyc-
HBIX pacCTOSHHUH 30~300 MM KM OTHOCHUTE/IBHBIX OTBEP-
cruei F/1~-F/1,5. Ho GONBIIMHCTBO M3 HUX MpemHa-
3HaueHBHI 111 ¢opmarta 640 x480 ¢ pasMepoM IIHKCela
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number of lenses and length. But it must be borne
in mind that it is the technological capabilities of
manufacturing lenses of maximum diameter with the
required accuracy that determine the image quality of
the created lenses.

LENS DESIGN

Figure 1 shows the type and characteristics of the
lenses. On the left is a 4-lens lens with a focal length of
50 mm and a field of view of 22°, on the right is a 3-lens
lens with a focal length of 150 mm and a field of view
of 7.5°. Both lenses are designed for 1280x1024 format

8,62 MM

f50/1 Position: 1 Scale: 2,90 07-May-20

a)

£50/1  26-Apr-20
1,0
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0,7 & :
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—— — 10 LP/MM (tangential)
— — — 20 LP/MM (tangential)
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onmuyeckoli nepedamoyHoll GyHKUUU

Puc. 1. Axpomamu3uposdaHHble o6sekmusbl ¢ pokycHbiM paccmosiHuem 50 u 150 mm: a), b) sud o6sekmugos; c), d) 2paduku

Fig. 1. Achromatic lenses with focal lengths of 50 and 150 mm: a), b) lens layout; c), d) optical transfer function plots
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f150/1 Position: 1 Scale: 0,90 07-May-20
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17-25 mrm. C Apyrod CTOPOHBI, yBelH4eHHe (OKYyC-
HOT'O PACCTOSIHHUSL CBETOCHJIBHOTO OOBEKTHBA ITPHBO- f50/1  08-May-20
OUT K 3HAYHUTETBHOMY POCTy ero rabapHToB U Beca. 12,0

B Tabn. 1 moxkasaHa 3aBHCHMOCTh Beca OOBeKTHMBA 1,5 \ﬂ__\\

0T QOKYCHOTO PaCcCTOSIHHSI, CBETOCHJIBI, KOJIHYecTBa
JMHMH3 U JAUHBL. Ho Hajgo y4HUTBIBATh, YTO HMEHHO 11,0 -
TEXHOJIOTUYECKHEe BO3MOKHOCTH H3IOTOBJIEHUS JIMH3
MaKCHMAaJIbHOIO JHUaMeTpa C TpebyeMOM TOYHOCTBIO
OIIpefie/ISIIOT KayeCTBO HM300paskeHHUs! CO3/IaBaeMBIX
0b6BEKTHBOB.

Wavelength, pm
© o
wn o
T T

O
o
T

KOHCTPYKUWMSA OBBEKTNBOB

Ha puc. 1 mokasaH BHUJA M XapaKTepUCTHUKHU 0OBeK- g5l /

THBOB. CJeBa IIpe[CTaB/ieH 4-JIMH30BBIA OOBEKTHUB -

¢ QOKYyCHBIM paccTossHHeM 50 MM U IIOJIeM 3peHUs 8_'8’01;;:0,'010 _0"008 —o,looe _0,‘004 _0"002 o
22°, cripaBa - 3-IMH30BBIM 06BEKTUB C POKYCHBIM pac- Focal Shift, mm

crossHUeM 150 MM U moneM 3peHus 7,5°. O6a ob6bek- a)

THBA PacCYMTaHbl O opmarta 1280x1024 c guaro-

f150/1  08-May-20
Habio 20 MM. OOBEKTHUBBI TEPMOCTaOKIH3HUPOBAHBL / Y

U UMeIT OQYHKUHI (OKYCHPOBKM Ha GIMKHIONI 120 T
OHUCTAHIIHIO. 11,5 B T

B 4-muH30BOM OOBEKTHBE - TepPMOCTabHIH3aLIMs 1ok '"““mh,ﬂx
rmaccuBHasi. Ee obecreynBaeT crelraabHasg KOMOH- ' s

HallkMg CTEKOJI: HAapPY>KHble JIMH3bl BBIIIOIHEHBI M3
TepMaHHS, 4 BHYTpeHHHE — U3 MaTepHajld C HU3KHUM
IIOKa3aTejieM IIpeJIOMJIEHHS. Bce NMHMH3BI 00BEKTHBA

Wavelength, um
—
(=]
°
T

chepuyeckue. Pe3yabTaT IACCHBHOM CTAbMIM3allMHU 9,51
WJUTIOCTPUPYIOT TPa®UKU OITHYECKOM IlepefaTod- 900 /
HOM OyHKUMH. OmpefeneHHass KOMOMHAIIUS JTHH3 _—
obecrieurBaeT IOCTOSHCTBO ITOJIOXKEHUS IIIOCKOCTH 8,51 —
K3006paskeHUsl IIPU H3MeHeHUH pabouux TeMmIlepa- 8.0 . , , , ,
Typ oT -50 °C 1o 50 °C. ITogBMIKKA ITOC/IeqHEek JTHH3BI -0,035 -0,030 -0,025 -0,020 -0,015 -0,010 -0,005 0
I103BOJISIET BBIIIOTHUTD BHYTPEHHIOI GOKYCHPOBKY Ha Focal Shift, mm
6/TMKHIOI JUCTAHIIHIO. b)

B 3-11H30BOM 06beKTHBE QYHKIHS TEPMOCTaOH/IN- Puc. 2. CmeweHue XpoMamu4eckozo Gokyca: a) 06vekmus
3allMK COBMellleHa ¢ QyHKIIMeH BHYTpeHHel POKyCH- 50 mm; b) 06vekmue 150 mm
POBKHM. B 3aBUCHMOCTH OT BRIOPAHHOIO KOHCTPYKTHB- Fig. 2. Chromatic focus shift: a) 50 mm lens; b) 150 mm lens

HOI'O pelieHusa 5TH QDYHKL[I/II/I BBIIIOJTHAIOT ITOABH>KKH

Ta6bnuua 2. BamsaHmne 4ONyCcKOB HA KOHTPACT M306paXeHnst 06beKTMBOB
Table 2. Tolerance effect on the lens image contrast

3-IMH30BbLIV 06BLEKTUB
3-element lens

4-1H30BbI 06HLEKTUB
4-element lens

Field Relative MTF Design+ Field Relative MTFE Design+
Point Field Design Tolerance Point Field Design Tolerance
1 0 0,55 0,47 1 0 0,47 0,43
2 0,5 0,44 0,35 2 0,5 0,47 0,43
3 0,7 0,42 0,35 3 0,7 0,45 0,42
4 0,85 0,42 0,35 4 0,85 0,43 0,40
5 1,0 0,24 0,13 5 1,0 0,40 0,36
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£50/1 Wavelength Weight f150/1 Wavelength Weight
Diffration MTF 12000 nm 1 Diffration MTF 12000 nm 1
Position 1 Defocusing 10000 nm 1 Position 1 Defocusing 10000 nm 1
06-May-20 -0,00000 8000 nm 1 06-May-20 -0,00000 8000 nm 1
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07-May-20 -0,00000 8000 nm 1 06-May-20 -0,00000 8000 nm 1
----- le.fractlon Limit —— T 0,7 Field (8,00°) ------ Diffraction Limit — T 0,7 Field (2,63°)
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c) d)
Puc. 3. Ipaguku onmuyeckoli nepedamouHoll pyHKUUU: a), b) Ha 6eckoHeYHoCmU; ¢), d) 6AUNKHSAS dUuCMAHLUs
Fig. 3. Graphs of the optical transfer function: a), b) at infinity; c), d) close distance
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Tabnuua 3. onyckn Ha AeLeHTPUPOBKY M HAKIOH
Table 3. Decentration and Tilt Tolerances

4-IH30BbIN 06bEKTUB
4-element lens

Tilt

3-/IMH30BbLIN 06bLEKTUB
3-element lens

Tilt

Element Arc Min Dec/Roll Element Arc Min Dec/Roll
1-2 1,0 0,02 1-2 1,0 0,04
3-4 1,0 0,02 3-4 1,0 0,04
5-6 1,0 0,02 5-6 1,0 0,04
7-8 1,0 0,02
30,86 MM 30,86 MM
£30/1.2 Position: 2 Scale: 0,81 14-May-20 f150/1.2 Position: 1 Scale: 0,81 14-May-20
a) b)
f30/1.2 14-May-20 f150/1.2 14-Apr-20
1,0 1,0
0,9 0,9 -
0,8 & e i . 0,8 ==
T = AP
0,7 - 0,7 P— |
0,65 = e - 0,6 [ 5 = T
E 0,5 e - B os e 7778
2 UpeesEs 5 A e T = - o o
0,4 TFrasl g i 0,4 - Srema= T
0,3 R 0,3 BT ™
N -4 % * Tl
0,2 |- 0,2 - . T
BERE |
0,1+ 0,1}
0,0 1 1 1 1 0,0 | | 1 1
0 2 4 6 8 10 0 2 4 6 8 10
Image Height, mm Image Height, mm
——---- 10 LP/MM (sagittal) = —— — 10 LP/MM (tangential) ——---- 10 LP/MM (sagittal) = —— — 10 LP/MM (tangential)
— ----— 20 LP/MM (sagittal) =— — — 20 LP/MM (tangential) — ----— 20 LP/MM (sagittal) =~ — — — 20 LP/MM (tangential)
—--—--— 30 LP/MM (sagittal) ---—- 30 LP/MM (tangential) - --—--— 30 LP/MM (sagittal) -—--—- 30 LP/MM (tangential)
9] d)

c), d) 2pacuku onmuueckoli nepedamoyHoil GyHKUUU

Puc. 4. Axpomamu3upos8aHHbili 06seKmus ¢ nepemMeHHbIM GOKYCHbIM paccmosHuem 30-150 mm: a), b) eud obsekmuaa;

Fig. 4. Achromatic lens with a variable focal length of 30-150 mm: a), b) lens layout; c), d) optical transfer function plots
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Ta6nunua 4. lonyckun Ha GOpMyY 1 TONLLUMHY JIMH3, BO3AYLLIHbIE MPOMEXYTKM U CTEKNIO0
Table 4. Tolerances for the lens elements thickness and shape and for other parameters

4-1NH30BbI 06bLEKTUB
4-element lens

3-7IMH30BbIV 06bLEKTUB
3-element lens

surface O "ai Surface o e
1 4/1 0,03 0,0005/0,5 1 4/1 0.1 0,0005/0,5
2 4/1 0,03 - 2 4/1 0,2 -
3 8/2 0,03 0,0005/0,5 3 8/2 03 0,0005/0,5
4 8/2 0,03 - 4 8/2 0,2 -
5 8/2 0,03 0,0005/0,5 5 8/2 0,5 0,0005/0,5
6 8/2 0,03 - 6 8/2 +0,57 -
7 8/2 0,1 0,0005/0,5
8 8/2 £0,23 -

2-11 UId 3-1 JHMH3Bl. B 00beKTHBe Hapy>KHbIe JTHH3BI
CO3JIaHBbI M3 FepMaHUs, a CPeIHss TMH3a — U3 MaTepH-
ajla C HU3KKUM II0Ka3aTejleM IIPeJIOMJIeHHS.

AXPOMATU3ALNUA

Ha puc. 2 mpepacraBiaeHbl rpaQuKH, KOTOPbIe MILIIO-
CTPUPYIOT YPOBEHb aXpPOMaTH3alUH OOBEKTHBOB.
CMmemeHUe ¢oKyca B Ipefenax pabodero crekrpa
(8-12 MKM) B 0OBEKTHBe C (QOKYCHBIM PaCCTOSHHEM
50 MM cocTaBisgeT 12 MKM, a B O6beKTUBE C GOKYCHBIM
paccTositHMeM 150 MM [JOCTHUTraeT IpUOIH3UTENTBHO
35 MKM.

POKYCUNPOBKA

Ha puc. 3 mokasaHbl XapaKT€PUCTHKHU OOBEKTHBOB
npu GOKyCHPOBKe Ha 6eCKOHEUHOCTh U Ha OJIMDKHIOI
OUCTAHIIHIO: 2,5 M U 15 M COOTBETCTBEHHO.

AHANTN3 AOMNYCKOB
B Tabn. 2 mpencTaBieH pe3ylbTaT BAHSHHUS HOIY-
CKOB Ha KOHTPACT M300paskeHHUsI 4-THH30BOro (CeBa)
U 3-TUH30BOro (cmpaBa) o6BEKTHBOB. M3MeHeHHe
KOHTPACTa I10Ka3aHO IS IISTH TO4eK YIJIOBOTO IO/
Ha IIPOCTPAaHCTBEHHOMN YacToTe 30 JIMH/MM.

B Tabs. 3 mpuBeneHsl NOIMYCKU Ha JeLleHTPHPOBKY
M HaIOH. Tabm. 4 comep>KUT 3HAUEHHUS IOMYCKOB Ha
dopMy u TONIIMHY THH3, BO3AYLUIHBIX ITPOMEKYTKOB
U CTEeKOJI.
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with a diagonal of 20 mm. The lenses are thermally
stabilized and have the function of focusing at close
range.

In a 4-lens lens, thermal stabilization is passive. It
is provided by a special combination of glasses: the
outer lenses are made of germanium, and the inner
ones are made of a material with a low refractive
index. All lenses are spherical. The result of passive
stabilization 1is illustrated by graphs of the optical
transfer function. A certain combination of lenses
ensures a constant position of the image plane when
the operating temperature changes from -50 °C to
50 °C. Moving the last lens allows for internal focusing
at close range.

In the 3-lens lens, the thermal stabilization func-
tion is combined with the internal focusing function.
and performed. Depending on the chosen constructive
solution, these functions are performed by the move-
ments of the 2nd or 3rd lens. In the lens, the outer
lenses are made of Germany, and the middle lens is
made of a material with a low refractive index.

ACHROMATIZATION

Fig. 2 presents graphs that illustrate the level of achro-
matization of lenses. The focus shift within the work-
ing spectrum (8-12 pm) in a lens with a focal length of
50 mm is 12 pm, and in a lens with a focal length of 150
mm it reaches approximately 35 pm.
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PacyeT miokasmIBaeT, UTO AOITYCKH Ha JIMH3bI 4-nTUH-
30BOro obbekTHBa Oosiee CTporue. JTO 3HAYUT, 4YTO
KOHCTPYKLHA 3-IMH30BOro 06beKTHBA 06J1a/1aeT MEeHb-
e YYBCTBUTE/JIBHOCTBIO K JOITYyCKAM.

OBBEKTUB C MEPEMEHHbIM ®OKYCHbIM
PACCTOAHUEM

AXpOMATHU3HUPOBAHHBIM  7-TMH30BBIM  0OBEKTHUB
C ImepeMeHHBIM QOKYCHBIM paccTosiHueM 30-150 MM,
OTHOCHUTEJIBHBIM OTBepcTHeM 1:1,2 ¥ mojieM 3peHus
33,7-7,6° moKa3aH Ha puc. 4. Bce nuH3bI 06BEKTHBA
cpepuyeckye, TPU JIMH3bI BBHIIIOJIHEHBI M3 MaTepu-
ana c bonee HU3KUM, YeM y repMaHHUs, II0Ka3aTeneM
npenomMiaeHust. CMmelleHHe okyca B Ipefenax pabo-
4ero crekTpa (8-12 MKM) B II0OJIOKeHHUH $oKyca 30 MM
CoCTaBisieT NpUOIH3UTENBPHO 20 MKM, a B II0JIOKEHUHU
¢okyca 150 mm mocturaer okoiao 30 MKM.Temmepa-
TypHast CTaOMIM3aIMsI BBHIIIONHSETCS IIPU IIOMOIIU
GYHKUMH 3yM. [IMHA 00BeKTHBA coCTaBiIseT 240 MM,
3aJHUH OTPe30K 32 MM, BeC TUH3 1 K. JIMCTOpCUS IIPH
¢$oxrycHOM paccTogHHU 30 MM He IIpeBhIIIaeT 5%.

3AKJTIOYEHUE

AXpOMaTH3aIys [103BOJISIET IIOBBICUTH KAa4ecTBO H30-
OpaskeHHsT 0O6BeKTHBA, 0DeCIIeUnTh TepMOCTAbuIK3a-
11110, QOKYCHPOBKY UM 3yM 6e3 BBIIIOIHEHHS TEXHOJIO-
THYeCKH CTIOKHBIX achepruyecKUX I10BepPXHOCTEH.
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FOCUSING

Fig. 3 shows the characteristics of the lenses when
focusing on infinity and at close range: 2.5m and 15 m,
respectively.

TOLERANCE ANALYSIS
In the table. Figure 2 shows the result of the influence
of tolerances on the contrast of the image of a 4-lens
(left) and a 3-lens (right) lens. A change in contrast is
shown for five points of the angular field at a spatial
frequency of 30 lines/mm.

Table 3 shows the tolerances for decentration and
inclination. Table 4 contains the tolerance values for the
shape and thickness of the lenses, air gaps and glasses.

The calculation shows that the tolerances on the
lenses of the 4-lens are stricter. This means that
the design of the 3-lens lens is less sensitive to
tolerances.

VARIABLE FOCUS DISTANCE LENS

An achromatized 7-lens lens with a variable focal
length of 30-150 mm, a relative aperture of 1:1.2, and
a field of view of 33.7-7.6° is shown in Fig. 4. All lenses
are spherical, three lenses are made of a material with
a lower refractive index than germanium. The focus
shift within the working spectrum (8-12 pm) in the
focal position of 30 mm is approximately 20 pm, and
in the focal position of 150 mm it reaches about 30 pm.
Temperature stabilization is performed using the zoom
function. The lens length is 240 mm, the back focus is
32 mm, the weight of the lenses is 1 kg. Distortion at a
focal length of 30 mm does not exceed 5%.

CONCLUSION

Achromatization can improve the quality of the image
of the lens, provide thermal stabilization, focusing
and zoom without performing technologically complex
aspherical surfaces.
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