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Tém tit
Bai bao trinh bay viéc nghién ctru thiét ké hé théng quang hoc ctia 6ng kinh anh nhiét co
tiéu cy thay di nhay bac (240 mm, 80 mm va 30 mm) bang cach thém vao hé quang ban
dau (co tiéu cy 1a 240 mm) cac cum thu kinh khac nhau. Hé quang dugc thiét ké co két cau
don gian, chi bao gdm 6 thiu kinh, trong d6 c6 3 bé mit conic. Cac thdu kinh trong hé
quang dugc chia thanh 3 cum: Cum vat kinh phia trude, cum thay ddi tidu cu va cum truyén
anh (relay lens). Tét ca cac thau kinh duoc lam tir mot vat lidu duy nhat 1a Si. Hé quang cé
chét luong tao anh tdt, ham truyén diéu bién (MTEF) tai tan sb 20 cap vach/mm 16n hon
0,24; méo anh khong 16n hon 2,5%, théa méin yéu cau dat ra dbi véi dng kinh anh nhiét cé
lam lanh hoat dong trong viing phd hong ngoai budc song trung.
Tir khéa: Ong kinh anh nhiét; hé thong quang hoc; tiéu cuw thay doi nhdy bdc; ham truyén diéu
bién; bé mdt conic.

1. Mé dau

Mot trong nhitng dic diém ndi bat cua 6ng kinh anh nhiét ¢6 1am lanh 1a d6 nhay
nhiét cao, do d6 hé théng quang hoc ciia né thuong duoc thiét ké dé hoat dong & nhiéu
muc tiéu cu khac nhau, trong d6 tiéu cu dai dé nhan dang va ngam ban cac muc tidu o cu
ly xa; tiéu cy ngan duoc dung dé mé rong pham vi quan sat, suc sao va kip thoi phét hién
muc tiéu trong vung thi giai rong.

Hé quang c6 tiéu cu thay d6i duoc phan thanh 2 nhom chinh: thay doi lién tuc va
thay doi roi rac (theo cac nac) [1-4]. Bé thuc hién viéc thay doi tiéu cy theo nic, thudng
c6 hai phuong phap chinh. Phuong phép thir nhét 1a dich chuyén mét cum thau kinh doc
theo quang truc (step-motion). Phuong phap thi hai 1a s& thém vao hé quang ban dau cac
nhém thau kinh khéc nhau nham thay doi tiéu cu theo cac nac khéac nhau (rotate-in).

Phuong phap dich chuyén thanh phan doc theo quang truc c6 wu diém la khong can
c4c thanh phan khac va khoang khong gian dur trit cho chung. Hon nita, viéc dich chuyén
thanh phan cé thé vira thuc hién duoc chic ning thay doi tiéu cu, vira thuc hién dugc
chirc nang 1ay nét (focus) ddi véi vat & cac cu ly khac nhau va vira dé b anh huong cua
su thay doi nhiét do. Tuy nhién, phuong phap nay lai c6 nhuoc diém la do cd thanh phan
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chuyén dong trong ché d tiéu cu dai nén muc 6n dinh cua truc quang thap, dé gay sai s6
khi ngam ban. Ngoai ra, theo cac nghién ctru da cong bé thi ddi voi phuong phap nay do
quang sai du, dac biét 1a quang sai doc truc con 16n, nén kha ning thay doi tiéu cu la
khong I6n (thuong 1a 3-5 1an) [5].

Phuong phap thém thanh phan c6 nhuoc diém 1a can khoang khong gian du trit dan
dén kich thudc ngang caa hé quang va thiét bi anh nhiét ting 1én. Tuy nhién, phuong phap
nay c6 uwu diém 1a d6 6n dinh quang truc cao khi tiéu cu 16n, kha nang khir quang sai tot,
dic biét trong ché d6 tiéu cu ngan va kha nang thay doi tiéu cy 16n (16n hon 5 1an) [5].

Hé théng quang hoc trong éng kinh anh nhiét c6 tiéu cu thay dbi da duoc nghién
ctu [3-7], tuy nhién, phan 16n céc hé quang thuong chi cé hai muc thay doi tidu cy, cac
thau kinh trong hé duoc Iam tir cac vat liéu khac nhau va trong két ciu cua chung thudng
c6 2 dén 3 bé mit phi cau/nhidu xa dé vira dam bao chit luong tao anh, vira dam bao yéu
cau vé kich thude. Bé nang cao kha ning gia cong trong nudc, tang tinh ty chi khi ché tao
6ng kinh anh nhiét c6 tiéu cyu thay ddi nhay bac, dong thoi giam gia thanh bang cach giam
s6 vat liéu va sb thau kinh dugc sir dung ma van dam bao chit luong tao anh, bai bao nay
s& tap trung trinh bay viéc thiét ké hé théng quang hoc cho éng kinh anh nhiét hoat dong
trong ving hdng ngoai budc song trung cé tiéu cu thay doi nhay bac ¢ 3 mic véi ti ¢
thay ddi 12 8 lan, trong d6 chi sir dung mot vat liéu duy nhat 1a Silicon (Si) va khong sir
dung bé mat phi cau/nhiu xa. Viéc thay doi tiéu cu duoc thuc hién bang phuong phap
thém thanh phan. Trong qua trinh thiét ké c6 s dung phan mém thiét ké quang hoc
Zemax [8].

2. Xac dinh cac thong sé bac nhat cia hé thong quang hec

Qua trinh thiét ké mot hé thong quang hoc gébm 2 phan chinh: 1) Xac dinh céc
thdng sb bac nhit co ban cua hé thdng quang hoc (hay con goi 1a tinh toan kich thudc)
va 2) Thiét ké quang sai, trong d6 phan 2 bao gém cac budc: lya chon vt liéu, xac dinh
c4u hinh; xac dinh hé quang ban dau va téi uu héa hé quang ban dau dé nhan duoc hé
quang dam bao chét luong tao anh theo yéu cau [9].

Cac théng sé bac nhat caa hé thong quang hoc can thiét ké duoc lya chon va tinh
toan dua trén cac yéu cau ky thuat caa ong kinh anh nhiét (Bang 1) va loai dau thu duoc
sir dung trong ong kinh (Bang 2).

Do hé quang can thiét ké 1am viéc véi 3 muc tiéu cu nén viée tinh toan kich thude
hé quang dugc thuc hién theo 3 budc sau:

- Budc 1: Tinh toan kich thudc hé quang & ché dé tiéu cy dai (NFOV)

- Budc 2: Tinh toan kich thudc hé quang o ché 6 tiéu cu trung binh (MFOV)

- Bude 3: Tinh toan kich thudc hé quang & ché do tiéu cu ngan (WFOV)
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O ché a6 tiéu cy dai, hé quang chi gdm c6 2 thanh phan: vat kinh phia truéc va hé
truyén anh (relay lens) phia sau (Hinh 1a). Yéu cau ddi véi hé quang & ché d¢ tiéu cu
dai 1a: tieu cy 240 mm:; s6 khiu do F/# = 4. Ngoai ra, trong ché do nay, dé dam bao kich
thugc cua vat kinh phia truée 1a nho nhét thi ddng tir vao cua hé quang s& tring voi
khung cua vat kinh phia truéc.

Bang 1. M4t sé yéu cau ky thugt cia ong kinh anh nhigét

Yéu cau ky thuat Gi4 tri can dat
Tiéu cy thay doi nhay bac theo 3 miic 240, 80 va 30 mm
S6 khau do hé quang (F/#) 4,0
Vuing phé hoat dong 35-4,7um
Gia tri MTF d6i voi diém nam trén quang > 20% tai tat ca
truc, tai tan s 20 cap vach/mm cac vi tri zoom
Méo anh <10%

Bdng 2. Céc thdng sé chinh ciia dau thu anh nhiét SCORPIO-MW-K508 [10]

Ky hiéu dau thu LEO-MW-K563
D6 phén giai 640 x 480

Kich thuéc diém anh 15 um

Vuing phd 1am viéc 3,7-4,8pum

D6 nhay nhiét (NETD) <22 mK @ F/4,0
Puong kinh cira chin lanh (cold shield) 5,18 mm

Khoang céch tir cold shield dén FPA 20,57 mm

O ché do tiéu cy trung binh (80 mm) va tiéu cu ngan (30 mm) (Hinh 1b va 1c),
trong thanh phan cua hé quang ban dau s& duoc thém vao cac cum thay doi tiéu cu twong
ng. Bén canh do, can dam bao sb khau do F/# va mat phang anh ciia hé quang khong ddi.

Cum thay ddi tiéu cu bao gom hai thanh phan: thanh phan 4m phia trudc va thanh
phan duong phia sau. Trong d6, thanh phan &m s& c6 nhiém vy thay ddi tiéu cy, con thanh
phan dwong s& ¢ nhiém vu giir vi tri mat phang anh sau vat kinh khong doi.

O ca 3 muc tiéu cy, dé dam bao 100% hiéu sut cua cira chan lanh trong dau thu
anh nhiét duoc 1am lanh thi chinh n6 s& déng vai tro 1a vong chan khau do cua hé théng
quang hoc [1, 3, 4].
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Tiéu cu cua cac thanh phan trong hé quang, duong kinh théng quang va khoang
céch gitra ching dwoc xac dinh dua vao phuong trinh dudng truyén tia qua hé thong
quang hoc 1y tuéng nhu sau [9]:

tang, ,, =tana, +h @, (1)
h., =h —d, tan(e.,) 2)

trong do: ax Va ox+1 12 goc hop bai tia can truc voi quang truc trude khi dén va sau khi di
ra khoi thanh phan k caa hé quang; hk 1 chiéu cao cua tia can truc dén thanh phan k cua
hé quang; dk 1 khoang céch tir thanh phan k dén thanh phan k+1 cua hé quang va @x 1a do
tu cia thanh phan k.
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Hinh 1. So d6 hé quang Iy tuong:
a) Mirc tiéu cur dai; b) Mirc tiéu cue trung binh; ¢) Mizc tiéu ¢y ngan.
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Dé dam bao chiéu dai cua hé khdng qué I6n (twong tng véi yéu cau vé kich thudc
cua thiét bi anh nhiét) va ciing khong dugc qua ngan (dan dén kho khin trong thiét ké, gia
cong hé quang), sau khi lua chon, tinh toan, cac thdng s bac nhét cua cac thanh phan
trong hé quang & 3 ché d6 1am viéc duoc thé hién trong bang 3, so d6 hé quang 1y tuong
duoc biéu dién trén hinh 1.

Bang 3. Cac thong so bdc nhdt cia cac thanh phan trong hé thang quang hoc

Ché @6 1am viéc NFOV MFOV WFOV
£, mm 159,5 159,5 159,5
Vit kinh trwéc Dig, mm 30 24,795 33,945
d, mm 183,637 60 60
£, mm -93,731 -26,78
Cum thay déi tiéu cur 1 Dy, mMm 10,857 8,882
d, mm 65 65
£, mm 33,807 25,758
Cum thay dbi tiéu cur 2 Dy, mMm 9,691 9,691
d, mm 58,637 58,637
£, mm 14,5 14,5 14,5
Relay lens Dig, mm 8,066 9,243 9,243
d, mm 15,743 15,743 15,743

3. Thiét ké quang sai hé théng quang hoc

Thiét ké quang sai hé théng quang hoc duoc bét dau bang viéc lya chon két cau cho
tirng thanh phan trong hé quang va vat liéu pht hop dé tir 46 xac dinh hé quang ban dau.

Vit liéu quang hoc thuong ding trong ving phé hong ngoai budc séng trung
thuong 1a cac tinh thé nhu Si, Ge, ZnSe va ZnS. Ngoai ra, ching c6 thé 1a cac mudi
Floride cua cac kim loai kiém nhu CaF,, BaF, hoac cac hop chat cua Halogen véi kim
loai nhu KCI, KBr, Csl,... [11, 12].

Qua nghién ctu, phan tich cac tinh chét cia céc vat liéu quang hoc trong viing phd
hong ngoai budc song trung, dic biét 1a cac tinh chat quang hoc cua ching, nhan thiy
rang, Silicon (Si) 1a mot trong nhitng vat liéu thuong dung nhat trong vang phd hong
ngoai budc song trung do nd c6 hé sé hap thy rat nho (chi 0,01 cm™ @ 3 pm), d6 bén hoa
cao, khong thiy phan, khdi lwong riéng nho (nho hon 2 1an so véi Ge), chiét suit khé Ién
(n =3,4257 @ 4 pm), chi nho hon so v6i Ge. Hon nita, xét vé do tan sic thi Si la vat liéu
it tan sic nhat trong ving phd nay (s6 Abbe cua Si 1a 250, cao nhit so vai tit ca cac vat
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liéu khac) [11, 12]. Hon nita, cdng nghé san xut tinh thé Si ciing da dat dén trinh do cao,
nang suat 16n nén ngudn cung tinh thé Si trén thi truong kha doi dao. Do d6, Si duoc lya
chon 1a vt liéu duy nhat dugc ding dé thiét ké hé quang. Do chi lya chon mot vat liéu
duy nhét nén khéng thé khir sic sai [9]. Tuy nhién, nhu sé& thy trong phan tiép theo, do do
tan sic rat thip cua Si trong viing phé héng ngoai budc séng trung nén lwong séc sai du
khong anh huong nhiéu dén chat lugng tao anh caa hé quang.

Trong so d6 nguyén ly cua hé thdng quang hoc can thiét ké, nhu trén da phan tich,
bao gom cac cum vat kinh phia truéc, cum truyén anh phia sau (trong ché dé tiéu cu dai)
va cum thay ddi tiéu cu (trong ché do tiéu cu trung binh va tiéu cu ngin) (Hinh 1). Sau
day s& phan tich va lya chon két ciu cho tirng thanh phan trong hé quang can thiét ké.

Déi voi cum vat kinh phia trudc, theo nghién ctu tir cac tai liéu va qua khao sat hé
thdng quang hoc trong thiét bi anh nhiét POP200, nhan thay rang, né ¢ thé gdbm mét hozc
khong nhiéu hon hai thau kinh, trong d6 c6 mot bé mat phi cau/nhiu xa [3, 5, 6, 7, 13].
Dé s thau kinh cua hé quang can thiét ké 12 nho nhat thi cum vat kinh phia trudc caa hé
quang can thiét ké chi gdm mot thau kinh don c6 mot bé mat conic.

Céc thong s6 két cau ban dau ctia cum vat kinh phia trudc, trong d6 cac ban kinh
cong duoc xac dinh dua trén yéu cau dam bao cau sai bac 3 12 nho nhét [14]:

g = 2(n+2)(n=1) @3)
n(2n+1)

R, = 2(0+2)(=D) ¢, &)
n(2n-1)-4

trong do: /* 14 tiéu cu cum vat kinh phia trudc; n 12 chiét suat cia Si. Hé quang ban dau
cua cum vat kinh phia true dugc thé hién trén hinh 2.

Hinh 2. Hé quang ban dau cia cum vdt kinh phia truéc.

Cum truyén anh (relay lens) c6 chirc niang truyén anh dugc tao boi vat kinh phia
trudc 18n mat phang ma tran nhay séng cia cam bién dau thu. Theo cac nghién ctu da
duoc cong bd va qua khao sat hé quang cum truyén anh trong thiét bi anh nhiét POP200
[3, 5, 6, 7, 13], nhan thdy ring, dé dam bao chirc niang cua minh trong toan bd hé théng
quang hoc thi cum truyén anh cua hé quang can thiét ké s& bao gom 3 thau kinh, trong d6
cé it nhat mot bé mit conic. Cac thiu kinh déu duoc 1am tir mot vat liéu duy nhat 13 Si.
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Céc thdng s6 két cAu cua hé quang ban dau cia cum truyén anh duogc tinh toan dya trén
yéu cau quang sai bac 3, dic biét 1a méo anh, 1a nho nhat [13]. Hé quang ban dau cua nd
duoc thé hién trén hinh 3.

Hinh 3. Hé quang ban dau cia cum truyén anh.

Déi Vi cac cum thay doi tiéu cy, theo cac nghién ctru da duoc cong bd va qua khao
sét thiét bi anh nhiét POP200 nhan thay rang, chiing dwoc ciu tao tir 2 thanh phan: thanh
phan am phia trudc va thanh phan dwong phia sau [3, 5, 6, 7, 13]. Mdi thanh phan dé co
thé c6 mot hoac hai thau kinh va it nhat mot bé mit trong cc thau kinh d6 1a bé mat phi
cau hogc phi cau/nhidu xa tly theo yéu cau vé chat lugng tao anh va yéu cau vé rt ngan
chiéu dai cua hé théng quang hoc ndi riéng va caa ca thiét bi anh nhiét néi chung. Vat liéu
lam céc thau kinh trong thanh phan thay ddi tiéu cu ¢ thé khac nhau hoac ciing loai. Do
do, dé dam bao yéu cau vé s luong thau kinh cé trong hé quang can thiét ké nho nhat va
dam bao chit luong tao anh thi cac cum thay doi tiéu cy dwoc thiét ké s& chi bao gom 2
théu kinh don: thdu kinh am va thau kinh duong, trong d6 c6 mot bé mat conic. Ca 2 thau
kinh trong cum déu duoc 1am tir Si. Cac thong s6 két cdu cua chung ciing dugc xac dinh
dua trén yéu cau quang sai bac 3 1a nho nhat [13].

Nhur vay, két cau cia hé quang ban dau kha don gian, chi bao gom nhiéu nhat 13 6
thau kinh, trong d6 ¢ 3 bé mat conic. T4t ca cac thiu kinh déu dwoc lam tir mot vat liéu
duy nht Ia Si.

Pé nang cao chit luong tao anh caa hé quang, tién hanh téi wu cac théng sé két ciu
cua hé quang ban dau. Nguyén Iy téi wu hé quang Ia tir cac thdng sé két cau cua hé quang
ban dau, thiét 1ap ham muc tiéu va xac dinh cac théng sé két cau cua hé quang sao cho
ham muc tiéu dat gié trj nhé nhat. Ham muc tiéu dugc x4c dinh nhu sau [9]:
Z\Ni (Vi _Ti)2

2 W,
trong d6: Wi 1a trong sé cua toan hang i; Vi 1a gia tri hién tai cia toan hang va T; la gia tri
can dat duoc cua toan hang d6. Mdi todn hang i trong ham muc tiéu s& c6 madi lién hé véi
chit lugng tao anh cia hé quang.

MF? = ()
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Qua trinh ti uu duoc thuc hién bang cach lra chon va cho phép cac théng sé két
cau cua hé quang thay doi ¢& ham muc tiéu dat gia tri nho nhat cd thé. Chit luong tao anh
cua hé thdng quang hoc sau téi vu s& duoc danh gia qua gia tri ham MTF cua né [9].

4. Panh gia chat lwong tao anh cia hé quang sau thiét ké

Hé quang dugc thiét ké c6 chic nang chinh la tao anh cia muc tiéu va phong nén
I&n trén bé mit nhay séng cua cam bién du thu ma tran. Vi thé, ciing nhu cac hé thdng
quang hoc tao anh khac, chat lwong tao anh caa nd s& dugc danh gia trén tiéu chi co ban la

ham truyén diéu bién MTF (Hinh 4-6).

of the OTF

Modulus

TS -6.1470 m
TS 0.0000 mm
| |78 -3-0000 mm H
T T

S

—

Spatial Frequency in cyclss per mm

b)

Hinh 4. H¢ quang (a) va ham MTF (b) cuza n6 tai mec tiéu cu dai (NFOV).

TS -£.1470 m
TS _0.0000 mn
|75 -3-0000 vm
T T

Spatial Fraguency in cyclss per mm

b)

Hinh 5. Hé quang (a) va ham MTF (b) cia n6 tai muc tiéu cu trung binh (MFOV).

Hinh 6.

a)

TS -€.1470 m
TS_0.0000 mm
|15 -3-0000 mm ‘

Spatial Frequency in cycles per mm

b)

Hé quang (a) va ham MTF (b) cia nd tai mic tiéu ¢ ngan (WFOV).
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Tir 3 db thi trén (Hinh 4-6) nhan thay, chit luong tao anh cua hé théng quang hoc
tai mac tiéu cy ngan (WFOV) la tét nhét trong 3 muc 1am viéc cia hé quang. Diéu nay
thé hién rd qua ham MTF cua chang. Tai muc tiéu cy trung binh (MFOV) va tiéu cu dai
(NFOV) hé quang c6 chat lugng tao anh thap hon, tuy nhién, tai tin s6 20 cap vach/mm
gi& tri ham MTF cuia ching déu dat trén 0,24. Gia tri nay la dat so voi yéu cau dat ra,

Bén canh ham MTF, chat luong tao anh cua hé quang da thiét ké con cd thé dugc
danh gia théng qua kich thudc vét anh va mac méo anh (Hinh 7-9). Béi véi kich thude
vét anh thi tai cac mac MFOV va WFOV binh phuong trung binh (RMS) vét anh I6n nhat
1a kha nho, twong tng 1a 14,307 um va 12,688 pm (nhoé hon kich thudc caa pixel dau thu
1a 15 pm), con tai mic NFOV, RMS cua vét anh con kha 16n (c& 25 pm). Ddi véi méo
anh thi tir 3 d6 thi trén, nhan thiy rang ¢ ca 3 muc tiéu cy 1am viéc, hé théng quang hoc
c6 méo anh déu khong vuot qua 2,5%, dat yéu cau dé ra.

¢ 28000 Field Curvature Distortion
o 53800 =t +¥ =T ¥

Ficld units changed to field angle

Field Curvature / F-Tan(Theta) Distortion

nits are 12/04/2023
1 2 ] Maximum Fisld is 1.445 Degress.
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R 47,504 s4.000 Triple POV Multiconfiguration. mmx _— Triple FOV Multiconfiguration.smx
Reference : Chief Ray Configuration 1 of 3 Configuration 1 of 3

a) b)
Hinh 7. Kich thuréc vét va méo danh cua hé quang tai mic tidu cur dai (NFOV).

Field Curvaturs
] o T
b b
[ Millimete: Percen <
oe: T ” Field units changed to field angle
Spot Diagram Field Curvature / F-Tan(Theta) Distortion
nits are ym 12/04/2023
1 2 | Maximum Fisld is 4.456 Degrees.
B.846 10.400 14.660 Wavelengths: 800 2.590
1114 25.426 J.0s Triple FOV Multiconfiquration.m: —_— E—— Triple FOV Multiconfiquration.zme
felerence @ Chiel Ray Configuration 2 of 3 Configuration 2 of 3 |

Hinh 8. Kich thuéc vét va méo anh cia hé quang tai mizc tiéu cie trung binh (MFOV).
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Field units changed to field angle

Spot Diagram Field Curvature / F-Tan(Theta) Distortion

12/04/2023
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200

1 2 3

] 4,648 14.492 Wavelengths: 3.8 4-8%0

[} 2. 46508 Triple FOV Mulbiconfiguration. zmx _— Teiple FOV Multiconfiquration. amx
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Hinh 9. Kich thiréc vét va méo anh cia hé quang tai mizc tiéu ¢y ngan (WFOV).

5. Két luan

Nhu vay, hé quang dugc thiét ké co két cdu don gian hon so v6i cac hé quang da
duoc thiét ké trudc day [3-6]. Piéu nay thé hién ¢ chd sé lugng thau kinh dugc sir dung 12
it nhat c6 thé (6 thau kinh), trong d6 chi cd 3 bé mat conic, khéng ¢6 bé mat nhidu xa.
Hon nita, tit ca cac thau kinh trong hé duoc 1am tir mot loai vat liéu duy nhat 1a Si. Véi
két ciu nhu vay, hé quang duoc thiét ké cho phép tiéu cy thay dbi 8 lan va dam bao chat
lwong tao anh kha tét & ca 3 muc tiéu cy. Trén toan bo thi gisi, ham truyén diéu bién
(MTF) tai tan sb 20 cap vach/mm Ién hon 0,24; méo anh khong I6n hon 2,5%, théa man
yéu cau dat ra ddi voi dng kinh anh nhiét c6 1am lanh hoat dong trong ving phd hong
ngoai budc song trung.
Lol cam on

Bai bao nay duogc thuc hién trong khudn khé dé tai “Thiét ké, ché tao dng kinh
anh nhiét tiéu cu thay d6i nhay bac” thudc dé an san pham qudc gia vé thiét bi anh nhiét
trong quan su c6 ma sé la TBANO2.
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DESIGN OF A TRIPLE FIELD-OF-VIEW OPTICAL SYSTEM
FOR MID-WAVELENGTH INFRARED STEP-ZOOM CAMERA

Abstract: The design of a triple field-of-view optical system operating in a mid-
wavelength infrared band for thermal imagers is presented in this work. The FOV-changing is
done by using different FOV-changing lens-group. The designed optical system has a simple
structure, consisting of 6 lenses and made by just one material (Si). They are divided into 3
groups: the front objective, the FOV-changing lens-group and the relay lens, including only
three conic surfaces. The designed optical system has relatively high imaging performance:
modulation transfer function (MTF) at a frequency of 20 cycles/mm is higher than 0.24, image
distortion less than 2.5% and is suitable for mid-wavelength infrared step-zoom camera.

Keywords: Thermal imager; optical system; step-zoom; MTF, conic surface.
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