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An optical design for dual-band infrared diffractive telescope
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Abstract: In this paper the doubledayer harmonic diffractive element ( HDE) structure is investigated and the op—

timization procedure is based on the equation of diffraction efficiency of the doubledayer diffractive optical ele—

ment. The diffraction efficiency of the system in the designed middle and far infrared wavebands is larger than

99% which improves the image contrast and the imagequality significantly. A new dual-band infrared doubledayer

HDE telescope is designed which can work in the middle and far infrared wavebands. It is shown that the system

approximately attains diffraction limit and is easy to processed.
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Introduction

A significant improvement in reconnaissance capa—
bility is the primary goal of equipment development. It is
one method to improve the equipment reconnaissance a—
bility by using various infrared spectrum to detect the in—
frared radiation of the scene at the same time. Due to the
influence of atmospheric transmission radiation charac—
teristics of different scene in the short-wavelength infra—
red (SWIR) medium-wavelength infrared ( MWIR) and
long-wavelength infrared ( LWIR) have different per—
formance. In the case of stray radiation or near the heat
source LWIR has a strong reconnaissance capability
while in hot and humid environment MWIR has great
advantage over other. It is obviously to see the difference

Received date: 2018-04-24 revised date: 2018-10-20

710119;
100049)

between the image of the same scene in MWIR and
LWIR ' ( Fig. 1).

By using the spectrum of different wavelength range
in infrared band the target camouflage information can
be effectively eliminated the detection and recognition
ability of the target can be improved and the false alarm
rate of the system can be reduced.

The refractive index of materials in the two bands
varies greatly bringing difficulty in achromatism in infra—
red dual band optical system. We often take a reflective
structure to design dual band system to avoid the achro—
matic difficulty. Reflective system structure is complex
that coaxial system with a central block affects the sys—
tem modulation transfer function while off-axis system
without center block is difficult to align. Refractive struc—
tures which have no center block and are easy to align
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take four kind materials apochromatic way to correct
chromatic aberration in dual band.

LWIR

MWIR
® ®

Fig.1 The same scene in MWIR( a) and LWIR( b)
1 () (b)

The emergence of diffractive optical elements
( DOEs) bring new direction to dual band optical sys—
tem. Harmonic DOE can correct chromatic aberration
and simplify the optical structure. Due to low diffraction
efficiency of harmonic DOE we often use doubledayer
HDE to design optical system.

In this paper a dual-band infrared optical system
based on Cooke structure working in both MWIR( 3.4 ~
4.2 um) and LWIR(8 ~ 11 pum) has been designed
with the doubledayer HDE. In this design the system
component number and the weight of the system are re—
duced and the diffraction efficiency is ensured at the
same time. The chromatic aberration of the system is well
corrected and the image quality is near diffraction limit.

(n-D) = D

hy hy
(2 ® ©
Fig.2 Schematic diagram of different DOEs. ( a) general single—
layer DOE; ( b) singledayer HDE; ( ¢) doubledayer HDE
2 (a) (b)
(¢)

1 Diffraction Hficiency

Diffraction efficiency is one of the most important
properties of refractive-diffractive optical systems > . Ac—
cording to the scalar diffraction theory the diffraction ef-
ficiency of the DOE is a function of the wavelength \ and
the diffraction order m:

P(A)

A em L ()

In formula sincx =sinx/x ®( A) is phase function

of DOE.

(A m) = sinc’(

For general DOE > m =1 the phase function is:
27, n(A) -1

D(Ar) = . 2

(A) A alay) -1 (2)

It is obviously to know that the diffraction efficiency

of such elements can reach 100% at the design wave—
length and drops rapidly away from the design wave—
length  which is not suitable for the optical system with
wide spectral range.
For HDE **

function is:

- p =1 the phase

m=p p=zxl
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_p : o . n(A) _1 (3)
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Compared with general singledayer DOE the dif-
fraction efficiency of the singledayer HDE decreases
more rapidly away from the design wavelength when the
designed wavelength is the same.

The doubledayer HDE ** is equivalent to a com-—
mon DOE ( m =1) with two singledayer HDE the phase

function is:

D(A)
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Fig.3 Diffraction efficiency curves of general single-layer
DOE singledayer HDE and doubledayer HDE ( Red line
and green line are diffraction efficiency curves of singleday—
er DOE of diffraction order m =1 and designed wavelength
Ao =4 pm and 10 pm respectively. Blue line yellow
line pink line and bright blue line are diffraction efficiency
curves of singledayer HDE of p =3 and designed wave—
length Ay =7 wm which’ s diffraction order m is 2 3 4
and 5 respectively. Black line is diffraction efficiency
curve of doubledayer HDE of diffraction order m =1 and
designed wavelength A; =4 pum and A, =10 pum )

3 (
m=1 Ao 4 pm 10 pm
; . . p
=3 Ao =7 pm 2.3.4.5
; m=1
A A 4 pm 10 pm

)

From figure 3 we can see that diffraction efficiency
of doubledayer HDE is much higher than that of single—
layer DOE and singledayer HDE and associated with de—
sign wavelengths. After selecting two different dispersive
materials and A, and A, the two design wavelengths in
the dual-design wavebands we can obtain the following
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relation © :
nl(/\l) -1 H, + nz(
n(A) =1 Hy + ny

A) =1 Hy, = ma,
A) -1 Hy, = ma,

. (5)
By solving Eq. (5) the surface relief heights of the

two HDE for the corresponding design wavelengths are

(
H =
: (”1(A1) _1)(’12()12) _1) (”1(A2) _1)(”2()l1) _1)
I = mhy (n,(A;) =1) =mhy(n,(A,) -1)
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Fig.4 ( Color online) Structure of doubledayer HDE. H, and

H, are respectively the surface relief heights of the first and sec—
ond HDE. D is the width of the air gap. The solid and dashed
lines are the diffractive directions for MWIR and LWIR respec—
tively

4 JH, H,

Then the value of the comprehensive average dif-
fraction efficiency( CADE) ° for dual wavebands can be

written as!
Al max
- w, .2 (A)
L - — m) dA
n )‘ Imax — /\lmin)‘lmi"SIHC ( 21T m)
Rmax
Wy . 2, D(A)
+— - m) dA 7
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where A, and A, and A, and A, are respectively
the minimum and maximum wavelength for the two wave—
bands and w, and w, are the weight factors of CADE for
each waveband. Because the imaging quality of the hy—
brid diffractive—refractive optical system is analyzed alone
for each waveband w, and w, are 0. 5.

In the paper we choose ZnSe and SRF2 as the first
and second base material of doubledayer HDE for differ—
ent design wavelength pairs. According to Eq. (7) we
use Matlab to find the best chose wavelength pairs for the
highest diffraction efficiency. From the Fig. 5 and Fig. 6
we can see that when A, =3.852 pm and A, =9.485 pum
the CADE can reach 99. 84% . At the same time H, =
22.927 pm H, =59.507 pm and m, =7.4 m, = —-6.4.

2 Design of the infrared doubledayer diffractive
telescope

The dual-band infrared doubledayer HDE telescope

optical system "*° with four different materials and four
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Fig.5 Diffraction efficiency of doubledayer HDE under

different wave pair( front view)
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Fig. 6 Diffraction efficiency of doubledayer HDE under
different wave pair( top view)
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Table 1 CADE of doubledayer HDE with Different Design
Wavelength Pairs

1

Design wavelength 3. 852 and 3.8 and
/ wm 9,485 3.2 and 8 105 4.2 and 11
CADE/% 99. 84 96.79 98.92 98.44

lenses must satisfy the three relations as follows:
the total power:
D) +D; + D) + D} + D, =D (8)

zero axial color over the two wavebands:

1 2 3 4 5
¢, Py D D Dy,
Tt ottt (9)
Uy v vy Uy V1a

1 2 3 4 5
D, O, D, O, D,
SRR T i (10)
) v, L) ) Vg

where @] ®] ®jand P are the respective powers of the
three refractive lens in the mid-infrared waveband and
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@), is that of the HDE. v} v} v, and v} are the respec—
tive dispersion coefficients for the materials of the lens
and V3, is that of the HDE. @} } (i=1 2 3 4) and
®), v), are the corresponding quantities over the far-in—

frared waveband.

Based on the discussion we can select the four ma—
terials as follows: ZnS Ge ZnSe and SRF2. And the
optical system uses Selex Company’s MW/LW CCD in-
frared detector( HxV is 640 x512 Pixel Pitch is 30 pum
x30 wm) . The optical specifications of the optical sys—
tem are summarized in Table 2.

Table 2 Design specifications

2
Waveband 3.4~4.2 pym and 8 ~11 pm
Focal length 50 mm
F number 2
Field of view 16°
MTF Above 0.5 at 17 pl/mm

20 mm

Fig.7 Structure of the infrared doubledayer HDE telescope
optical system

7

In figure 7 the surface 1 is aspheric surface which
well corrects spherical aberration and improves the image
quality of system. The achromatic surface 6 and surface 7
are binary optical surfaces.

In figure 8 the maximum RMS radius in 3.4 ~4.2
pm and 8 ~11 pm arel0.279 pm and 15.327 pm re—
spectively which means that the lens can match with the
infrared CCD detector that has a format of 640 x512 and
a pixel pitch of 30 pm.

The curve of the modulation transfer function
( MTF) in mid—and far-infrared wavebands are shown in
Fig 9. At the spatial frequency of 17 Ip/mm the MTF at
the center FOV(0°) in dual wavebands attained above
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Fig. 8 Spot diagram of the infrared doubledayer HED tele—
scope. Left: spot diagram of the optical system in the mid-in—
frared waveband; right: spot diagram of the optical system in
the far-infrared waveband

8 ( )

« )

o
s 2 2 =
E o » =

Modulus of the OTF
o

Modulus of the OTF

0
0 17 34 51 68 85 102 119 13.6 153 17.0|
Sy | F i ot

ol
0 17 34 51 68 85 102 119 136 153 17.0
Sy F) i ot

Fig. 9 MTF of the infrared double-dayer HDE telescope optical
system. Left: MTF of the optical system in the mid-infrared
waveband; right: MTF of the optical system in the far-infrared

waveband
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0.57 and that of edge FOV(8°) in 3.4 ~4.2 yum and 8
~11 pm attained 0. 78 and 0. 56 respectively. The dif-
fraction efficiency of the system at each wavelength in the
two designed wavebands is larger than 99%  which im-
proves the image contrast and the imaging quality signifi—
cantly.

In figure 10 we can easy find that the feature size
of surface 6 is 29. 6 um and that of surface 7 is 30.9
pm. Under existing level of manufacture Diamond
Turning can meet the requirement of manufacture.

3 Conclusion
In conclusion the optimization structure of the

doubledayer HDE is investigated in order to conquer the
difficulty of the diffraction efficiency of the single layer

Table 3 Structural parameters of infrared doubledayer HDE optical system ( unit: mm)

3 ( > mm)
Surface Radius Thickness Glass Semi-diameter
OBJ Standard Infinity Infinity Infinity
STO Even asphere -3637.459 2.632 ZnS 12.447
2 Standard -335.167 10.215 12.636
3 Standard -18.699 4 Germanium 13.247
4 Standard -21.516 30.798 15.431
5 Standard 91.855 4.264 ZnSe 18.205
6 Binary 2 Infinity 0 17.989
7 Binary 2 Infinity 3 SRF2 17.989
8 Standard 7366.987 45.637 17.454
IMA Standard Infinity 6.963
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Fig. 10 Phase plot of binary surface. Left: phase plot of the
optical system in the mid-infrared waveband; right: phase plot
of the optical system in the far-infrared waveband
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HDE and the optimization method is investigated. Then
an infrared telescope with a doubledayer HDE is de—
signed. lts diffraction efficiency is larger than 99% at
each wavelength in the mid and far-infrared wavebands
which improves the image contrast and the image per—
formance significantly. MTF is above 0.5 at 17 Ip/mm
and image performance is near-diffraction. And it is ap-
plicable to the uncooled infrared dual waveband CCD de-
tector that has a format of 640 X512 which’ s pixel pitch
is 30 wm. By introducing doubledayer HDE in optical
design chromatic aberration is well corrected.
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