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The compound diffractive telescope is a novel space optical system which combines the structure of compound

eyes with diffractive optics and so it has a lighter weight, a wider field of view (FOV), a lower cost as well as looser

fabrication tolerance. In this paper, the design of a compound diffractive telescope composed of one primary lens

and twenty-one eyepieces is introduced. Then the influence of diffraction orders on the performance of the system is

analysed. A modified phase function model of diffractive optics is proposed to analyse the modulation transfer function

(MTF) curves for 0° FOV, which provides a more accurate prediction of the performance of the system. In addition,

an optimized mechanism is also proposed to suppress stray light. The star image and resolution tests show that the

system can achieve diffraction limit imaging within +2° of FOV and +4 mm of eccentricity. Finally, a series of pictures

of an object are taken from different channels, and the splicing of pictures from adjacent FOVs is demonstrated. In

summary, the designed system has been proved to have great potential applications.
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1. Introduction

To solve the mass-and-launch ability prob-
lems, a membrane mirror!? or a diffractive opti-
cal element®% has been used to form an ultra-light
weight telescope. However, both of these have disad-
vantages. For the system with the membrane mirror,
the required surface precision is too high to be fab-
ricated, while for the system with diffractive optics,
the field of view (FOV) is normally restricted by the
eyepiece. The compound diffractive telescope which
combines the structure of compound eyes®~8 with
diffractive optics can cope well with these problems
as this kind of telescope is lighter in weight, wider in
FOV, lower in cost and looser in sensitivity to manu-
facturing tolerance.

In the present paper, the design of a compound
diffractive telescope is introduced, which is composed
of one primary lens and twenty-one eyepieces. The
influence of diffraction orders of the primary lens on
the system is analysed. The modulation transfer func-
tion (MTF) curve corresponding to 0° FOV is revised

within the design spectrum range so that it can pro-
vide a more accurate prediction of the performance
of the system. In addition, an optimized mechani-
cal structure is proposed to suppress stray light. The
performance of the system is tested by star image and
resolution tests, and diffraction limit images are ob-
tained within £2° of FOV and £4 mm of eccentricity.
Finally, a series of target pictures are taken from dif-
ferent eyepieces, and the pictures taken from adjacent
channels are spliced together. All of the results indi-

cate that this novel telescope has a good performance.

2. General description of com-

pound diffractive telescope

The compound diffractive telescope is composed
of one hybrid refractive-diffractive lens, 21 eyepieces
and CCDs. It works in a spectrum range from 0.4 pm
to 0.7 pm. The structure of the system is shown in
Fig. 1.
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Fig. 1. Structure of the compound diffractive tele-

scope.

The focal length f()\;) for the diffractive element
is dependent on design wavelength )\, design focal
length fy and incident wavelength A; governed by the
following formula:

) = Jo x 52 1)

As the colour dispersion of a refractor is opposite
in sign to that of a diffractor, a hybrid refractive-
diffractive lens is used as a primary lens to correct
chromatic aberration of the system. The aperture of
the primary lens is 50 mm, with an F number of 49.
The first surface of the primary lens is a planar surface
in which a diffractive surface relief is etched, while the
second surface is a spherical surface with a curvature
radius of 1336.9 mm. Each eyepiece is composed of
one doublet lens and two small single lenses, with a
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total length of 43 mm and an aperture of 8 mm. The
21 eyepieces are deployed by referring to the structure
of the superposition compound eye of insects. If the
eyepiece is located on the focus of the central working
wavelength of the primary lens, it is defined as chan-
nel 0. Accordingly, the channel (4/-) n is defined by
rotating channel 0 through an angle of (4+/-) n x 0.2°
around the principal optic axis of the primary lens.
Since the FOV of the system is related to the number
of channels, an extended FOV of 4.2° can be obtained
with 21 eyepieces in design. The MTF curves for chan-
nel 0 and channel 10 are shown in Fig. 2. As can be
seen, the MTF value is higher than 0.75 at 50 Ip/mm
for channel 0 and the MTF value is about 0.68 at

50 Ip/mm for channel 10. Here lp means the line-pair.
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Fig. 2. (a) MTF plot of channel 0, (b) MTF plot of channel 10.
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3. Simulation of system with ad-

vanced system analysis pro-
gram (ASAP)

The diffraction efficiency!® for a binary optical
element depends on the diffraction order, incident an-
gle of the light, wavelength and so on as shown by the

following formulas:

~ [ sin[r(m — ¢)] sin(rm/N) 2
Tm = {sin[w(m —¢)/N]| X ™m } > (2)
\/n? —sin?@ — cos @
o= xS @

where m is the diffraction order, N is the number of

levels, ng is the refractive index of the substrate for
the design wavelength of \g, n; is the refractive index

for )\;, and 0 is the incident angle. In the present part,

|
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the performance of the optical system is first analysed
with ASAP, and then an optimized mechanical struc-

ture is proposed for the eyepiece.

3.1. Influence of diffraction order

Stray light produced by unwanted diffraction or-
der of the diffractive primary lens received by the de-
tector is first analysed with ASAP. For simplicity, a
coherent diffractive beam is used to analyse the in-
fluence of diffraction order on energy, the reflection
effect of the optical component is ignored, and the
test surface is set to be 4 times the Airy disc in size.
Typically, only three diffraction orders of the primary
lens are assumed to account for all the incident ener-
gies. Two examples of the energy distribution on the

detector are shown in Fig. 3.
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Fig. 3. (a) Airy disc with 41 = 100%, and (b) Airy disc with n41 = 95%, no = 2.5% and ny2 = 2.5%.

A traditional energy distribution of the Airy disc
for the system is shown in Fig. 3(a), which does not
consider the non-designed diffraction orders. As can
be seen, the peak energy is 9 orders of magnitude
higher than the valley energy. When the diffraction
efficiency of the +1st diffraction order is set to be 95%,
and both the Oth and +2nd diffracted efficiencies are
set to be 2.5%, the modified energy distribution of the
Airy disc will look like the one shown in Fig. 3(b). It
can be seen clearly that the ratio of the P-V energy

is reduced to 6 orders of magnitude by non-designed

diffraction orders in this case. Therefore it can be con-
cluded that the non-designed diffraction orders will
affect the energy distribution of the Airy disc signifi-
cantly.

Moreover, the influence of the diffraction
orders'®11 on the MTF of the system was also anal-
ysed. According to formula (2), the MTF curve cor-
responding to 0° FOV is revised within the design
spectrum range, and the comparison result obtained
with Zemax and Matlab under different conditions is

shown in Fig. 4.
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Fig. 4. Comparison between the MTF curves of the sys-
tem under different conditions. The dot line is the tradi-
tional MTF curve with only the designed diffraction order
of the 41st, while the dash line is the modified MTF curve
considering the influence of the non-designed diffraction
orders. The modified MTF value decreases obviously com-
pared with the traditional MTF especially at low spatial
frequency. We attribute the descent of the MTF value to
the long distance (about 2416 mm) between the primary
lens and the eyepiece.

3.2. Mechanism for eyepiece

Besides non-designed diffraction orders, the me-
chanical structure of the eyepiece is actually another
important stray light source. The eyepiece initially
consists of one external barrel, one inner barrel, one
ordinary clamping ring, one gasket (for the last two

small lenses) and a connecting shell for CCD. In the
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ASAP, the light is allowed to split twice according to
Fresnel’s law on an optical interface, and a reflective
command is assigned to the mechanical components
For the

convenience of comparison, the total energy of par-

during an incoherent geometric ray-trace.

ent imaging rays and child stray rays finally arriving
at the CCD is normalized to 1. As a result of the first
ray-trace, it is found that the parent imaging rays oc-
cupy 98.47% of the energy, and the front surface of
the doublet lens is the main reflection surface of the
eyepiece. To reduce the stray light caused by the re-
flection, the mechanical structure of the eyepiece is
optimized. Firstly, the aperture of the clamping ring
is strictly shrunk to match the clear aperture of the
doublet lens, which greatly reduces the entrance of
the stray light into the detector. Secondly, a new fil-
ter with an aperture larger than the clear aperture
of the singlet lens is added into the inner barrel ap-
propriately. After the modification of the mechanical
structure of the eyepiece, the second ray-trace is exe-
cuted and the result shows that the energy of parent
imaging rays is now increased to 98.89%. The first
ray-trace of the system is shown in Fig. 5(a) and the
magnified optical and mechanical structure of the eye-
piece is shown in Fig. 5(b). For the second ray-trace,
the optical paths are reduced significantly in the op-
timized eyepiece with the right clamping ring part A
and the new filter part B shown in Fig. 5(c).

CCD

(b)

(©)

Fig. 5. (a) First incoherent geometric ray-trace of the system, (b) magnification of the eyepiece, and (c) second

ray-trace for the optimized mechanism of the eyepiece.
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4. Star image and resolution tests

The performance of the compound diffractive tele-
scope is tested by star image and resolution tests. For

the star image test['2:13!

the optical setup is shown
in Fig. 6, where a He—Ne laser with a 632.8 nm wave-
length is located in front of a micro-objective, followed
by a pinhole with an aperture of 10 pum. The tested
system is situated appropriately behind a collimator,
and a microscope is used to take the magnified im-
ages. Figure 7 shows the star images captured by the
eyepiece from channel —10 to channel 10, while Fig. 8

shows the star images captured on channel 0 as well

filter
e d g

jmicro-objective]
with pinhole
Lo

ave| P

as at the points with a distance of £4 mm and +2 mm
off the optical axis respectively. As can be seen, for all
the star images, the Airy discs always look good and
uniform, which shows the system works well in the
full designed FOV and has a loose tolerance on the
eccentricity. However, one might note that with the
FOV and eccentric distance increasing, the first bright
ring of the star image starts to become blurred due to
the strong astigmatism caused by the poor alignment
between the primary lens and the eyepiece. This can
be overcome with careful mounting and alignment of

the system.

diffractive
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Fig. 6. Star image test system.
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Fig. 7. Star images for five typical channels.
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Fig. 8. Star images for the eccentric tolerance of the primary lens.
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To test the resolution,'¥ the laser, the micro-
objective and the pinhole in the optical setup shown
in Fig. 6 are replaced by an incandescent lamp, a wave
filter and a resolution power test target respectively.
By moving the eyepiece from channel 0 to channel 10,
resolution images for different channels are obtained
with the same part of 200 lp/mm space frequency and
are shown in Fig. 9, while Fig. 10 shows the resolu-
tion test result of the channel 0 moving from 1 mm

channel 0

channel 5

to 4 mm off the optical axis. It is obvious that for all
of the cases, the images always look clear and there is
not much difference in the sharpness of the images be-
tween channel 0 and channel 10 or even in the presence
of 4 mm eccentricity. Therefore, it can be concluded
that the system has a good imaging ability within the
designed FOV and has a loose tolerance on the align-

ment of the components.

|

channel 10

Fig. 9. Resolution images for different channels.

1 mm 2 mm 3 mm 4 mm

Fig. 10. Resolution images for eccentric tolerance of primary lens.

5. Object imaging of the system

5.1. Structure of the imaging system

The other system with one primary lens and three
eyepieces is used to image the distant object. As
shown in Fig. 11(a), the primary lens clinging to one
part of the window is used to collect light from the
target outside the laboratory, and the other part of
the window was covered by a black cloth to block
stray light. Figure 11(b) shows the arrangement of
three eyepieces in detail. With the help of the colli-
mated laser beam, the first eyepiece is axially mounted
on the focus of the primary lens, the second eyepiece
is situated 2° horizontally away from the first one,
and the third eyepiece is located 0.2° horizontally and
0.6° vertically away from the first one to overcome the
mechanism limits. Two clear pictures shown in Fig. 12
have been successfully taken by the central and the

marginal eyepieces spontaneously, which again proves

[

that the compound diffractive telescope can obtain

good-quality images in the full FOV.

Fig. 11. (a) Object imaging structure of the system,
and (b) arrangement of the eyepieces.
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(a) (b)

Fig. 12. (a) 0 degree field of view, and (b) 2 degree
field of view.

5.2. Image splicing

As the FOV of the compound diffractive telescope
is expanded to +2°, thus pictures taken from differ-
ent channels over the whole FOV could be spliced to-
gether to comprise a complete image. To demonstrate
the splicing of the images, we took the 0° eyepiece
and the 0.2° eyepiece as an example here. As in the
vertical direction there is 0.6° angle distance between
them, there will be a delay in the vertical direction,
in that the compound diffractive telescope is a line
scanning system along one direction, the delay effect
can be eliminated by splicing two images of the target
together.

Ten patches of Chinese characters shown in
Fig. 13(a) are used as the target. Two pictures, 1A
and 1B, are first captured by the two eyepieces. Then
both of the eyepieces are moved 0.6° down, and an-
other two pictures, 2A and 2B, are obtained. The
obtained four pictures are shown in Fig. 13(Db).

It is clear that images 2A and 2B are images of
two patches positioned higher than that of images 1A
and 1B. Figure 14 shows a combined image spliced to-
gether by images 1A and 2B, which proves the avail-
ability of image splicing of the system.
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Fig. 13. (a) Chinese character target board outside,
(b) four images taken by two eyepieces.

Fig. 14. Image splicing of 1A and 2B.

6. Conclusion

In this paper, a novel space optical system com-
pound diffractive telescope is presented, and it suc-
cessfully solves the contradiction between light weight
and wide FOV. The performance of the system is anal-
ysed. A more accurate prediction is provided by the
modified phase function model of diffractive optical
elements. The system is optimized by stray light anal-
ysis. The system can provide nearly diffraction limit
imaging within +2° of FOV, so the pictures from adja-
cent FOV can be spliced together. In future, a larger
FOV can be obtained by arranging more sets of the

compound diffractive telescope together.
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