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Abstract: Compound diffractive telescope is a new type of space optical
system. It applies the structure of compound eyes into diffractive telescopes.
With the help of diffractive optical element, the optical system could
become lighter in weight, lower in cost, and looser in sensitivity to
manufacturing tolerance. And with the help of compound eyes structure, the
field of view is expanded. A demonstrated system of compound diffractive
telescope is given. It is composed of one 50mm aperture primary diffractive
lens and twenty-one eyepieces. The characteristics of the system are
analysed by testing its star image and resolution. It is shown that the whole
system can provide about diffraction limit imaging within 4.2 degree field
of view.
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1. Introduction

Recent advances in small satellites have brought higher requirements for space optical system.
For example, low launching cost limits the weight of optical system to be lighter; high ground
resolution limits the image quality of optica system to be better; atrocious working
environment limits the performance of optical system to be stabler. Conventional optical
systems are difficult to meet these demands. To deal with the mass and launchability
problems, two methods are developed. The first one is to use membrane mirrors as the
primary optics to form reflective telescope [1-3]. However, it is hard to control their shape to

the A /20 scale precision to attainA /10 optical tolerances. The source of this difficulty is that

mirrors reflect light, thereby doubling the optical-pathlength errors associated with their
surface ripples. The second one is to use diffractive lens as the objective to form transmissive
diffractive telescope [3-5]. Its optical tolerances are loosed greatly, because the optical-
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pathlength errors for the thin transmissive film are avoided, as light first arrives-at and then
departs-from surface ripples. However, the primary diffractive lens of this space telescope
tends to be very weak, large field of view results in eyepiece too large and too heavy to
launch. So thistype of telescopes may get only very narrow field of view.

A new type of space telescope optical system—compound diffractive telescope is
proposed. It combines the structure of compound eyes with diffractive telescopes. This can
widen field of view of space telescope effectively, while maintaining small aperture of
eyepiece. A demonstrated system of compound diffractive telescope is given, which is
composed of one 50mm aperture primary diffractive lens and twenty-one eyepieces. One
eyepiece can provide 0.2 degree field of view, so the whole telescope has 4.2 degree field of
view. Although the field of view is consists of twenty one small segments, it is continuous in
one direction after data jointing. The characteristics of the system are tested by viewing star
image and resolution factor, and the results agree well with the theory ones.

2. Diffractive telescope

Diffractive optics works by applying small, local corrections to a light beam. They are
implemented by a series of shallow, closely spaced grooves on the surface of an aperture, so
the material holding them can be thin and lightweight. In addition, they are transmissive, the
optical-pathlength errors associated with their surface ripples could be cancelled as long asthe
materia holding them has uniform thickness. So the diffractive telescope based on diffractive
optics can deal with both the mass-and-launchability and the optical-precision problems. It
tends to have two parts as shown in Fig. 1. One is the primary diffractive lens to gather light,
and the other is eyepiece to correct aberration.
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Fig. 1. The structure of single-eye diffractive tel escope.

The big drawback to use a diffractive optics as objective is its chromatic dispersion. Its
focal length varies inversely with wavelength:

f(A) = f, ﬂi )
0

Where A, isthe main wavelength, f,isthefocal lengthatA,, fisthefocal lengthatA. So

it only accurately focuses light within a narrow spectral bandwidth. In order to achieve
broadband application, another structure such as eyepiece must be added to correct chromatic
aberration. In order to correct chromatic aberration better, a hybrid refractive/ diffractive lens
is designed to subgtitute the diffractive lens. Although this will tighten the optical tolerance,
compared with diffractive lens, this may lighten and minish the eyepiece effectively. As long
as one selects proper power shared by the refractive lens and the diffractive elements, both the
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optical tolerance and the weight of the eyepiece can be controlled well. A diffractive telescope
includes the structure of hybrid primary diffractive lens and eyepiece as shown in Fig. 1. In
this system, the parameters of the hybrid primary lens are as follows: aperture is 50 mm, f-
number is 49, and total length (the distance between it and the eyepiece) is 2.416 m. While the
parameters of eyepiece are as follows. aperture is 8mm, and total length is 43 mm. The
eyepiece is composed of a doublet lens and two single elements. The spectrum of this system
covers from 0.5 um to 0.7 um, while the full field of view is only 0.2°. The optical tolerances
of the diffractive telescope are very loose as shown in table 1, on the condition that the value
of MTF at 50 Ip/mm falls to 0.5 with focus compensation.

Table 1 Tolerance of diffractive telescope

Distance between primary lens and eyepiece | +40 mm
X decenter of primary lens +4mm
Y decenter of primary lens +4mm
X tilt of primary lens +2°

Y tilt of primary lens +2°

3. Compound diffractive telescope

When the diffractive telescope is of narrow field of view, the aperture of eyepiece can be
decided by two parameters. the focal length of the hybrid primary lens and the broadband
application. It is not large even with large aperture and weak hybrid primary lens. When the
diffractive telescope is of wide field of view, however, the aperture of eyepiece is then
decided by the focal length of the hybrid primary lens and the field of view. This may lead to
eyepiece too large and heavy to launch with large aperture and weak hybrid primary lens.
From the optical tolerances of the diffractive telescope, we know that the image quality of the
diffractive telescope is good enough, even when the hybrid primary lens is tilted 2 degree
from the eyepiece. This gives us a good way to widen field of view. In order to solve the
conflict between lightweight and wide field of view, we integrated many eyepieces with one
primary lens to form a new type of space telescope—compound diffractive telescope. As we
know, compound eye has two models. apposition compound eye and superposition compound
eye [6-9]. The former, the rhabdoms receive light only from their own corneal facets, in other
words, each rhabdom will receive light from one facet, that is to say the ommatidia are
optically isolated; the latter, each rhabdom will receive light from many facets, that is to say
the ommatidia are not optically isolated. So the compound diffractive telescope could also be
designed in the same way. According to the characteristic of diffractive telescope, we design
and set up acompound diffractive telescope as shown in Fig. 2.
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Fig. 2. Compound diffractive tel escope of the later model structure.

The hybrid primary diffractive lens is shared, and array structure of the eyepieces is used
to form many channels. Channel O is for central field of view and cover a small field of view
about 0.2 degree with one eyepiece; channel 1 is obtained by axial rotating the eyepiece of
channel 0 with 0.2 degree, and accordingly, channel 10 is obtained by axia rotating the

eyepiece of channel 0 with 2 degree. Channel -1 is obtained by axial rotating the eyepiece of
channel 0 with -0.2 degree. Accordingly, channel -10 is obtained by axial rotating the

eyepiece of channel 0 with -2 degree. The entire compound diffractive telescope can attain

the field of view 4 .2 degree with 21 eyepieces. This kind of structure can simplify the system
greatly to reduce the weight. In fact, its field of view is limited by the tilt tolerance of the
objective. When it goes beyond the tilt tolerance of the objective, the image quality of the
system will not meet the requirement of use. Table 1 indicated that it should be within= 2°.
Although the field of view consists of twenty one small segments, it is continuous in one
direction after data jointing. The space structure of the adjacent eyepieces can be viewed well
in Fig. 3. It isindicated there is enough space for fixing eyepieces even with mechanism. The
modulation transfer function (MTF) curves of channel 0 and channel 10 in theory are shown
in Fig. 4. The two-dimension schemes of point spread function of channel 0 and channel 10 in
theory are shown in Fig. 5. It is clear that the image quality even of the margina channel is
good enough.

Fig. 3. Space structure of the adjacent eyepieces.
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Fig. 4. (&) MTF plot of channel 0 (b) MTF plot of channel 10.
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Fig. 5. () Point spread function of channel 0 (b) Point spread function of channel 10.

4, Test results

We have fabricated a hybrid primary lens and four eyepieces. With these components we have
set up a demonstration system of compound diffractive telescope. In this system, eyepieces
are put in channel 0, 1, 9 and 10, respectively. Though this demonstration system does not
include al 21 eyepieces, it is enough to view the characteristics of the compound diffractive
telescope. The image of its central and marginal field of view can be obtained with channel 0
and channel 10.

The star image of the system is tested by using the set-up as shown in Fig. 6. One He-Ne
laser with 632.8nm wavelength is put in front of a microobjective. A pinhole with 10um
diameter isjust put at the focus plane of the microobjective. So a point source is formed by
this way. By adjusting the collimator to make the point source to be at its front focus plane, a
uniform plane wave is abtained. The uniform plane wave illuminates the hybrid primary lens,
and focuses to the eyepiece. A star image is formed at the image plane of the telescope. By
using the microscope and CCD receiver, a magnified star image is obtained. The uniform
plane wave illuminates the hybrid primary lens with O degree, 0.2 degree and 2 degree for
channel 0, 1, and 10. The star images of channel 0 and channel 10 are shown in Fig. 7. They
agree well with the theory results as shown in Fig. 5.
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Fig. 6 Layout for testing star image.
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Fig. 7. (a) Star images of channel 0 (b) Star images channel 10.

The resolution of the system is tested by using the set-up as shown in Fig. 8. A white
light source with wave filter is put in front of aresolution power test target. And the resolution
power test target is placed at the front focus plane of a collimator. Then the light from the
collimator illuminates the hybrid primary lens, and focuses to the eyepiece. By using the
microscope and CCD receiver, a magnified image of the resolution power test target is
obtained. In this experiment, one part of the resolution power test target can be viewed by one
channel. For channel O, the central part can be viewed. For channel 10, the marginal part can
be viewed. In order to compare easily, here we use the same part with 200pl/mm space
frequency as the target of channel 0 and channel 10. The results of channel 0 and channel 10
are shown in Fig. 9. Here due to some astigmatism, the horizontal image quality is not as good
asthe vertical one.
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Fig. 8. Layout for testing resolution.
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Fig. 9. (a) Resolution test result of channel 0 (b) Resolution test result of channel 10.

5. Conclusion

In this paper, a new kind of space optical system—compound diffractive telescope is given. It
has high resolution, light weight and wide field of view. In contrast with other optical systems,
the compound diffractive telescope solves the conflict between lightweight and wide field of
view well, since it combines the structure of compound eyes with diffractive telescope. The
demonstrated system given in this paper agrees well with those characteristics.
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