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This report presents a project of space-based very high resolution telescope with an
amplitude zoned plate as a telescope lens. The creation of such a telescope would
provide the solution to the problem of imaging far celestial bodies in near
ultraviolet. visible and near infrared spectral bands with an angular resolution of
0,005-0,001 arcsec, i.e. one-two orders better, than 1t could be achieved by existing
means, even Hubble Space Telescope. It would make it possible to carry out
further fundamental studies of the Sun, galaxies, stars and planetary systems around
nearest stars.

In order to achieve the angular resolution of thousandth of arcsec, it is necessarv to
create telescope with a lens diameter of tens or hundreds meters. Such a telescope,
designed according to the traditional scheme, require very high manufacture
precision and stability of characteristics with the admissible errors of fraction of
wavelength

The optical scheme of space based telescope with Sore amplitude zoned plate as an
objective is proposed as the solution of this problem. This zoned plate with the
diameter of tens or hundreds of meters is a system of transparent and opaque
concentric fringes, placed in accordance with Fresnel zones. Zoned plate may be
made of thin elastic film pulled over a frame of folding umbrella type and mounted
on a spacecraft. Receiving unit registers the images produced by zoned plate. It is
mounted on another spacecraft. These spacecraft may be placed in similar orbits or
may be tied by means of rope system. It is also interesting to place both lens and
receiving unit on the Lunar surface.

It is shown, that during implementation of the proposed telescope with the use of
modern technologies, it is possible to satisfy precision reguirements for both zoned
plate geometry and for co-location of objective and receiving unit

The angular resolution of the used for observation astronomical instrument determines the volume of
potential investigations in astronomical research. The diffraction-limited angular resolution for each
telescope is proportional to the ratio of observations or survey wavelength and the diameter of a
telescope lens

During the observation of space objects in the optical band through the atmosphere from the ground
an angular resolution significantly better than | arcsec cannot be achieved even when using large-
aperture telescopes. This limitation of resolution i1s caused by the distortions of a wave front on
optical inhomogeneities of the terrestrial atmosphere

The increasing of space based telescopes lens diameters is not limited by atmosphere distortiens and
lead to resolution improvement. Therefore, placing large-aperture telescopes outside the Earth
atmosphere is the only way to improve angular resolution
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The usage of the Hubbie Space Telescope with the drameter of 24 m gives to the astronomical
soctety the abiliny 1o provide observations with the resolution about 0 03 arcsec on a wavelength of
(175 mkm The usage of a telescope with such a high resolution have resuited and with no doubt will
result in turther imporiant discoveries i the tield or astronomy

The improvement of the telescope angular resolution is especiallyv significant 1n studies of space
obtects outside the Solar svstem The creation ot a space-based telescope with an angular resolution
of one or two orders better than that of the Hubble Space Telescope 1s a supertask. the solution of
which could plav a revolutionary role 1n the development of astronomv  The tollowing actual
problems could be solved by mieans of such an instrument

- search for planerary sy stems around the nearest stars.
ohservation of fine details of bnighiness distribunon on the surtace of laree stars.
rescarch of the fine spatial structure of the galaxies cores. ot dense star accumuiations etc

Diameter of telescopes have to be increased up to tens or hundreds meters to achieve such a
resolution At present the creation of lens or murror telescopes with such a drameter is a technicaliv
unteasible task since these struments are based on the phase transfer princtple of a wave front
(onsequently. thev have to comply with the severe requirements for the manufactuning accuracy in
iracuons of a hight wavelength. The development of systems with sequential aperture synthesis on the
basis of long-baselineinterferometers. or array svstems with an unfilled aperture or to compact lenses
1s iimited with the same technological limitations

The scheme of a space-hased telescope described below. could be used to solve the problem of the
angular resolution signmificantly improvement. This scheme provides for an amphtude zoned Sore
plate used as a lens Sore plate 1s 1n a simplest case a svstem of transparent and opagque 10 the hght
concenne fringes placed in accordance with the Fresnel zones (see Fig. 1) Radiuses », ot borders

separatng transparent and opaque zones can be caiculated according to the equation

r,o=hlz (1)
where 7 - tocal distance of the Sore plate. # 2.2.3 N: V- total number of opaque and transparent
zones. ~ - wavelength Condivon (1) provides posttive interference ot waves trom all transparent
zones 1 focal plane

Fig. 1. Amplitude zoned Sore plate as a relescope lens

Ihe opague tnges of the plate can be made from a thin elastic flm pulled over a nuid unioldmg
e Ine transparent minges are blank gaps between the opaque ones Technological requirements
Yor the manutaciunmg aceuracy of the Sore piate are sienicantiv lower 1 companson with the
eeplar fenses due 1o the tact. that Sore plate is based on the principle of amplitude transter ol wave
tront
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The piate. the same as the lens. forms real optical images of the obiects placed i front of it In the
case of the monochromatic light. the zoned plate 13 equivaient to a glass positive lens of the same
diameter but with the coefficient of transparency equal to 10 percent lts resolution 1§ insersel
proportional to the diameter of the plate

As disunct from the lens and minor lens. the zoned plate's design 1s based on the principles of the
ampirtude but not the phase transterence of the wave front That's whv requirements {or the
performance accuracy and the stabilitv are several orders less strict for the parameters of the
telescope with such a plate instead of & lens as compared with the analogous standards for
condiuional (mirror or lens) optical svstems

The tollowing equations (2-4) show the relation of the main charactensucs of the zoned plate

HH-H  DH

P

1ox2 DA (31
5

A x —— 4
iH :

where /). - zoned plate diameter. H - width of the last zone, D - diameter of the central zone {1t mav
be transparent or opaque)

An angular diffraction resolution of the zoned plate 1s equal to

s

e ) (%)
The diameter of the zoned plate have to be equal to tens or hundreds of meters to provide a good
angular resolution of a telescope. In such a case. 1ts focal length {depending on the other parameters)
1s tens. hundreds and thousands of kilometers Therefore the receiving unmit of a telescope capable to
register information should be positioned at the large distance from the zoned plate where optical
images of remote object are fermed Because of such large focal lengths, the incoming and recetving
umits of the telescope have to be mounted on ditferent spacecrati (Fiz 2} The first spacecratt carnes
the lens of the telescope - the amplitude zoned Sore plate The umt for image registration s placed
separatelv on another spacecraft jointly with the blocks ot the guidance control system The receiving
unit mav also be placed on Earth or both umts on the Moon

i

1200 km 2m

Al A2

b B o~

Fig.2. The space trased very high resolution telescope implemented as a svstem of two spacecraft
I - zoned plate. 2 - impulsive larp for guidance control. 3 - sunshield, 4 - recennving unit
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The absence of a single opasue to the light case of the telescope leads to the requirement of a special
optical scheme to be designed tor the receiving umt of the telescope. The operating principle of the
telescope is shown on the Fig.3. The zoned plate is positioned in the plane Al. [t forms an image of
remote objects within its tocal plane A2 A field lens is placed in the plane A2. It images the zoned
plate in its focal plane A3 The transter lens is fixed in the plane A3. It transfers. with the necessary
reduction. the image formed by the zoned plate in the plane A2 to the plane A4. Animage receiver is
positioned in the A4 plane A CCD-array can be used as the image receiver Accessory light filters
are placed before the objective Mobile diaphragm before the transfer lens ensures. that only the hght
beams passed through the zoned plate will reach the receiver

2m 4cm
e e e >

A2 A3 A4

Fig.3. Optical scheme ot the receiving unit
{ - tield lens, 2 - guidance control system CCD-array, 3 - dichronic mirror. 4 - accessorv light filters,
5 - mobile diaphragm: & - transier lens; 7 - image receiver on the CCD-array

The plane Al is optical}v aligned with the plane A3 and the plane A2 - with the plane A4 The field
lens, the transter lens and the image receiver are encased in a common opaque container which forms
the receiving unit of the telescope. A sunshield screens the field lens from the direct solar light. To
increase tield-of-view of the telescope. a series of receiving units, installed immediately adjacent to
one other. 15 used

Such an optical scheme of the receiving umt ensures that all light beams from the remote object that
have passed the zoned plate and torm the image in the A2 plane are gathered by the receiver
Moreover it makes it possible to avoid side hghting of the receiver

The receiver must be guided onto the zoned plate Special impulsive hght source placed in the center
of the zoned plate is used as a target for guidance control system of the receiving umt. The receiver
should have a built-in guidance sensor to control the direction onto this source Spectral bandwidth
of the telescope can be overlapped by the spectra of the impulsive lamp in order to avoid an aliasing
error dunng the operation. A spectral composition is specially chosen tor this lamp

Requirements to the performance accuracy are fairly lax for the zoned plate and the receiving unit
An admussible error of relative position for the zoned plate and the receiving umit mav be calculated
from the following expression

DH:

= == (o)
ik 7~ i

N

where A, and 4. - are the upper and lower borders of vperation bandwidth
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The admissible error of measurement of distance between the zoned plate and the recerving unit may
be calculated trom the expression

A = (73

The admissible displacement of separate parts of the zoned plate along the main optical axis 15

H
A, =201 — {8)
A
Admissible uniform changes of the zoned plate diameter caused for example bv temperature influence
N

Ay =3H (%)

The admussible error of manufacturing of separate zones of the zoned plate is limited by the vajue of
a quarter of the corresponding zone width in accordance to the Ravleigh criternion For the last zone
this value is equal to

A, =2025H {10}

Admissible errors of the zoned plate manufacturing leads to the quite large size ot one diffractive
resolution element in a plane of field lens. Its size is equal to width of the zoned plate last zone. in a
case of usage of ordinary image sensors on the base of CCD-arrav the 1mage of remote objects have
to be reduced during transtormation from the field lens. Each element of the diffraction resoiution
must be projected to a quite large number of sensors. for example for an subarrav of 2#x20 elements
In such case the problem ot diffraction resolution limit mav be overwhelmed

Parameters of the proposed telcscope may be estimated on the basis of calculations and laboratory
research. These parameters tfor two possible schemes of the space-based verv-high resolution
telescope are listed in the Table | A telescope with such parameters mav be developed at the first
stage of the project implementation

Values given fer different tolerances below. have been calculated on the condition that the linear
blurrance of images resuiting from the deviations of one or another of the parameters of the telescope
from the nominal values. would not exceed the size of the diffractive resolution element

The admissible operating spectral bandwidth 1s 38A. it can be easily implemented by an interference
light filter. Using of one light filter will lead to the definition in depth. or admussible unsharpness of
the focus. equal to +1.2 km. 1f a set of accessory light filters 1s implemented to choose an operating
spectral band within the wavelength interval of . 7-G 8§ mkm. then the range of operating distances
between the zoned plate and the receiving unit is equal to 1200+80 km. The value of +80) km can be
regarded as an admissible error of relative position of the zoned piate and the receiving unit

Requirements to the performance accuracy are fairly lax for the zoned plate and the receiving unit

For example admissible random misalignments are equal to =120 m for the fringes of the zoned plate
(relative to one another. in the direction of the opticai axis), admissible variations for the diameter of
the zoned plate are =38 mm. resolution of the optics 1s enough to be 2 plimm for the receiving unit

The most strict requirement is for the correct relative position for the projection of the zoned plate's
fringes to a plane which is perpendicular to the optical axis of the svstem Admissibie error can be a
quarter of a fringe's width

The necessary orientation accuracy of the telescope's umts, 18 characterized by the following
tolerances perpendicular error for the planes of the zoned plate relative to the direction towards the
recerving unit and guidance error tor the recerver pointed at the zoned plate These values are | §
degrees and 34 arcmin correspondinglv These requirements are also quite lax
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Table 1. Parameters of two possible schemes

of the space-based verv-high resolution telescope

Characteristic | Scheme t Scheme 2
Diameter of the zoned plate : 30m 15m
Wavelength ‘ 0 7-0.8 mkm 0 7-0 8 mkm
Diffraction resolution ‘ 0.003 arcsec 001 arcsec
- Width of the outer fringe of the plate 3cm 1. Scm
I;\:umber of the opaque and transparent 250 250
zones
_;)czﬂ fength of the zoned plate i 1200 km 300 km
Focal length of the field lens | Zm 2m
Diameter of the field lens 30 cm 30 cm
Number of the receiving units 20x20 10x10
Number of cells in the CCD-array of the 200x200 200x200
receiver
Admissible variations for the diameter of +30 mm =S mm
the zoned plate
Admissible error of the outer zone position | +7.5 mm =3.75 mm
Resolution of the receiving unit optics ‘ 2 p/mm 2 p/mm

Admussible error for the planes of the plate
relative to the direction towards the
receving umit

Guidance error tor the receiver pointed at
the zoned plate

+1 8 degrees

+34 arcmin

+| 8 degrees

+34 arcmin

As has alreadv been mentiened the focal length of the zoned plate is quite large Thus. the zoned
plate and the receiving unit have to be mounted on different spacecraft These vehicles mav be
satellites of the Earth or of the Sun and may be linked by a rope svstem. There are two possible
variants {Figs 4,5.) to place the units of the telescope in space. In the first variant (Fig.4 ), the zoned
plate and the receiving umt follow each other in the same orbit at a distance equai to the focal length
of the zoned plate. To maintain this distance constant. correction is applied for the displacement in
the orbit. In such scheme the optical axis of the system rotates with the angular orbital speed The
telescope is directed to the remote object of survey depending on the choice of the orbital parameters

and the tume of survey
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Fig.4. The zoned plate and the receiving unit mounted on two separate spacecraft following each
other in the same orbit at a distance of focal length of the zoned plate

According to the second scheme (Fig.5.) the zoned plate and the receiving unit move synchronously
in two similar orbits. In this variant the optical axis of the telescope can be permanently pointed at
one direction. High elliptical orbits are acceptable for survey according to this scheme. The survey is
possible duning the time when spacecraft pass the parallel paris of orbits. Bue to the constant
orientation of the optical axis a longer time of exposure can be provided to survey remote objects
with low brightness. But a certain drift of the optical axis's direction relative to the stars can not be
avoided. This results in a limitation in the time of exposure which is defined by the time for the

optical axis to displace at the size of a resolution element. This value is equal to 0 005 arcsec in our
case.
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Fig.5. The zoned plate and the receiving unit mounted on two separate spacecraft move in two

similar orbits synchronously The distance between spacecraft orbits is equal to focal length of the
zoned plate.

It is possible to increase the time of exposure during survey low brightness objects The following
surveying technique should be used. The law of the optical axis drift is defined before making a
survey using information obtained from the CCB-array of the guidance system on which stars and the
impulsive lamp of the zoned plate are imaged simultanevusly. Based on this data the direction and
velocity of the drift can be forecast for a coming survey. This drift may be compensated during a
survey by the displacement ot the recetving unit or the image receiver in the necessary direction and
with the estimated speed. So, low brightness objects can be imaged
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1t is not necessarv te manufacture continuous transparent and opague fringes for the zoned plate
Transparent gaps may be divided into sectors or sertes of transparent circular holes may by arranged
to form the similar to the classical Sore plate (Fig.#.) if the technology of elastic film or ngid
unfolding frame produce will require it. The only requirement is that the area of each zone must be
caiculated according the expression { 1}

a) AR /a\

Fig.6. Some possible schemes to preduce the zoned plate.

The analvsis of the telescope characteristics. requirements for the performance accuracv of the
telescope’s units, for the stability of its parameters and the accuracy of its orentation show that
creation of the proposed telescope with a lens diameter of 30 m 1s possible. It is a realistic project,
that would provide a new instrument with the unique features fer astronomical explorations. There
are no obvious obstacles preventing the development of a space-based telescope with a zoned plate
ot far larger dimensions
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