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Abstract

The searching and designing new solutions for mirror systems, including afocal ones, has been studied
for decades. In the design, it has always been difficult to combine optimization and cost. Nowadays,
the problem remains relevant. The widespread use of mirror systems is due to some aspects: thermal stability,
high resolution in a wide spectral range, and the absence of image defects due to chromatic aberrations.
All this provides superior performance compared to lens systems. The purpose of this paper is the design
of two compact afocal mirror systems with small axial dimensions.

Schemes of afocal three mirror systems with small axial dimensions are presented. The schemes can also
be called compacts. A study was made of systems in which the diameter of the aperture diaphragm in the
primary mirror is modified, which leads to a more compact system.

A calculation algorithm of new the systems is proposed, with correction of the image curvature.
A summary of formulas of the main parameters of the system is given, and various design solutions are
calculated for angular field of view 2w = 20" and diameter of the entrance pupil D = 35 and D = 70 mm.

Computer simulations were performed in the Opal, Zemax, and Code V software. The designed systems
have good correction of aberrations for the given characteristics: in the spot diagrams, the values of the RMS
scatter spot do not exceed 1,35 um; GEO radius (distance from the reference point) — 0.105 um; together with
Airy disk sizes of about 9.16 pm, indicating that the images are close to diffraction.

The calculated systems can be successfully applied as part of a more complex system, as well as in
systems with a synthesized aperture.
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A¢okanbHble 3¢pKAJbHbIC CUCTEMbI ¢ MAJIBIMH
O0CeBbIMH radapuraMu

H.K Aprioxuna', JI. Ilepoca'?
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np-m Hezasucumocmu, 65, . Munck 220013, Berapyco

? Hayuonansuwlii yenmp onmuyeckux mexnono2ut,
np-m Jloc Ipoyepec, cexkmop Jla Iledpezoca, xopnyc 4, 2. Mepuoa 5101, Benecysna

Tlocmynuna 03.12.2019
Tpunama k nevamu 04.02.2020

B Hacrosimue Bpemst mpobiiemMa NoucKa v POeKTUPOBAHMSI HOBBIX CXEMHBIX PELICHUH 3epKalbHBIX CH-
cTeM, BKJItOYast aoKajbHbIe, OCTaeTcs akTyanbHoU. Lllnpokoe npuMeHeHHe 3epKaJbHbIX CUCTEM B acTpO-
HOMUH, CHEKTPAJIbHBIX MPUOOPaX, Ja3epHOM 000pYIOBAHUHN U APYTHX NPHIOKEHUAX 0OYCIOBICHO HEKO-
TOPBIMH X JOCTOMHCTBAMH: BBICOKMM pa3pelICHUEM B IIMPOKOM CIIEKTPAIBLHOM JIHana3oHe, OTCyTCTBUEM
neeKToB N300paKeHNs, BO3HUKAIOLIMX H3-3a XPOMAaTHYECKUX a0eppauuii U OrpaHUYCHHUH 10 aneprype,
CBSI3aHHBIX C pa3MepaMH 3arO0TOBOK, BBIMTPBILI 110 Becy. Llenbio 1aHHOHM paboThl SABISUIOCH CO3aHUE KOM-
MaKTHBIX aQOKAIbHBIX 36PKAIBHBIX CUCTEM C MAJIbIMU OCEBBIMH I'a0apUTaMu.

[IpencraBiensl cXxeMbl KOHCTPYKUMH ahOKaIbHBIX 3€PKaJbHBIX CUCTEM U3 TPeX MapaboInYecKuX 3ep-
KaJ ¢ MaJIbIMU OceBbIMU Tabaputamu. [IpoBeseHo nccnenoBanne agoKaabHBIX CUCTEM, B KOTOPBIX OTHOCH-
TEJIbHOE OTBEPCTHE NEPBUYHOTO 3epKaila, ONpeessiolee JuaMeTp alepTypHoi quadparmsl, ONTUMU3UPO-
BAHO C LIEJIBIO CO3aHMs 60Jiee KOMIAKTHOM CUCTEMBI.

[IpeiokeH anropuTM NapaMeTpU4ecKoro paciera HOBbIX KOMIIO3UIMI C KOPPEKLMEH KPUBU3HBI H30-
Opaxenus. Jlana cBoznka (OpMysl OCHOBHBIX KOHCTPYKTHBHBIX IapaMeTPOB CHUCTEMBI, M pacCUMTaHbl pa3-
JIMYHBIC BAPHAHTHI KOHCTPYKTUBHOTO PEILEHUS [UIsl YIIJIOBOTrO N0 3peHus 20 = 20°, 1uaMeTpoB BXOIHOTO
3pauka D =35 MM u D =70 mm.

[IpoBeneHO ynCIIEHHOE MOETHUPOBaHKE B IporpaMMHbIX cpeaax Opal, Zemax u Code V. Pa3zpaboraH-
HBIE CUCTEMbI HIMEIOT XOPOIINE KOPPEKLIMOHHbBIE BO3MOXHOCTH JIJIsl 3aJaHHBIX ONTHYECKUX XapaKTePUCTHUK:
B lMarpaMmax BOJIHOBOT'O (DPOHTA 3HAYCHHUS BEJIMUUH PaIUaIbHOrO pa3Mepa MsTHA PACCESHUS HE IIPEBbILIa-
1ot 1,35 MrMm; pannyc GEO (Benmn4mnHa pacCTOSHUS OT OMOpHOH Toukn) — 0,105 MKM; BMecTe co 3HAUSHUSIMH
pasmepa aucka Dipu okoso 9,16 MKM, KapTa BOJHOBOIO ()pPOHTA HA IIOCKOCTU M300paKeHHsI MTOKa3bIBa-
eT uHpopManMo 0 cpeaHEeKBaapaTHUHON omunOke. Bee 3T0 ykasbiBaeT Ha TO, YTO M300pa)KeHUs! OJIM3KU
K IM(PaKIIMOHHBIM.

PaccunTanHble CHCTEMBI MOTYT OBITh YCIICIIIHO IPUMEHEHBI B COCTABHBIX 3€PKAJIbHBIX CUCTEMaX B Kaue-
CTBE HACAAOK K PETUCTPUPYIOLINM OOBEKTHUBAM, pa0OTAIOIINM B Pa3JIMUHBIX 00JIACTSX CHEKTpa (0COOEHHO
B UK nuamasone), a Takke B CUCTeMax ¢ CHHTE3HMPOBAHHOH arepTypoi.

KimoueBble ci1ioBa: 3CPKaJIbHBIC CUCTEMEI, a(l)OKa.]'H:HBIC CHUCTEMBI, KOMIIAKTHBIC CUCTCMBI, pacqéT OIITHUYCCKHUX
CXEM, Ka4€CTBO I/I306pa)KCHI/I$I.
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Introduction

The searching and designing new solutions
for mirror systems, including afocal ones, has
been studied for decades. In the design, it has
always been difficult to combine optimization and
cost. Nowadays, the problem remains relevant.
The widespread use of mirror systems [1] (in
astronomy, spectral instruments, laser equipment, and
other applications) is due to some aspects of mirror
systems: thermal stability, high resolution in a wide
spectral range, and the absence of image defects due
to chromatic aberrations. All this provides superior
performance compared to lens systems.

To this day, some ways to solve the problem
of optimizing mirror telescopic systems continue
to improve. One of the ways used for optimization is
the study of compact mirror systems [2]. In general,
device compacting is becoming an increasingly
frequent requirement for many applications, both in
imaging and non-imaging optics [3]. "Compacting"
in this case means a reduction in the amount of space
between the inlet and the outlet without reducing
the optical characteristics. The advantages of
compact systems include: small axial length,
weight reduction, increased portability of devices,
profitability of materials.

In addition, the increase in the path traveled by
light, which is created in a compact system, in some
cases, is one of the most effective ways to increase
the sensitivity of devices, which is interesting
for such fields of technology as spectroscopy [4].
Recently, to solve special problems, compositions of
telescopic mirror systems have been found, that have
the potential to become much more compact.

In this new field of research, afocal systems, also
called telescopes, can be widely used in designing
schemes. This is because afocal systems are used,
not only independently (together with the eye
of the observer), but also as part of a more complex
system (as an adapter piece), which is beneficial for
creating their modules in more compact versions.
In many cases, laser optics requires the use of optical
systems that operate between endless configurations.
Such systems, commonly called beam expanders,
are actually telescopes. They are used to control the
energy of laser beams, correct beam divergence,
study beam propagation, and also to reduce the
field of view and expand the magnification in FLIR
systems [5]. In geodetic instruments for photo-
registration systems of distant objects, mirror-lens
afocal devices are often successfully used [6].

The purpose of this paper is the design
of compact afocal mirror systems with multiple
reflections from the primary mirror, where the quart-
parabolic Mersenne systems of three mirrors serve
as the basic modules of these compositions.

Analysis of compaction methods

In the literature [7-9], we can found several
methods to achieve a best compactness of optical
systems. In [7], a two-mirror compact system is
presented, where the primary mirror has a spherical
shape, and a secondary mirror is placed in its paraxial
focus, while the distance between the mirrors is equal
to half the radius of the primary; spherical aberration
is completely eliminated. Note that compactness in
such work owes its name to a specific arrangement
of its mirrors due to its displacement, which changes
the length of the system.

Also, [8] presents a new compact optical
system, which can be described as a modified
Gregory system. The compact telescope is created
from a standard Gregorian system by flipping the
secondary mirror over a folding mirror installed
approximately in the middle of the optical path
between primary and secondary mirrors. In this
manner, the primary mirror is constructed with
concentric "double curved" geometry, and a
central obscuring folding mirror which matches
the diameter of the smaller curve of the primary
is mounted a short distance in front. This "double
curved" geometry is easily produced using diamond
turning technology, and the result is a compact
telescope approximately 1/2 the length of a regular
Gregorian telescope and roughly 2/3 the length of a
Cassegrain telescope.

In [9], it is noted, that one of the ways to
achieve compactness is by dividing a systems into
multiple channels with smaller apertures. This
allows you to increase the field of view using the
same focal length. This allows for bigger field of
view using the same focal length. It can also be
effective in improving the system performance,
since each channel can be designed separately.
This method is based on multichannel optical
systems that exist in nature. They are known as
insect eyes. Each eye consists of a large number of
small visual systems called ommatidia. Based on
these studies, they offer new solutions for compact
multi-channel optical systems for use in imaging
and non-imaging optics.
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Description and calculation of afocal mirror
systems with small axial dimensions

The object of this study is the compact design
of afocal mirror systems with multiple reflections
from the primary mirror, shown in Figure 1. The
basic modules of these compositions are the quarter-
parabolic Mersenne systems of three mirrors.

These afocal systems allow the possibility of

eliminating spherical aberration, coma, astigmatism
and even image curvature.

In such a scheme of three mirrors, two

constructive solutions are possible — when the first of
the Mersenne systems is a keplerian type system, and
when the first of the systems is a galilean type system.

In Figure 1a keplerian type diagram is presented.
The first and third mirrors have equal radii of
curvature of the surfaces.

Figure 1 — Afocal mirror systems with small axial dimensions: a — keplerian type system; b — galilean type system

Graphic calculation of the primary parabolic mirror

One of the optimized parameters of the mirror
telescopic system is their overall dimensions.

In these schemes, the compacting system is
guaranteed by the pronounced shape of the primary
mirror and a certain relationship of diameter and
axial dimensions, the mirror has a high relative
aperture.

To evaluate the values of the longitudinal
dimensions, itis advisable to establish the compaction
coefficient equal to the relationship between the axial
length of the system L and the diameter of the first
mirror D:

K, =—, (1)

where L is the length of the system; D, is the diameter
of the first mirror (entrance pupil).

The geometric shape of the meridional curve
of the primary mirror is determined by a parabola,
the property of which is equivalent to the analytical
definition of the given equation, the first coefficient

of which is determined by the vertex radius of the
surface:

y2 =2rx.
Diameter of the primary mirror (Figure 2):

D =2r,.

Parabolic
mirror

Figure 2 — Graphic calculation of the primary parabolic
mirror of the afocal system
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We have a coordinate relationship:

x=if'=”1/2» @)
2
v =r’DI/f'=4.

Determine the relative aperture of the primary
mirror:

y=rD/f'=1:0.25,

where r, — is the radius of the primary parabolic
mirror of Kepler type systems; f’ — is the distance
from the top of the mirror to the focus F; D — is the
diameter of the mirror.

Algorithm calculation

The surface of the mirrors (Figure 1) shows
the course of the first ray with parameters og and /4
going through the system (S is the surface number).

We compose the calculation algorithm. When
calculating, we use standard notation, taking into
account the rule of signs:

angles og and heights /g of the first ray,

refractive indices ng, in front of the S-th surface,

axial distances dj.

We define the normalization conditions and
calculate the necessary parametric characteristics for
a given value of visible magnification I'.

Moreover, we have n, = ny =
=ne=-1.

1. The angles and heights of the first ray for a
given visible magnification I':

Ns =N, UMy =Ny =

o, =0, =05=0,=0; =1
hl

o,=—=-1; hy=h—o,d
1

35

h

hy = hy; 0‘4:_3,:_}’3:_}’2; 3)
1
h,
h4 :hS; (U9 :71,:_}14;

1
hy =53 g =hs = 0lgds.

2. Axial distances:

d=1—ph: d =t 4 L
! e 4)
3. The curvature radii of the surfaces:
h 2h
n :_:_2; T, :_2:_2}[2; r3 :—2:—2;
o, o, o,
2h 2 5
Ty =—4; g =2 1, =——. )
o, h,I"

The algorithm for calculating the compact
afocal mirror system of the galilean type, shown
in Figure 15, is compiled similarly.

Modeling and discussion of results

We calculate a,, for a given visible
magnification I. Substituting a,, we determine the
height %, and obtain parametric characteristics in
relative values.

rn=-2,r, =086, r, =-2;
0.86 2 2
r, =086, r. =-2; r, =
4 5 5 0.186 ©
1
—d =d,=—d,=d, =1,43; d. =—— 1.
1 2 3 4 5 0186

Next, we carry out an anastigmatic correction in
the field of aberrations of the 3rd order. As a result,
deformations of mirror surfaces oy are obtained.
They are defined by the squared eccentricity
of the second-order meridional curves of the mirror
surfaces. For parabolic shape of mirrors:

6, =0,=03=0,= O5= G = —1. )

The compact afocal systems of the kepler and
galilean type were calculated according to formulas
(5) for the following real values: N = 0.25; angular
field of view 2w = 20", entrance pupil diameter
D =35 mm and 70 mm, respectively. Design data of
the calculated systems of type I and II for the values
of the visible magnification I' = -47" and I = 27" are
given in Table 1.

Table 1

Results for a visible magnifications I' = -47* and I" = 27" (dimensions in mm)

Type of scheme r " 7, 7y 7y

Ts s d, d, dy dy ds

-47* -35 15 -35 15
27 -90 -30 -90 -30

Kepler type
Galilean type

-35 -4 -25 25 -25 25 15
-90 30 -30 30 -30 30 -60
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Computer modeling was carried out in software
environments for the construction of afocal systems.
The aberrations obtained in the software Opal are

given in Table 2 (Z°,—Z’; — astigmatism; Z’,, Z' — presented in Figure 3.

meridional and sagittal curvature of the image
AY’ % — relative distortion). The results of computer
simulation performed in Zemax and Code V are

Table 2

Aberrational characteristics (calculation in the Opal software)

AY’ % Z, -7 z, Z,
I'=-47* Kepler type

1.0926 0.001 1.3105 1.3095

Galilean

r=27" pe

0.1542 0.0024 0.0024 0.0000

AL

Figure 3 — Computer simulation of compact designs of afocal mirror systems: a — kepler-type system; b — galilean type

system. 1 — computer schemes; 2 — spot diagrams; 3 — transverse aberration graphs; 4 — wavefront maps (calculation in
the software zemax); 5 — computer schemes (calculation in the software Code V)

20
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The system has good correction capabilities
for specified optical characteristics: in the spot
diagrams, the values of the radial size of the RMS
scatter spot do not exceed 1.35 pm; GEO radius
(distance from the reference point) — 0.105 pum;
together with Airy disk sizes of about 9.16 pm,
indicating that the images are close to diffraction.
A wavefront map on the image plane shows
aberration correction information. In this case, the
wavefront error RMS is in the order of 0.012 waves.
This indicates that wave aberrations (OPDs) are
small for arrays passing through the center of the
aperture. The systems can be used as part of a
more complex system operating in various fields
of the spectrum. In addition, they can be used in
optical systems with a synthesized aperture [10],
and when misaligning the studied afocal systems,
telephoto objective with high image quality can be
obtained.

Conclusion

A technique is given for calculating compact
afocal schemes in which the first and third mirrors
have equal radius of curvature of the surfaces. The
compacting of the schemes is ensured by the primary
mirror having a high relative aperture.

An algorithm for parametric calculation is
proposed. Modified normalization conditions are
introduced into the calculation algorithm. The
calculation was performed for the angular field of
view 20 = 20, the diameter of the entrance pupil
D =35 and 70 mm.

Computer simulation was performed in the
Opal, Zemax and Code V software environments.
It was established, that the system has good
aberration correction for specified optical
characteristics.

The systems can be used as part of a more
complex system operating in various fields of the
spectrum. In addition, they can be used in optical
systems with a synthesized aperture, and when
misaligning the studied afocal systems, telephoto
objective with high image quality can be obtained.
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