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Abstract

In recent years, the largest terrestrial and orbital telescopes operating in a wide spectral range
of wavelengths use the technology of segmented composite elements to form the main mirror.
This approach allows: to expand the spectral operating range from 0.2 to 11.0 um and to increase
the diameter of the entrance pupil of the receiving optical system, while maintaining the optimal value
of the exponent m  — mass per unit area.

Two variants of adjusting the position of mirror segments are considered when forming an aspherical
surface of the second order, with respect to the base surface of the nearest sphere, including geometrical
and opto-technical positioning.

The purpose of the research was to develop an algorithm for solving the problem of geometric positioning
of hexagonal segments of a mirror telescope, constructing an optimal circuit for traversing elements when
aligning to the nearest radius to an aspherical surface, and also to program the output calculation parameters
to verify the adequacy of the results obtained.

Various methods for forming arrays from regular hexagonal segments with equal air gaps between them
are considered. The variant of construction of arrays through concentric rings of an equal step is offered.

A sequential three-step method for distributing mosaic segments is presented when performing
calculations for aligning the aspherical surface: multipath linear; multipath point; block trapezoidal.

In the course of mathematical modeling an algorithm was developed to solve the problem of geometric
positioning of flat hexagonal segments of a mirror telescope. In the Python programming language, program
loops are designed to form the data array necessary to construct a specular reflective surface of a given
aperture. In the software package Zemax, the convergence of optical beams from flat hexagonal elements
to the central region of the aspherical surface is verified.

Keywords: hexagonal, hexagonal segment, geometric and opto-technical positioning, composite mirror,
algorithm, model.
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VK 535.317

AJIFOpI/ITM N MaTeMaTH4YeCKasi MOJA€/Ib recOMECTPHICCKOIO
INO3UITUOHUPOBAHUSA acq)epnqecm)ro COCTABHOTO 3€pKaJia

Konker B.!, Camopano JI.®.>', Aptioxuna H.K.2, ®éxopues P.B.%, Cuine A.P.>!

!HayuonansHwlll yenmp onmuyeckux mexioio2utl,
np-m Jloc Ilpoyepec, cexmop Jla Iledpezoca, kopnyc 4, e. Mepuoa 5101, Benecysna

? Benopycckuil HAYUOHAIbHbILL MEeXHUYECKULL YHUBEPCUmen,
np-m Hezasucumocmu, 65, . Munck 220013, Berapyco

Hocmynuna 23.07.2018
Hpunama k newamu 27.08.2018

B mocnennue roasl KpynHeHIMe Ha3eMHbIE W OpOUTANbHbBIE TEJIECKOIbl, paboTalomue B MHUPOKOM
CIEKTPAIbHOM JIaNa30He JUIMH BOJIH, PU (DOPMUPOBAHWH TIABHOTO 3€pKalia UCTONB3YIOT TEXHOIOTHIO
CEerMEHTHPOBAHHBIX COCTABHBIX DJIEMEHTOB. TaKoi MOAX0/] MO3BOJISIET: PACIIUPUTH CIIEKTPAIIbHBIN padoumii
nuana3oH oT 0,2 mo 11,0 MKM M yBEIMYUTH AWAMETP BXOJHOTO 3padyka MPUEMHOW ONTHYECKOW CHCTEMBI,
[pY COXPAaHECHUH ONTHMAIBLHOTO 3HAYCHHUS MOKa3aTelsl m,— Macca Ha eluHuIly ruiomam. Llens uccneno-
BaHWI 3aKIIt0Yanach B pa3paboTKe alropuTMa JJisl PeHIeHUs 331a9i TeOMETPUUECKOTO MTO3UIIMOHNPOBAHHUS
reKcaroHaJbHbIX CETMEHTOB 3€PKaJIbHOIO TEJIECKOIIa, IOCTPOCHUS! ONTUMAJIBHON CXeMbl «00X0/1a» JIeMEH-
TOB MIPU FOCTUPOBKE Ha OJIMKAUIINK painyc K acepruuecKoil IIOBEPXHOCTH, a TAKXKe POrpaMMHOI anpoba-
LMY BBIXOJHBIX PACUETHBIX NAPAMETPOB C LIEIIBIO IPOBEPKU aICKBATHOCTH ITOIYUYEHHBIX PE3YJIbTATOB.

PaccmoTpeHs! 1Ba BapraHTa FOCTUPOBKH MOJIOKEHUS 3ePKATbHBIX CErMEHTOB Ipu hopMupoBanuu acde-
pHUYECKOl MOBEPXHOCTH BTOPOTO TOPSI/IKA, OTHOCHUTENIBHO 6a30BOH MOBEPXHOCTH ONMKaiiieit cepbl, BKITIO-
YaIOLUE T€OMETPUUECKOE U ONITOTEXHUUYECKOE O3ULIMOHUPOBAHUE.

PaccmoTpeHbl pa3nudHbie METOANKNA (OPMHUPOBAHKS MAaCCHBOB M3 PETYJSIPHBIX MIECTHYTOJILHBIX CET-
MEHTOB C PaBHBIMU BO3JYIIHBIMM IIPOMEKYTKaMU MEKy HUMU. [IpeayioxkeH BapuaHT OCTPOEHUSI MACCH-
BOB 4€pE3 KOHIEHTPUUYECKHUE KOJIbLA PABHOIO IIIara.

IIpencraBneHa mocienoBaTeNbHAs TPEXCTyNEHYATas: METOAUKA PACIPENEICHNAS CErMEHTOB MO3aHKU
MIPY BBITIOJTHEHUH PAcueTOB 0 IOCTHPOBKE acepruyeckol MOBEPXHOCTH: MHOTOJIy4€eBast IMHEHAs; MHOTO-
JydeBasi TOUCUHas; OJIOYHAs Tparenen1abHasl.

B xone mpoBeseHUs MaTeMaTU4ECKOro MOJICIMPOBAHUS pa3pabOTaH aaroOpuTM Ul pELIeHus 3aja-
YU F€OMETPUYECKOTO MO3UIMOHUPOBAHUS IJIOCKUX I'€KCArOHAJIBHBIX CETMEHTOB 3€PKaJIbHOIO TEJIECKOIA.
Ha s13p1ke mporpamMmMupoBanust Python cOCTaBJIEHBI MUKIIBI IPOTPaAMMBI 1711 (OPMHUPOBAHHUS MaccHBa JlaH-
HBIX HEOOXOIMMBIX JIJIsl TOCTPOSHUS 3epKaJIbHON OTpakarolleil MOBEpXHOCTH 3aJaHHOM anepTypsl. B mpo-
IPAMMHOM IIAKETE Zemax BBIIOJHEHA ITPOBEPKA CXOAUMOCTH ONTHYECKUX JIy4eH OT IJIOCKUX MeKCaroHalb-
HBIX JIEMEHTOB B [IEHTPAJIbHYIO 001acTh achepryeckoil MOBEpXHOCTH.

KimoueBble ciioBa: FeKC&FOHaHLHBIﬁ, H_ICCTI/IyI‘OJ'IBHHﬁ CCTMCHT, I'€COMCTPUYCCKOC U OINTOTCXHHUYCCKOC
MO3UIIUOHUPOBAHUEC, COCTABHOC 3€PKAJIO, AJITOPUTM, MOJCIIb.
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Introduction

In recent years, the largest terrestrial telescopes
operating in a wide spectral range of wavelengths
use the technology of segmented composite mirrors
[1-4]. A typical representative of this class is
the Keck Observatory of two telescopes (Keck
Telescope) Mauna Kea, Hawaii (1996), in which two
10 meter mirrors consist of 36 segments.

The most well-known method of aligning
segmented mirrors is described in the works of
Mast and Nelson [5] and found practical application
in the alignment of Keck telescopes. According to
this method, each individual segment is described
as a local curve of an aspherical surface, and all
together they form a common curve of the aspherical
surface. Segments have different geometric dimen-
sions and a distorted hexagonal shape, i. e. elongate
in the radial direction to ensure minimization
of the intersegment gap area.

Geometric

positioning Current

coordinates of

O the vertex O11

The exact mutual position of the mirror seg-
ments relative to the base surface is established
in two steps [6].

The first stage involves geometrical positioning,
during which the plane segments are displaced
along three linear directions (along the coordinate
axes OX, OY and OZ in the base coordinate system)
and the maximum reduction of all optical rays in the
central region close to the center of the curvature
of the mirror is achieved.

The second stage of opto-technical positioning
is carried out in three angular directions with
respect to the top of the mirror segment (two
slopes with respect to the optical axis and rotation
around it) and minimization of the wave front
difference (aberrations) at the working wavelength
of the telescope (Figure 1). The error in positioning
and relative positioning of individual segments
should not exceed the dimensions of the working
wavelength [7].

Optical positioning

A\ Z

The normal vector
Rneares!

The nearest sphere
(the surface of comparison) P

The tangent plane of

e
'
P
. -~
the mirror segment \// ~

_ Ooo

—

-
-

] -

y <

-"\/ Actuator (piezodrive)
% m Supporting base surface

Figure 1 — Diagram of geometric and opto-technical positioning of mirror segments

The comparison method involves the process
of positioning each individual mirror segment
relative to a common reference surface by means
of actuators (eg piezo drives).

The correct geometrical positioning of the mir-
ror segment is performed under the condition that
the normal vectors constructed from the center
of the flat surface of each segment must intersect
at one calculated point on the axis OZ coinciding with
the center of curvature of the base spherical surface.
The tangent plane in space is determined by three
Cartesian or spherical coordinates (Figure 1) [8].

However, in practice it is impossible to realize
completely identical mirror segments, and their
normals do not converge at the point of the double

focal length of the mirror spheroid, but in some region
of this point. The optimization problem usually
reduces to minimizing this region of convergence,
as well as to reducing the difference between the
real and calculated wavefronts, both for the entire
composite mirror, and for each segment separately [9].

In [6], the efficiency of using the method of
geometric computer positioning of 20 controllable
hexagonal mirror segments forming a 500 mm
composite mirror for 1 hour with an error of not
more than 0.01 mm is shown in [6]. In the classical
scheme of alignment of similar elements using an
autocollimator, it takes about 20 hours. It should be
noted that the complexity of the alignment increases
exponentially, so it took 1 year to set up a composite
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telescope mirror Gran Telescopio CANARIAS with
a diameter of 10.4 m (73 m?).

The purpose of the research was to develop
an algorithm for solving the problem of geometric
positioning of hexagonal segments of a mirror
telescope, constructing an optimal circuit for traver-
sing elements when aligning to the nearest radius to
an aspherical surface, and also to program the output
calculation parameters to verify the adequacy of the
results obtained.

Determining the geometric parameters
of segments

When developing an imitative mathematical
model of a mirror and facilitating the task of its
subsequent calculation, a number of constructive
assumptions and evaluation criteria are introduced.

In particular, we will assume that the segments
and intersegment intervals of the mirror are located
at equal and regular intervals over the entire
composite surface area.

1) Tangent plane and position of segments.

The surface of each segment is determined by
its curvature and the normal to it. For this reason,
the position of one segment in space is equivalent
to the position of the tangent plane constructed with
respect to the center of symmetry of this segment
in the chosen coordinate system. The tangent plane
in space is given by three coordinates in a Cartesian
or spherical coordinate system. The geometric position
of each mirror segment is described along three linear
directions in the Cartesian coordinate system.

2) Regular hexagon as a segment pattern.

Figure 2 shows a regular hexagon with six
symmetries of reflection (symmetry of six lines)
and six rotational symmetries (rotational symmetry
of the sixth order). In general, the hexagon is the
tallest regular polygon that allows regular segment
mosaics to be performed.

Figure 2 — Symmetry variants of a regular hexagon:
a —reflex; b — rotational

Segmented mirrors with regular hexagons
can significantly reduce the cost of manufacturing.
The hexagonal shape of the segments has significant
advantages from the technological point of view, since
it facilitates the process of grinding and polishing
the reflecting working surface of the mirror.
In addition, when mounting segments on supports,
convenient placement of actuators and sensors
at the edge points is provided for their subsequent
positioning and optimal position control [10].

3) The projection of segments and the coordinate
system OXYZ.

The segmented mirror is described in such
a way that when projecting onto the XOY plane,
the individual segments are a circular array of regular
and evenly spaced hexagons relative to the main
optical axis collinear with the geometric axis OZ[11].

In the plane of the optical axis, two parameters
determine the geometry of the projection of seg-
ments: the length of the side of the segment and
the intersegment gap. The length of the side of the
segment is determined by the distance between two
adjacent vertices of the projected segment, while
the intersegment gap is determined by the distance
between the two sides of the adjacent projected
segments.

4) Intersegment gaps and constraints imposed.

Intersegment gaps allow avoiding contact
between adjacent segments and are assigned taking
into account processing tolerances, in addition they
allow compensation of gravitational and thermal
deformations of the mirror cell [12]. The geometric
size of the gap should be as small and uniform
as possible across the entire width [13].

5) Segmentation approach.

In order to minimize the distortion of segments
caused by the curvature of the aspherical mirror
surface, two possible approaches to segmentation
are proposed:

a) Consider the case of a mosaic with regular
hexagons and equal gaps across the surface.
According to Dan Curley's method [11], we make
the assumption that all segments are identical
flat hexagons, with the best relative position
relative to the common aspherical surface. In the
first approximation on a flat surface we create an
array of identical regular hexagons separated by
homogeneous gaps.

b) An alternative technique was proposed by
Mast and Nelson for the TMT (Thirteen-meter
telescope) [13], according to which hexagonal
segments are not separated by spaces. An array
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of regular hexagonal segments of the same size
forms a local surface curve and is placed in the XOY
plane.

In this paper, the development of the algorithm
for the geometric positioning of segmented mirrors
was performed for the first segmentation version
with divided air gaps.

6) Concentric rings.

Taking as a basis the symmetry of a regular
hexagon, the configuration of each segment is per-
formed through concentric rings from a central
hexagon located on the entire surface (Figure 3).
The simplest case is a segmented mirror of six
hexagonal mirrors attached to the central hexagon.
However, in the case of a large segmented mirror,
it is necessary to add n concentric rings (i, ... i ).

R nearest

Figure 3 — Concentric rings of a hexagon in the XOY plane

The radius of the first ring R, is defined as the
distance L, between the centers of the first hexagon
and its adjacent hexagon, according to the following
formula:

R, =~34+GAP.

The length of the side of the hexagon as a fun-
ction of apophema (apothem) is determined from
the expression:

2B,

A
3
Then
R =2B+ GAP,

where 4 and B are, respectively, the length of the
side and the height of the hexagon; GAP is the
air gap between two adjacent hexagons; R

the nearest radius to the aspherical surface. The
angle ¢ is bounded by a ray from the origin of
coordinates to the center of each segment and the
OX axis in the plane XOY. The angle ¢ for the main
diagonals for the first and second mosaic is ¢ = 30°,
90°, 150°, 210°, 270° and 330°. We use the index

J, to denote the basic diagonals of the arrangement.
Ontheotherhand, theisindexrepresentseachring from
the center to the last.

Thus, the radius of any subsequent ring » can be
described by the following expression:

R =i (2B+ GAP).

Figure 4 shows circles r, and a circle of radius
r. of a hexagon, as well as diagonals. The radii are
represented by the following formulas:

r.=A,
7. =£A or 7 =£r6.
2 2
The diagonals are represented by the following
formulas:

d =24ord = 2r;

d =\3dord = 2r.

Figure 4 — Radii and diagonals of the hexagon

The longest diagonal d of a regular hexagon,
connecting diametrically opposite vertices, is twice
as long as one side. The short diagonal d, is the line
between the two vertices.

Equations for positioning a segmented
mirror with an aspherical surface

The operation of the algorithm is reduced
tocheckingthe condition for ensuring the convergence
of the current (actual) values of the center position
of'each segment of the mirror and its calculated values
for the occurrence within the specified tolerance
(A, AL A).

The trajectory of the «circumvention» of
segments in the calculation is carried out according
to the following schemes, shown in Figure 5 —
three basic versions of the mosaic are shown with
the distribution of segments over the surface of the
mirror, taken into account in the calculation.
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Figure 5 — Sequence distribution of segments of the
mosaic when performing calculations for alignment of
the aspheric surface: blue — multi-beam linear; yellow —
multi-point; red — block trapezoidal

Taking into account the above considerations,
the three general equations determine the geometry
of the mosaics from the segmented mirrors, as descri-
bed below.

The first multi-beam linear mosaic from
segments

To calculate the coordinates of the mosaic
segments from the first ring and the main (long)
diagonalsj, ... j,, we use the following equations:

X= lm (m=1...n) Llcos ((p)’
Y=i

m (m=1...n) LlSir1 ((P)’
7= (X+Y)/(2R

nearest) >

where i — current value of the segment in the ray j .

The second multi-beam point mosaic from
segments

To calculate the coordinates of the point diago-
nal mosaic segments shifted by 30 degrees relative
to the first multipath circuit, we use the following
equations:
X=i

m(m=l...n)

V3L, sin(p);
Y= l‘m(mzlmn) \/ng cos(¢);

7= (X+1)/(2R

For the two mosaic variants considered above,
the calculation of the current values of coordinates in
the cycle occurs until the following conditions are met:

T+A<R

nearest) .

nearest’

where R —radius of curvature of the nearest
sphere to a parabolic surface; 7,—the distance,
determining the central position of the current

hexagonal segment, is determined by the formula:
T=VX*+Y".

Third block trapezoidal mosaic made of segments
To mosaic the remaining segments, we use the
following equations:

X =kl ?L] cos(¢) — 7, sin(@);

Y=k %Ll sin(¢p) — 7, cos(9);
T, =@G+15)L;

Z=(X+Y»)/(2R
where k—the index, that transfers the negative
current value of the X and Y coordinates to a positive
value; i=1...S+ 4 —range of calculated values
of the current position of the segment; /=1...5—
the current value of the segment in the trapezoidal
block. The angle ¢ is set from the middle of the
trapezoidal block within 0°...360° in 60°.

To implement the third mosaic, the following
conditions must be met:

—-1<k<1; 1<i<S+4;

1<I<S; T<R

n earesl) >

nearest dpram m) :

where d —is the average value between longer
and shorter diagonals.

The parameters entering into the expression are
determined by the formulas:

S=R /L.

nearest ~ |

Simulation of a segmented aspherical mirror

Figure 6 shows a block diagram of the algo-
rithm of the program module for forming a mirror
working surface of a circular array of segmented
hexagonal elements along the nearest sphere of the
comparison surface.

The numerical values of the parameters used
to simulate the composite segmented mirror are
presented in Table.

Table
Design parameters of an aspherical composite
mirror

The form Hexagonal
Deformation value o -1
Radus ofeurvaureof b 9000 mm
Number of segments n 85 pieces
Intersegment gap GAP 10 mm
Length of a segment 4 500 mm
Apothem B 433 mm
Mirror diameter D 9000 mm
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Figure 6 — Flowchart algorithm for geometric positioning of segmented mirrors

Starting with the mathematical model, alist with the positions of each segment in the OXYZ
the computer algorithm was developed in the Python  coordinate system. We used the resulting file in the
programming language for geometric positioning Zemax RFP to simulate a composite mirror. Figure 7a
of segments. Using the algorithm, we got one of the = shows the results of simulation of a segmented mirror
types of files with the «*.uday extension, which shows  with a parabolic surface in the Zemax RFP.
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Figure 7 — Simulation modeling of a composite parabolic
mirror: a — is the main projection; b — the spatial position
of the segments in the correction of the wave front

Zemax allows you to simulate a mirror with
an adaptive optical system in both sequential / mixed
mode and in a purely non-sequential mode with the
optimal position of the sloping segments to minimize
aberrations. For the analysis, we introduce random
aberrations on the input wavefront representing
atmospheric effects, and optimize the slopes and
z-positions of the segments to minimize aberrations
in the image plane (Figure 7b).

Conclusion

Formulas for describing the coordinates of the
centers of hexagonal segments are presented and
boundary conditions are defined. A variant of a
sequential «bypass» of segments of a mosaic of an
array of elements is presented: multibeam linear;
multi-point and block trapezoidal. An algorithm

is developed to solve the problem of geometric
positioning of flat hexagonal segments of a mirror
telescope, which provides a minimum alignment
time for the aspherical surface.

In the Python programming language, program
loops are designed to form the data array necessary
to construct a specular reflective surface of a given
aperture. The work of the developed algorithm
of geometrical positioning is checked. A circular array
of 85 hexagonal elements is formed, equivalent
to the diameter of a mirror with an aperture
of 9000 mm.

In the software package Zemax, the convergence
of optical beams from flat hexagonal segments
to the central region of the aspherical surface is verified.
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