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B AO J130C y>xe MHOro neT A5 KOHTpoNs
NnoBepxHOCTEN KPpYNHOrabapuTHbIX ONTUYECKUX
AeTanied acTpPOHOMUYECKOro U KOCMUYeckoro
HasHa4yeHus UCNosb3yloTca AMPpPaKLLMOHHbIE
onTuyeckue anemMeHTbl (103) nan Computer
Generated Holograms (CGH). C ux noMouybto
BbINOJIHAETCSA KOHTPO/1b pOopMbl achepuryecknx
NnoBepxXHOCTEN, KOHTPOJIb GOPMbl BHEOCEBbIX
acdepuyecknx noBepxHocTen ¢ pUKCUpoBaHMUEM
BHeOCEeBbIX NapaMeTpOB U OpUeHTaL KU

3epKaJ, KOHTPOJ1b MOJIOXEHUS BEPLUNHDI
acdepuyeckon NOBepXHOCTU OTHOCUTENIbHO
reomMeTpuyecKkoro LeHTpa sepkana, yyer
AncTopcum B usobpaxxeHnn uHTepdpeporpamm,
KOHTPOJ1b B3aUMHOI IOCTUPOBKMW 3epKar

B CXeMax KOHTpoasa U T. 4. Takum obpasom, 03
CTa/ I HEOTHEMJIEMOM HYaCTbiO COBPEMEHHOI O
KOHTpoNa achepuyeckmx NoBepxHOCTEN
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LZOS JSC has been using the diffractive optical
elements (DOE) or computer-generated
holograms (CGH) for many years to test the
surfaces of large-sized optical mirrors for
astronomical and space purposes. They are used
for aspherical surface shape testing, control of
the shape of extra-axial aspherical surfaces with
registration of extra-axial mirror parameters
and orientation, testing of the aspherical
surface vertex position relative to the mirror
geometric center, distortion consideration in
the interferogram images, mutual adjustment
of mirrors in the testing schemes, etc. Thus, the
CGHs have become an integral part of the up-to-
date testing of aspherical surfaces of the large-
sized optical mirrors and optical systems.
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KanHOFasapMTHbIX onTn4yeckux sepkan
N ONTUYEeCKnX cucTem.

KntoueBble c/10Ba: KOHTPO/Ib achepruyeckmnx
MOBEPXHOCTEN, KpYMHOrabapuUTHbLIe ONTUYECKME
CUCTEeMbI, CUHTE3UPOBaHHbIE AUDPAKLNOHHbIE
peweTKu, AMCTOpCMSa Npyu GopMoo6pa3oBaHNM

CTaTbg nonyyeHa: 05.04.2022
CTaTbs npuHaTa: 04.05.2022

[I03BOJISIIOT  pellaTh IpobieMbl, KOTOpbIE

eme 10-15 seT Ha3ad KasaluUCh Hemocsarae-
MBIMH. BO MHOIOM 3TO CBS3aHO C Pa3BHUTHEM KOM-
IbIOTEPHBIX TEXHOJOTHMH IIpHeMa U IepefadH
HUHQOPMALlMHU, COBepPLIeHCTBOBAHHEM YCTPOMCTB
Ha II3C-mpueMHHKAX, CO3JaHHEM JIa3epPHBIX
M3MEPHUTE/NIbHBIX CHUCTeM M IOSBJIeHHEeM YHHKaIb-
HBIX TeXHOJOTHH KOHTPO/Is GOpPMBI IIOBEPXHOCTH
C MCII0JIb30BAHHMEM KOPPEKTOPOB BOJIHOBOTO QPOHTA -~
IUGPAaKIIMOHHBIX ONTHYECKUX JTeMeHToB (O3 unu
CCH - Computer-Cenerated Holograms) [1-6], a Takke
yCIOKHEHHEeM OINTHYeCKUMX 3JIeMeHTOB, BK/IIOYas
BBICOKOAIEPTYpHble BHEOCEBbIE 3epKajia, KOHTPOJb
1 dopMoobpasoBaHHEe KOTOPBIX paHee BHIIIOTHUTH
He IIPeJICTaBIISAI0Ch BO3MOKHBIM.

COBPGMEHHbIe OIITHKO-3JIEKTPOHHBIE CHCTEMBL

KOHTPOJ1Ib U ®POPMOOBPA3OBAHUE
ACOEPUYECKOW MOBEPXHOCTU
OMNTUYECKOW AETAJ/IN C OTKJIOHEHUEM
OT OCEBOV CUMMETPUN

[l OomMMCaHMS IIPOILeCCOB KOHTPOISL U popmoobpa-
30BaHHUS IIOBEPXHOCTEI KPYITHOrabapHUTHBIX aCTPoO-
HOMHYECKUX 3epKa/l BOCIIOJIb3yeMCS Pe3yabTaTaMU
dopmoobpaszoBaHHs 4-X MeTPOBOIO IJIABHOT'O 3epKaja
TypeLkoro Teneckora DAG (Dogu Anadolu Gozlemevi).
DAG - TeneckoIl cucTeMsl Puun-KpeTbeHa C aKTUBHOU
M aIalITUBHON OITHKOM, KOTOPBIM OymeT yCTaHOB-
JIeH B HOBOM 00CcepBaTOPHHU, PACIIONOKEHHOM Ha rope
BBICOTOM 3170 M, BO6mM3M Op3ypyma B Typuum [7-8].
Teseckomn MMeeT QOKYCHOe PacCTOsIHHE 56 M U Ioje
3peHus 30 YIJIOBBIX MHHYT, OBa ¢oKyca HecMmuTa.
TeneckoIl BKIIOYAeT BOTHYTOe THIlepboinyecKoe 3ep-
Kajsio M1 1 BhIIyKJIOe rurepbonrdeckoe 3epkaao M2,
IIOCKOE 3epKajio M3, IoBopavYMBalolee OITHYECKYIO
OCh I10 HAIIPaBJIeHHIO K ABYM PokycaM HecMmuTa mpu
IIOMOIIM CUCTEMBI BpallleHHs.

Pa3paboTKoMl KOHCTPYKIUHM M M3TOTOBJIIEHHEM
Te/lecKolla 3aHMMaeTcs Oenbprurickast pupma AMOS.
AO J130C o KOHTpakKTy ¢ AMOS BBIIIOTHHII PaboThl
II0 M3rOTOBJIEHHUIO OITHKU [JII HOAaHHOILO Teje-
ckoma. [71aBHOe BOTHyTOe TrHIlepboIHYecKoe 3ep-

solve problems that have seemed unresolvable

even 10-15 years ago. This is largely due to the
development of computer technologies for data receipt
and transfer, improvement of the CCD sensor-based
devices, introduction of the laser measuring systems
and occurrence of the unique surface shape control
technologies using the wavefront correctors, such
as the diffractive optical elements (DOE, or CCH -
computer-generated holograms) [1-6], as well as the
complication of optical elements, including the high-
aperture extra-axial mirrors, the testing and forma-
tion of which have not been previously possible.

The advanced optoelectronic systems allow to

TESTING AND FORMATION OF THE OPTICAL
COMPONENT ASPHERICAL SURFACE WITH
DEVIATION OF AXIAL SYMMETRY

In order to describe the testing and formation pro-
cesses for the surfaces of large-sized astronomical
mirrors, we will use the formation results of the
4-meter main mirror of the Turkish DAG telescope
(Dogu Anadolu Gozlemevi). DAG is a Ritchey-Chrétien
telescope with the active and adaptive optics to be
installed in a new observatory located on a 3170 m
mountain near Erzurum in Turkey [7-8]. The tele-
scope has a focal distance of 56 m and a field of 30 arc
minutes, as well as two Nasmyth foci. The telescope
includes a concave hyperbolic mirror M1 and a convex
hyperbolic mirror M2, a flat mirror M3 that rotates the
optical axis towards two Nasmyth foci using a rotation
system.

The telescope design and production are per-
formed by the Belgian company AMOS. Under the
contract with AMOS, LZOS JSC manufactured the
optics for this telescope. The main concave hyper-
bolic mirror has a diameter of 4 m, a vertex radius
R,=14420 mm + 12 mm (F/1.80), a conical constant
K=-1.006574+0.0004, an asphericity of 153 pm at full
diameter and 139 pm in the light area, the mirror is
made of Zerodur® by SCHOTT.

The mirror formation procedure includes grinding
and polishing the optical aspherical surface. During
the mirror processing and testing, a membrane and
pneumatic frame was used that held the mirror on 66
supporting interface elements [9-11]. The mirror was
tested on a vertical stand, the upper platform of which
had the control equipment with a CGH corrector.

Stress relief on the membrane and pneumatic
frame supports differs from stress relief using a stan-
dard telescope frame, where the additional end inter-
face elements are used. Moreover, various forces are
applied to each support. Stress relief on the mem-
brane and pneumatic supports is designed to relieve
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KajJo HMMeeT AuaMeTp 4 M, BepIIMHHBIN PajHyC
R,=14420 mm +12 mM (F/1.80), KOHHMYeCKyIO KOHCTaHTY
K=-1,006574+0,0004, achepruuHOCTS 153 MKM Ha II0JI-
HOM JUaMeTpe U 139 MKM B CBETOBOH 06/1acTH, MaTe-
puas 3epkana Zerodur pupmsr SCHOTT.
dopMoobpa3zoBaHHe 3epkaja BKJIIOYAeT oOIlepa-
UMM II0 IIIMQPOBAHHUIO M IIOIHMPOBAHHUIO OITHYe-
CKOI achepHUecKON IOBepXHOCTH. IIpu obpaborke
M KOHTpOJIe 3epKaja HCII0Nb30BajJach MeM6O6paHHO-
IIHeBMaTH4ecKasl OIlpaBa, KOTOpasl yAepsKHUBala 3ep-
KaJI10 Ha 66 OIIOPHBIX HHTep)erCHBIX JeMeHTax [9-11].
KOHTpO/b 3epKajla BBIIONHSUICS B BePTUKaJIbHOM
CTeH[le, Ha BepxHeH IUIOIaJKe KOTOPOTO yCTaHOB/IEHO
KOHTPOJIbHOe 0bopynoBaHue ¢ JJOD KOPpeKTOPOM.

PasrpysKkaHa onopax MeMbpaHHO-TTHEBMaTHYeCKOH
OIIPaBbI OT/IMYAETCS OT Pa3rpy3KU Ha IITATHOM OIIpaBe
Te/lleCKoIla, IJie 3aJelCTBOBAHBI ellle JOIIOTHUTENb-
Hble TOpLieBble MHTepdeliCHble JIeMeHThl M, KpoMe
TOrO, IIPHUKJIIbIBAIOTCSI Pa3/IMYHbIe YCHIIHS K KOKA0M
orope. Pasrpy3ka Ha MeMOpaHHO-TIHeBMaTHYeCKHUX
OIIOpax pacCUYMUTaHA Ha TO, YTOOBI PAaBHOMEPHO pas-
IPY3UTh 3epKaJI0O C OAMHAKOBBIMH YCHJIHMSMH, HIHN
C OIMHAKOBBIM BeCOM Ha KaKAyo MeMbpaHy. I1o3-
TOMY HeobXoIHMO 6bLIO ITPOKM3BECTH MOZEIbHBIE Pac-
yeTsl JedopMalvi paboueil MOBEPXHOCTH 3epKasa
Ha MeMOpaHHO-TIHeBMaTHUeCcKkol OIIpaBe B CpaBHe-
HHMH C Pa3sTPy3KOM Ha IITAaTHOM ONpaBe M YYUTHIBATh
3Ty pa3sHHILy B ITpoliecce GopmoobpasoBanus [12].

MeMbpaHHO-TIHEeBMaTH4ecKast oIpaBa obecrieun-
BaeT IIOTPeUIHOCTH B AepopMalyisax GOpMbI IIOBepPX-
HOCTH 3epKaja B IIpollecce TexXHOJOTH4YeCKOro
M aTTeCTAallMOHHOIO KOHTPO/s B IpefieflaX, MeHb-
IIUX [0 aMIIUTyZAe, 4eM TpebyeMblil pasMax OLIM-
60K IoBepxHOCTH 06pabaTeiBaeMoro 3epKana. Kaxgas
MeMOpaHHas OIIOpa TapHUpyeTcs, YToObI 0becriedrTh
OIMHAKOBOe YCH/IHe Ha 3epKajio, C TOUHOCTbIO MeHee
10 r, B 3alaHHOMN TOYKe TBIIPHOM IIOBEPXHOCTHU 3€p-
KaJIa, Ha K&KAYIO OIIOpY IIPHUXOIUTCS Harpy3Ka B 65 KT.
OmpaBa cHab)keHa CHCTEMOM aBTOMAaTHYeCKOM CTa-
OMIM3aLMK II0JIOKeHUS 3epKajia NpU H3MeHeHHH
BHELIHUX YCI0BHH (aTMOCOepHOro JaBIeHMs, BIaK-
HOCTH) BO BpeMsI KOHTPOJISI, UTO obecriedrBaeT HeU3-
MeHHOe COCTOsIHHe GOPMBI IIOBEPXHOCTH C Heobxomu-
MOI TOYHOCTBIO IPH IIOBTOPHOM KOHTpose. Ompasa
IIpefiCcTaB/IeHa Ha puc. 1-2.

B COOTBeTCTBHH C pe3ynbTaTaMH MOJe/THPOBaHHUS
OBIIIO PACCYMTAHO, YTO €C/IHM PacIionaraTb MeMOpaHbI
B TOYKaX IIPHJIOKEHMS YCH/IMUK LITAaTHOH OIIPaBHI,
TO BO3HHUKAIOT AedopMallliu Ha IIOBEPXHOCTH, OCHOB-
Hble M3 KOTOPBIX PacPOKyCHPOBKA, ACTUIMAaTH3M,
TPUAHTY/IsIpHas KoMma M cdepuueckas abeppalus.
OcTanpHBle AepopMallUM, «CAefbl» OT 3JIeMeHTOB
pasrpysky - BBICOKOYACTOTHBIe AeQOpMaLlUH, OIU-
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the mirror evenly with the same forces, or with the
same weight on each membrane. Therefore, it was
necessary to make model calculations of the mirror
face deformations on a membrane and pneumatic
frame in comparison with stress relief using a stan-
dard frame and consider this difference in the forma-
tion process [12].

The membrane and pneumatic frame leads to the
errors in the mirror surface shape deformations dur-
ing the process and certification monitoring within
the limits smaller in amplitude than the required
error range of the processed mirror surface. Each
membrane support is calibrated to provide the same
force on the mirror, with an accuracy of less than 10 g.
At a given point on the back mirror surface, each sup-
port has a load of 65 kg. The frame is equipped with
a mirror automatic stabilization system in the case
of changes of environmental conditions (atmospheric
pressure, humidity) during testing that ensures the
unchanged surface shape with the required accuracy
during the repeated testing. The frame is shown in
Fig.1-2.

In accordance with the simulation results, it is
calculated that if the membranes are located at the
loading points of the standard frame, then deforma-
tions occur on the surface. Such deformations mainly
include defocusing, astigmatism, triangular coma,
and spherical aberration. The remaining deforma-
tions, such as the “traces” of the stress relief elements
(high-frequency deformations that are equal on the
standard frame and on the process one), are rather
insignificant and are eliminated in the formation pro-
cess. Defocusing is 1.5 pm and leads to the radius error
of only 0.12 mm. However, it can also be considered
during formation.

By subtracting the simulated wavefront from the
wavefront obtained during the mirror surface inspec-
tion, we thereby eliminate the difference between
stress relief on a standard frame and on a process one
when processing is performed according to the speci-
fication requirements. Possible errors in simulation of
differences in the mirror stress relief during process-
ing and during operation shall be compensated by the
mirror action system.

The wavefront shape and the relevant interfero-
gram to be obtained on a membrane and pneumatic
frame, are shown in Fig. 3-4. The subtracted wave-
front chart was confirmed by mutual independent
calculations of AMOS and LZOS. The required values of
wavefront errors were also given. Thus, it is necessary
to form a “free form” surface with deviations of the
axisymmetric aspherical surface. Such a surface can
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HaKkoBble Ha IITaTHOM OIIpaBe
M Ha TeXHOJOTHYEeCKOH, MaJlbl
M YCTPAaHSIOTCS B IIporecce ¢op-
MoobpasoBaHus. PacdokycrpoBKa
COCTaB/IseT BeAHUYHMHY 1,5 MKM
1 BHOCHUT OIIKOKY B pajilyce BCEro
B 0,12 MM, HO B €e MOKHO y4ecTh
rpy Gopmoobpa3oBaHUU.
BrluMTasgs CMOMeIHNPOBAHHBIN
BOJIHOBOKM GPOHT M3 Iojy4ae-
MOI0O BOJIHOBOIO (poHTa B IpO-
Ilecce KOHTPOJISL IIOBEPXHOCTH
3epKajia, Mbl TéM CaMBIM YCTpa-
HHUM Pa3sHUILy MeXAY pasrpy3KoH
Ha IITaTHOM OIpaBe U Ha Tex-

Puc. 1. MembpaHHO-nHesmamu4eckas onpasa
Fig. 1. Membrane and pneumatic frame

HOJIOTUYeCKON Ipu ob6paboTke

oo TpeboBaHUN cHeLUbUKAIWH.
B0o3MO>KHBIe ITOTPEIIHOCTH B Mojie-
JTHUPOBAHUU Pa3IUYHUs B pasrpys-
Kax 3epKaJia I1pu 0bpaboTke 1 Npu
3KCIUIyaTaliu OyayT CKOMIIEHCH-
POBaHBI aKTHUBHOM CHCTEMOH BO3-
JeNCTBUS Ha 3epKajo.

®opMa BOJIHOBOTO QPOHTA
1 COOTBETCTBYIOIIAS eMy UHTepde-
porpaMma, KOTOpble HeobX0IHMO
OBUIO IIONYYUTh Ha MeMOpaHHO-
IIHeBMAaTU4YeCKOM oOIlpaBe, IIpen-
CTaB/JIeHBl Ha puC. 3-4. BprunTa-
eMasi KapTa BOJIHOBOro ¢poHTa
6pl7Ia IOATBEpsKAEHA B3AaMMHBIMU
He3aBUCHMBIMU pacueraMu

Puc. 2. 3epkano Ha mexHonozu4eckoll onpase
Fig. 2. Mirror on a process frame

AMOS u JI30C. TakKe JaHBI Tpe-
byemble BeTMYMHEI OMIMO0K BOMHOBOro ¢GpoHTa. T.e.
HeobxonuMo bopmoobpa3oBaTh MTOBEPXHOCTE «CBO6OA-
Hol ¢opmel» (free form) c oTKIOHEHHSIMH OT oce-
CHUMMETPHYHOH acdepHyuecKOr IMOBePXHOCTH. TaKyro
[I0BEPXHOCTb MOKHO IIOJIyYMTb TOJIBKO C HCII0/Ib30Ba~
HHeM aBTOMATH3HPOBAaHHOM CHCTeMBl dopmoobpa-
30BaHMS [IOBEPXHOCTH MaJIbIMU UHCTPYMEHTaMH.
J1s KOHTPOJIS 3epKaja KCIonb3oBauca 103 Kop-
PEKTOp, PAaCCUMTAHHBIN W HU3TOTOBJIEHHBINM B MHCTHU-
TyTe aBTOMaTHKU M 3jnekTpoMeTpun CO PAH,
HoBocubupck [13-17]. KoppeKTop pacCUMTaH Ha HOMU-
Ha/IbHBIe ITapaMeTphl 3epKaja. CxeMa KOHTPOJIS IIpef-
CTaBJIeHa Ha pHc. 5 [20]. PaccTosiHHe OT KOppeKTopa
no Touku ¢okyca 1170 mm. O3 mpeobpasyer coepu-
YeCKUH BOTHOBOM GPOHT B achepuyeckus U paboTaer
B aBTOKOJUIMMAaLMK. KOPpPeKTOp HU3roTOB/IeH Ha KBap-
LIeBOM IUIACTHHe auamerpoM 102 mm (puc. 6,7). OH
rMeeT pabouyio 30HY JramMeTpoM 80 MM K BCIIOMOTa-
TeJIbHYI0 HaCTPOEYHYIO KOJIbLEBYIO [I0BEPXHOCTDh JHa-
MeTpaMH OT 82 10 92 MM. PacCTOSHKE OT r0JI0TPaMMBbI

only be obtained using an automated surface forma-
tion system with the small tools.

The mirror testing was performed using a CGH cor-
rector designed and manufactured at the Institute of
Automation and Electrometry, Siberian Branch of the
Russian Academy of Sciences, Novosibirsk [13-17]. The
corrector is designed for the nominal mirror param-
eters. The testing circuit is shown in Fig. 5 [20]. The
distance from the corrector to the focal point is 1170
mm. The CGH converts a spherical wavefront into an
aspherical one and operates in the autocollimation
state. The corrector is made on a quartz plate with
a diameter of 102 mm (Fig. 6, 7). It has a working area
with a diameter of 80 mm and an auxiliary adjusting
annular surface with the diameters from 82 to 92 mm.
The distance from the hologram to the focal point is
1170 mm. For the test verification of the CGH corrector,
a CGH simulator was made on an Astrositall substrate
with a diameter of 102 mm and a working area of
92 mm in diameter.
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Puc. 3. ®opma 80AH08020 ppoHMa npu paszpysKe 3epkana
Ha mexHonozu4eckoli onpase

Fig. 3. Wavefront shape during stress relief of the mirror
with a process frame

Puc. 4. ModenbHas uHmepdepozpamma mpebyemo20 80A-
H08020 GPOHMA U Napamempbl €20 OMKAOHEHUU

Fig. 4. Model interferogram of the required wavefront and
parameters of its deviations

0 TOYKH ¢okyca 1170 MM. [ TeCTOBOM IPOBEPKHU
[0S roppekTopa H3rorosiaeH O3 UMHUTATOP Ha IO/~
JIOKKe K3 ACTpocHTa/ula AuameTpom 102 MM c pabo-
Yel 30HOH AUaMeTpoM 92 MM.

Hns onmMcaHusa M aHaau3a GOpMBI OTPasKeHHOIO
BOJIHOBOT'0 GPOHTA B HACTOSAIIEE BPeMS HCIIO/Ib3YHOTCA
[IOIMHOMBI LlepHHKe HJIM CTelleHHble IIO0JIMHOMBI.
JIOIIOIHUTE/IbHO OIpeNesioT CTeleHb «IJIaJKOCTH
[IOBePXHOCTH, BBIYMUCISAA CpefHeKBaJAPaTUYHBIN
HaKJIOH HOpMaJiel K BolTHOBoMY poHTY (RMS Slope),
KOTOPBIM H3MepsieTCsl B YIVIOBBIX CeKyHJax. Taioke
MoryT OBITh 3a/aHBl TpeboBaHHUS Ha abeppalruu
OTPa’KeHHOTO BOJIHOBOrO0 GPOHTA, OIIMChIBaeMEbIe
OTHE/NbHBIMH Y/IeHAaMH psifila II0OIMHOMOB LlepHHKe.
B 4yacTHOCTH, Ha OTK/IOHEHH S BOJIHOBOIO PPOHTA /i
3epkasia M1 6bIIM JaHBI OTPaHUYeHMs, IIPefCTaBIeH-
Hble B TabnmuIle. BbluMC/IeHHble 3HAYeHMS IIOTHHO-
MMAJBHBIX KO3QOUIIMEHTOB B HAHOMETpPaXx IIpeJCTaB-
JIeHBI TaKCKe B TabuIle.

OMNPEAENEHVE AELUEHTPUPOBKU
OMNTUYECKOW OCU

KoHTponp 3epKaJl Ha QUHHUIIHOM CTaAUH IIOTHPO-
BaHMS BBIIIOJHSIETCSI C HCIIOJIb30oBaHHeM [103. O3
[103BOJISIeT He TOJIbKO OIlpenenaTb GOpPMY OTPasKeH-
HOI'O BOJIHOBOIO (POHTa KOHTPOIHUPyeMOM achepu-
YeCKOH IIOBePXHOCTH, HO U IIOJIOXKeHHEe BepIIMHBI
achepuuecKkor ITOBEPXHOCTH M BBIUMCISTH ee CMe-
IleHHe OTHOCUTEJIBHO TIeOMeTpPHYecKOro LieHTpa
IeTanH. PaHee IJIs 3TUX LiejeH KMCII0TIb30BaJICS MEeTO[,
KOHTPOJISI C JIMHEHMHBIM TpexXTOouedHBIM CcepoMe-
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The Zernike polynomials or power polynomials
are currently used to describe and analyze the the
reflected wavefront shape. Additionally, the degree
of surface “smoothness” is determined by calculat-
ing the root-mean-square slope of the normals to the
wavefront (RMS Slope) that is measured in arc seconds.
The requirements can also be set to the aberrations of
the reflected wavefront, described by individual terms
of a series of Zernike polynomials. In particular, the
following restrictions given in Table 1 were imposed
on the wavefront deviations for the M1 mirror. The
calculated values of the polynomial coefficients in
nanometers are also given in Table 1.

DETERMINATION OF OPTICAL AXIS
DECENTERING
The mirror testing at the final stage of polishing is
performed using the CGH. The CCH makes it possible
to determine not only the reflected wavefront shape
of the controlled aspherical surface, but also the
aspherical surface vertex position. It also helps to
calculate its displacement relative to the geometric
center of the part. Previously, the control method
with a linear three-point spherometer was used for
these purposes [18-19]. At present, the displacement
can be determined using the CCH. As an example, we
will consider the main mirror DAG M1 with a diameter
of 4000 mm and an appropriate corrector.

An unequal-arm interferometer with a reference
spherical mirror and a beam-splitting cube (1 in Fig. 5)
contains a DOE 2, 3is the controlled surface. The main



TpoM [18-19]. B HacTosIlee BpeMs
CMelleHHe MOKHO OIpeJenuTh

¢ nomoiipeo /103, B KauecTBe IpU
Mepa CHOBa PacCMOTPUM IJIaB

Hoe 3epkasio DAG MI guamMeTpom
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- Table. Wavefront deviations transformed by the Zernike polynomials of various
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Order2 Order3 Order4

Tabnunuya. OTKIOHEHNS BOTHOBOIO CprHTa, pa3noXKeHHble B paa no NoIMHO-

4000 MM C COOTBETCTBYIOIIHMM

KOPPEKTOPOM. Zernike 5-6 | Zernike 9-10 Zernike 11-15 Zernike16-21 Zernike Zernike
HepaBHoTTeuuii UHTepbe- Astigmatism,  Triangular, Ast4 + Triangular5 + = 22-28, 29-78,
nm nm Spherical, nm Coma5s, nm nm nm
poMeTp C 3TaJOHHBIM chepHrye-
CKHM 3€pKaJioM U CBeTOHEeIH- 50 20 8 7 4 5
TeJIbHbIM Ky6I/IKOM (mosunusa 1 11 3 7 6 4 4
Ha puc. 5) comepskut 03 2, 3 - 3T0

Order 5 ‘ Order 6 ‘ Order7-11

KOHTPOJIHPYyeMasi IIOBePXHOCTh.

Ha omnTuueckoil KpyriaoM monnoskke OD 4 U3roTos-
JIeHa OCHOBHAas JUPaKIMOHHASA CTPYKTypa 5, BOKPYT
Hee [OIIOJIHUTEeAbHAsA (GOKYCHPYHOIIas KojbLeBas
CTPYKTypa 6, W BTOpas [OOIIOJIHWTEIbHAs KOJIbLeBas
LIeHTPUPYIOLIas CTPYKTypa 7 Iy LeHTprUpoBaHusa O3

«———— Jla3epHBIH
uHTepdepoMeTp

Puc. 5. Cxema KoHmMpoAs acgepu4ecko20 3epkand
Fig.5. Aspherical mirror testing circuit

diffractive structure 5 is made on the CCH optical

round substrate 4, an additional focusing ring-type

structure 6 is placed around it, and a second addi-

tional ring-type centering structure 7 is designed for

the CCH centering in relation to the interferometer.
The focusing structure 6 is located in a ring with
the radii from 80.4 to 84.4 mm and the centering
structure 7 is located in a ring with the radii from 86
to 96 mm. The distance from the focus F of the lens 1
to the CGH 2 is 1170 mm, the distance from the CGH 2
to the mirror 3 is L=14274 mm.

The positioning accuracy of a point simulating
the aspherical surface vertex depends on the DOE
installation accuracy relative to the interferome-
ter. If the CCH is based on a divergent beam, it
is adjusted using an auxiliary reflective centering
structure of the CCH surface. Such a reflective struc-
ture is designed so that an endless band appears
on it when the CGH is precisely aligned with the
interferometer.

In real practice, the vertex point is shown as
a spot. The spot size was determined by the Rayleigh
criterion 2.44 AL/ D, where D is the focusing structure
diameter, and A=0.6328 pm is the interferometer
wavelength. It is obvious that the vertex displace-
ment (48 pm) is less than the inherent size of the
spot (260 pm). However, in practice, even one band
is difficult to be available consistently, usually there
can be three or four such bands. Therefore, the ver-
tex displacement shall be multiplied by the number
of bands. This is true for a small number of bands on
the interferogram. Thus, the error of this method
makes it possible to determine the mirror vertex
position with an accuracy of about 300 pm.

During the testing procedure, the mirrors are
adjusted, and the CGH 2 is centered relative to the
interferometer according to the wavefront interfero-
gram from the centering structure 7. The luminous
point (spot) 8 from the focusing structure 6 shall
coincide with the geometric mirror center. To mate-
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OTHOCHUTEJIbHO HHTepdepoMeTpa. POKyCHpYyIOIIas
CTPYKTypa 6 pacIiojiaraeTcs B KOJIbLie C pafguycaMH
ot 80,4 mo 84,4 MM M LIEHTPUPYIOIIASA CTPYKTypa 7 —
B KOJIBLIE C PaguycaMH OT 86 o 96 MM. PaccTosHue
oT ¢okyca F obrexTHBa 1 10 O3 2 paBHO 1170 MM,
pacctosiHue ot 103 2 1o 3epKasia 3 L=14274 MmM.

TOYHOCTD MO3ULIMOHHPOBAHUS TOUKKM, UMUTHUPY-
I0Illel BepPUIMHY acGepru4uecKor II0OBEPXHOCTH, 3aBU-
CHUT OT TOYHOCTH YCTAaHOBKH JIOD OTHOCHUTEIbHO
uHTepdepomerpa. B Tom ciydae, xorma O3 pabo-
TaeT M3 PACXOAALIErocs Iy4yKa, OH IOCTUPYETCS IIPU
IIOMOILIKM BCIIOMOIaTe/lbHON OTpPa’KaloLleld IeH-
TpPUpYIOLell CTPYKTyphl IoBepxHocTH JO3. Takas
OTpaskamlliasl CTPYKTypa PacCUMTHIBATCS TaK, 4TO
Ha Hel BO3HHKaeT becKOHeYHas I1osoca, Koraa 103
TOYHO BBICTaB/IeH OTHOCHTEILHO HHTeppepoMeTpa.

B peasbHOCTH TOYKAa B BepIIMHe OTOOpaskaeTcs
ATHOM. Pa3sMep ISTHA OIPeAeIsayCcs 10 KPUTEPUIO
Panest 2,44 AL/D, rme D - nuameTp GOKyCHpYIOIIeH
CTPYKTYPpBI, a A=0,6328 MKM - JUIMHa BOJIHBI HHTEP-
depomerpa. OYeBHOHO, UYTO CMeLIeHHEe BepUIMHBI
(48 MKM) MeHbIIIe PasMepa CaMoro maTHa (260 MKM).
OIHaKo Ha IpaKkTHKe, Jaske OOHY II0JIOCY CJIOXKHO
CTabUIPHO BBICTABUTH, OOBIYHO HUX MOXKET ObITH TPH-
yeTbIpe. [103TOMy, CMellleHHe BepPUIMHBI He0OX0AUMO
YMHOXHTE Ha KOJIMUYeCTBO II0JIOC. DTO BepHO mJif
HebO/BIIOr0 YHCIa II0J0C Ha HHTepdeporpamme.
TakuM 00pa3oM, IOTPeNIHOCTh YKa3aHHOIO MeToja
[103BOJISIeT OIpe/eIUuTh II0JIOKeHHe BepLIMHBL 3ep-
KaJla ¢ TOYHOCTBIO ITopsaKa 300 MKM.

Bo BpeMs KOHTPOJIS 3epKajia HaCTPAHBAIOT U LeH-
TpupyoT O3 2 OTHOCUTE/IBPHO HHTeppepoMeTpa
10 KHTepdeporpaMMe BOJTHOBOTO pPOHTA OT LIeHTPH-
pyIoIIer CTPYKTypHl 7, a TaKkKe, YTOOBI CBeTsIIa-
sicsl Touka (IIATHO) 8 0T POKYCHUPYIOLIEH CTPYKTYPHI 6
COBIIaJaJIa C TeOMeTPUYECKUM LIeHTPOM 3epKaia. [is
MaTepHaaHu3aliy TeOMeTPHYeCKOro LeHTpa AeTald
KCIIO/Ib30BAJICS. UMHUTATODP BepIIMHBL B BU/e BCTABKHU
c riepekpectueM (puc. 8, 9).

Hanudue felieHTPUPOBKH OIITHYECKOM 0CH pabodert
ITIOBEPXHOCTH [eTajIh BBIPKAETCSl B aCCHMeTPHYHOU
abeppaliiil KOMBI TPETBETO IIOPSIAKA B OTPAKEHHOM
OT IIOBEPXHOCTH BOJHOBOM QpoHTe. [IJii CHUHXPOHH3a-
LIMU ITpoLiecca LeHTPUPOBKU 000PyIOBaHMS KOHTPOJIS
C KOHTPOJIMPyeMOH I10BePXHOCTBIO M IIpoliecca UHTep-
depomMeTpHYeCKOro KOHTPOJISL B palioHe MMHTATOpa
BepIUIMHEI JI Hab/IIoJeH s Ta3epHOM TOYKH MapKepa
BepIIMHBI 6bUIA YCTaHOBIEHA BHAeOKaMepa (puc. 8) ¢
nepenadert uHdopmauuu 1o Wi-Fi, 4To IT03BOIMIIO
HabJI01aTh OHOBPeMEHHO IIOJIOKeHHe MapKepa Bep-
IIMHBL U HHTepdepeHLIMOHHYIO0 KapTHUHY.

C IIOMOILBIO OCHOBHOM CTPYKTYpHL 5 OO IpoBO-
OUJICS MHTepPepOMeTPUUYeCKHH KOHTPOIb (OPMBI
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Puc. 6. KoHcmpykyus 0udpakuyuoHH020 onmu4eckoz2o
anemenma (JO3)
Fig. 6. Design of a diffractive optical element (CGH)

rialize the geometric center of the part, a vertex simu-
lator was used in the form of an insert with a cross
(Fig. 8, 9).

Availability of an optical axis decentering on the
part working surface is represented by an asymmetri-
cal aberration, namely a third-order coma (Fig. 12-13)
in the wavefront reflected from the surface. The video
camera was installed in order to synchronize the
alignment process for the control equipment and

Puc. 7. JO3 0451 KOHMPOASI N08epPXHOCMU 3epKana
Fig. 7. CGH for the mirror surface testing
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mirror optical vertex position

Puc. 8. imumamop eepuwuHsi 3epkana c eudeokamepoll
uKcayuu NoAoXKeHUs onmu4eckol 8epuiUHbl 3epKana
Fig. 8. Mirror vertex simulator with a video-recording of the

3epkana

mirror axis

Puc. 9. Jlys om 1O cosmellieH ¢ MexaHu4eckol ocbto

Fig. 9. Beam from the CGH aligned with the mechanical

achepHUyuecKorl ITOBEPXHOCTHU. II0 CMeIIeHHIO CBeTs-
IIeFCst TOUKU 8 (PUC. 5) OT LieHTpa KBajparta (puc. 9-11)

oripenesisiyiaCb OEeLeHTPHUPOBKA.

Korma Bo BpeMs HHTepepOMETPUYECKOI0 KOH-
HeleHTPHUPOBOYHAs
10 CMeIIeHHIO CBeTsIerocs MsATHAa, UMUTHPYIOIIEro
du3MYecKylo BepIIHMHY 3epkala, 3aMepseM BelU-

TPOJISL  YCTpaHseTCs

YUHY OelleHTpupoBku (puc. 10).
M HaobOpoT, COBMECTHB CBeTsIIe-
ecs IIATHO C IIOJIOKeHHeM reome-
TPUYECKOTO LIeHTpa, OIpefeseM
BeJIMYKMHY [elLleHTPHPOBOYHOM
KOMBI U I10 HeH OIlpefiesisieM Belu-
YMHY AeLleHTPHUPOBKU (puc. 9-11).
B pesynbraTe ompefesseTcs BeH-
YMHa KM HaIlpaB/leHHe [elleHTPH-
POBKH OIITHYECKOM OCH IO JeLleH-
TPUPOBOYHOM KoMe (puc. 12, 13).
CMelieHHUe ONTHUYECKOM  OCHU
Ha 1 MM ZaeT KO3OULIMEHT KOMBI
C;=4,05. BenuuuHa Ko030PuUIIU-
eHTa [elLleHTPUPOBOYHOHM KOMBI
II0 pesyjbTaTaM aTTecTallkuK 3ep-
Kana cocrasnsia C;3=0,6891, uto
COOTBETCTBYeT BeJIMYHHEe CMelle-
HHS OIITHYECKOM ocu 0,2 MM.
CiemyeT OTMETHTb, YTO B [JaH-
HOM (CJiy4ae [JeleHTPHUPOBKa
yCTpaHsn1ack B IIpouecce ¢popmo-
obpazoBaHus, UTO TpeboBanoCh

the controlled
surface and
the interfero-
metric inspec-
tion  process
in the vertex
simulator area

KOMa,

Puc. 10. CmopoHa keadpama

5 mm. eueHmpuposo4Has
Koma eblbpaHa. CmeujeHue
moyku om yeHmpa Kea-

dpama nokaspiéem Haau4yue
deueHmpuposKu 7 mm

Fig. 10. The square side is 5 mm.
The decentering coma is selected.
The dot displacement from the
square center indicates the
available decentering of 7 mm

Puc. 1. CmopoHa keadpama
5mm. leueHmpuposo4Has
Koma, ycmpaHeHa nymem ¢op-
MO006pa308aHUSI NOBEPXHOCMU.
ToyKka coemeuieHa ¢ 2eomempu-
YyecKum UeHmpom, m.e onmu-
yeckas eepwuHa coenadaem

C 2e0Mempuyeckum UeHmpom
C MOYHOCMbIO MeHee 1 MM

Fig. 11. The square side is 5 mm.
The decentering coma is elimi-
nated by the surface forma-
tion. The point is aligned with
the geometric center, i. e. the
optical vertex coincides with
the geometric center with an
accuracy of less than T mm
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[I0 yCIOBUSAM CIeUMOUKALKK. YKa3aHHBIM MeTOZ
TeOPeTHYeCKH I103BOJISIeT OIpee/INTh II0JIOKeHHe
BepIIHHBI 3epKajia C TOUHOCTEIO mopsaka 300 MKM,
a IpeJyIosKeHHBIH CI10C00 M3MepeHHUs U YyCTpaHeHH s
IeLleHTPUPOBKH 3HAYMUTEIbHO 3PpdeKTHBHee IIpHU-
MeHSeMOI0 MeXaHH4YeCKoro crocoba H3MepeHUs
¢ nomMolsio chepomertpa [18-19].

UM eme ogHO BakHOe IPEHMYIIeCTBO cIiocoba
II0 CPAaBHEHMIO C YKa3aHHBIM BBIIIe aHA/IOTOM: OH
MOKET HCII0JIb30BaThCA [JISI U3MEPEHHS [IeLeHTPH-
POBKH BHEOCEBHIX acepuyecKHX JeTajel, Korja
Ha JIOD eCcThb HECKOJIBKO POKYCHPYIOLIUX CTPYKTYD,
C IIOMOIIBIO KOTOPBIX BBIIIOJIHAIOT IOCTHPOBKY JO3
OTHOCHTe/IbHO BHEOCEBOH [eTa/IM U OIpefensioT
I[I0/I0KeHHe ONTHYeCKOM BepUIMHBI, HaXOASAIIencs
BHE JIeTa/IH, C He06XOJUMOH TOYHOCTBIO.

TakuM o06pa3oM, C HCIIOJb30BAaHHEM CIIeIH-
aJbHBIX QOKYCHPYIOIIUX CTPYKTYp Ha JO3 MOXHO
He TOJIbKO OIIpelle/INTh CMellleHHe ONTHUYecKOH OCH
OTHOCHUTEJIBHO IeOMeTPHUYeCKOro IeHTpa [eTalH,
HO W YCTPaHHTh OELeHTPUPOBKY B Ipolecce ¢pop-
M006pa30oBaHUsI B COOTBETCTBHU C TpPeOOBaHUSIMU
crieqUUKALIUU,

B npodoaskeque cmamou 6ydym paccmomperbl ocoberHocmu
KOHMpOAS BHeoCesblx acepudeckux nosepxHocmeil ¢ JO3
U KOHMpoAb U (popmoobpasosaHue eHeocesozo acepueckozo
3epkaaa.

REFERENCES

1. Poleshchuk A.G., Matochkin A.E. Lazernye metody kontrolya asfericheskoj
optiki. Photonics Russia. 2011;2:38-44.

Nonewyk A.T., MaToukuH A. E. /lazepHble METOAbI KOHTPOAS achepuyeckon
onTuku. ®omoHuka. 2011;2:38-44.

2. Poleshchuk A.G., Homutov V. N., Matochkin A. E., Nasyrov R.K.,
CHerkashin V.V. Lazernye interferometry dlya kontrolya formy opticheskih
poverhnostej. Photonics Russia. 2016;4: 38-50.

MonewykA.T., XomyToB B. H., MaTtoukuH A. E., Hacbipos P.K.,
YepkawwuH B. B. JlazepHble MHTephepoMeTpbl AN1S KOHTPONS GOpMbI
onTUyeckux noepxHocten. ®omonuka. 2016;4: 38-50.

3. Tom L.Zobrist, James H. Burge, Warren B. Davison, Hubert M. Martin.
Measurements of large optical surfaces with a laser tracker. Proc. of SPIE. 2008;
701:70183U1-70183U-12. DOI: 10.1117/12.789934.

4. Martin H. M., Burge ). H., Cuerden B., Davison W. B., Kingsley J. S.,
Kittrell W.C., Lutz R. D., Miller S. M., Zhao C., Zobrist T. Progress
in manufacturing the first 8.4 m off-axis segment for the Giant
MagellanTelescope. Advanced Optical and Mechanical Technologies in Telescopes
and Instrumentation. Proc. SPIE. 2008;7018. DOI: 10.1117/12.789805.

5. Burge).H., Kot L.B., Martin H. M., Zehnder R., Zhao C. Design and
analysis for interferometric measurements of the GMT primary mirror
segments. Proc. SPIE. 2006;6273: 6273-22-16273-22-12. DOI: 10.1117/12.672484.

6. Martin H.M., Allen R.G., Burge ). H. et al. Production of primary mirror
segments for the Giant Magellan Telescope», in Advances in Optical and
Mechanical Technologies for Telescopes and Instrumentation. Proc. SPIE. 2014;
9151: 91510J. DOI: 10.1117/12.2057012.

7. Sahmali A.E., Yesilyaprak C., Sinan K. Yerli S. K., Keskin O. Observatory
building design: a case study of DAG with infrastructure and facilities. Proc.
SPIE. 2016;9911: 991125-1-99112S-4. DOI:10.1117/12.2234386.

8. Pirnay 0., Lousberg G. et al. DAG 4m telescope: assembly, integration and
testing. Proc. SPIE. 2018; 10700, Ground-based and Airborne Telescopes VII,

326 POTOHUKA TOM 16 N2 4 2022

CECEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e e e e e ey
m ONTUYECKME YCTPOUCTBA M CUCTEMbI I
CECEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e e e e e ey

Puc. 12. ModenbHas uHmepgpepozpamma deueHmpuposoy-
Hol Kombl C;= 0.6891, onpedensirowias 6eAu4UHy cmeleHus
onmuueckoli ocu

Fig. 12. Model interferogram of decentering coma C;= 0.689I
that determines the optical axis displacement value

to observe the vertex marker laser point (Fig. 8). It
provided data transmission via Wi-Fi that made it
possible to simultaneously observe the vertex marker
position and the interference pattern.

Using the main structure of the CCH 5, the interfer-
ometric inspection of the aspherical surface shape was
performed. The displacement of the luminous point 8
(Fig. 5) from the square center (Fig. 9, 10, 11) was used
to determine decentering.

Puc. 13. ®opma nosepxHocmu demanu ¢ 0eueHmpuposoy-
Hol Komolu
Fig. 13. The part surface shape with a decentering coma
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When the decentering coma is prevented during
the interferometric inspection, we measure the decen-
tering value based on displacement of the luminous
spot imitating the physical mirror vertex (Fig. 10). To
the contrary, by aligning the luminous spot with the
geometric center position, we are able to establish the
decentering coma value and, therefore, determine the
decentering value (Fig. 9-11). As a result, the optical
axis decentering value and direction are determined
based on the decentering coma. The optical axis dis-
placement by 1 mm leads to a coma coefficient C;=4.05.
The decentering coma coefficient value according to
the mirror certification results was C;=0.6891 that cor-
responds to an optical axis displacement of 0.2 mm.

It should be noted that in this case decentering was
eliminated in the formation process that was required
by the specifications. This method theoretically allows
to determine the mirror vertex position with an accu-
racy of about 300 pm. Moreover, the proposed method
for decentering measurement and elimination is
much more efficient than the applied mechanical
measurement method with a spherometer [18-19].

One more important advantage of this method in
comparison with the above analogue is that it can be
used to measure decentering of extra-axial aspherical
parts, when there are several focusing structures on
the CCH that are used for the CCH adjustment relative
to the extra-axial part and determination of position
of the optical vertex located outside the part, with the
required accuracy.

Thus, using special focusing structures on the CGH, it
is possible not only to determine the optical axis displace-
ment relative to the geometric center of the part, but
also to eliminate decentering in the formation process in
accordance with the specification requirements.

In the continuation of the article, the features of the control of off-
axis aspherical surfaces with CGH and the control and shaping of
an off-axis aspherical mirror will be considered.
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