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Kocmuyeckas o6cepsatopus MUIJIMMETPOBOro

1M UK-pnanasoHoB A/INH BOJIH C KPUOTE€HHbIM
Teneckonom gunametpom 10 m "MunnammeTpon”
("CnekTp-M") nnaHnpyeTcs K 3anycky nocne

2019 roga. Pabo4uin gmanasoH Teneckona

oT 20 MKM A0 17 MM. Pa3pabaTtbiBaeTcs TEXHONOrUs
NnpousBOACTBA ero 3J1IeMeHToB. B ctaTtbe
npeasioXXeHo KOHTPoIMpoBaTh pOpMY BbiNyK/I0M
runep60osinyeckon NOBepxXHOCTH 3epkana
KOHTppednekTopa Teneckona "MunammertpoH"

B LL@XOBbIX YC/I0BMSAX B Npouecce popmoo6pasoBaHUs
M NpU KPMOTreHHbIX TeMnepaTypax B cxeme
HepaBHOMJIEYEBOro 1a3epHOro HTepdpepomeTpa
Tuna TeanmaHa-MFpuHa. B Ka4yecTBe oNTU4YECKOro
KOoMneHcaTopa npeanonaraeTcs UCNoJib3oBaTb
CUHTE3UPOBAHHYIO FOJIOrpaMMy, BbINMOJIHEHHYIO
Ha NJIOCKO-BbINYKJI0M MOAJIOXKE U3 LLepoaypa.

OAHUI0O KOCMHUYeCKOM obcepBaTopuu "Mui-
nuMeTpoH" (mpoekT "CrmekTp-M") Hawartoro
10 UHHUIIUATHBe ACTPOKOCMHUYECKOro IeHTpa dusu-
YeCcKOro MHCTUTYTa UM. II.H./lebemeBa PocCHICKOM
aKaJeMHU HaykK, IIPOXOAUT IIOf, HAayYHBIM PYKOBO-
CTBOM aKalZeMuKa PAH Hurkonas CeMeHoBHMYa Kap-
pamesa [1, 2]. Ha puc.l nmpencTaBieHbl 0OIIUE BUT,
3TOM KOoCMH4YecKkou obcepBaTtopuu (puc.la) U ONpHUH-
LMIIHAJIbHAS OIITHYeCcKasi CXeMa B3aKMOIIOIOKeHHU S
IJIaBHOTO ITapabonryecKoro 3epKaja W THIepboIu-
YeCKOro 3epkaja KoHTppednerTopa (puc.1b).
OCHOBHBIe TeOMeTpHUYeCKHe XapaKTepHUCTHUKU
3epKaJia KOHTppedieKTOpa:
* CBETOBOM AHaMeTp - 542,13 mM;
* Qopma oTpaskaromiel IOBePXHOCTH — BBIITYKJIBIH
runepbonoun;

B bITIOJTHEHH e MeXAYHAPOAHOTO ITPOEKTA I10 CO3~
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Space observatory of millimeter and IR wavelength
ranges with cryogenic telescope "Millimetron"
("Spektr-M") with the diameter of 10 m is planned for
launch after 2019. Operating range of the telescope

is 20 pm to 17 mm. The production technology of

its elements is being developed. In the article it is
suggested to measure the shape of convex hyperbolic
surface of convergent mirror of Millimetron telescope
under the conditions of shop floor in the process of
shaping and at cryogenic temperatures in the layout
of unequal-arm laser interferometer of Twyman-Green
type and use computer-generated hologram executed
on plane-convex Zerodur blank in the capacity of optical
compensator.

of the space observatory "Millimetron" (project

'Spektr-M") initiated by Astro-Space Center of
Lebedev Physical Institute of the Russian Academy of
Sciences is carried out under the scientific supervision
of RAS academician Nikolai Semenovich Kardashev [1,
2]. The general view of this space observatory is given
in Fig. 1a and basic optical layout of relative position
of the primary parabolic mirror and hyperbolic
convergent mirror is given in Fig. 1b.

The main geometric characteristics of convergent

mirror:
 optical diameter - 542.13 mm;
« shape of reflective surface - convex hyperboloid;
 equation of the generator of reflective surface:

Execution of international project in creation

y?=509.4674z+0.14745222.
The main geometric characteristics of composite

primary mirror:
+ optical diameter - 10 m;
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* ypaBHeHHUe obpasyromen
OTpa’karoliell IMOBEPXHOCTH -
y2=509,4674z+0,14745222.
OCHOBHBIe TeOMeTpHUYeCKHe

XapaKTePUCTUKHU  COCTABHOIO

[JIAaBHOTO 3epKasa:

* CBeTOBOM AHaMeTp - 10 M;

+ dopma oTpakarouleil MoBepx-
HOCTH - mapabononn;

* YypaBHeHHe obpasyromen
OTpa’kalolled IMOBePXHOCTH -
¥2=9600z.

BaskHeHnmen 0cobeHHOCTHIO
pabotsl Tenmeckoma 3ToM obcep-
BAaTOPUHU SIBJISIIOTCSI KPHOTeHHBbIe
ycnoBust (~4K). 9To Ype3BbIYaNHO
YCJIOKHSIeT KaK Ipouecc ¢opmoo-
6pa3oBaHHUS U KOHTPO/S pabounx
[I0OBePXHOCTEM 3epKaJl TelecKoIla,
TaK M IIpollecC MX aTTecTallkH
B KaMepaX, HMHUTHPYIOUIHX
KOCMHYeCKHe YCJIOBHSI II0 TeM-
mepatype M BakyyMy. IloaTomy
IpU IPOEKTHPOBAHHUU M H3TO-
TOBJIEHUHU PpabodHUx IIOBEPXHO-

rnasHoe 3epkano (210 m)

Puc. 1. Kocmuyeckas obcepeamopus "MuaaumempoH”: a) - obuiuli 8ud; b) - npun-
UunuanbHas onmuyeckasi cxema 83auMonon0XXeHus 2Ad8H020 3epKand U 3epkand
KoHmppegaekmopa

Fig. 1. Space observatory "Millimetron": a) - General view; b) - Basic optical layout
of relative position of the primary mirror and convergent mirror
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CTell 3epKkaJl HeobXoAHUMO BBO-

OUTH MONPAaBKH, KOMIIEHCUPYOIIMe U3MeHeH e UX
dopMEI IIpHU Iepexoie OT HOPMaJIbHOM TeMIIePaTy PhI
(L1eXOBBIX YCIOBHUI (OpMO0O6Pa30BaHMS) K IKCILIya-
TAallHOHHBIM KPHOT@HHBIM TemIiepatypam. Ilocie-
OYIOIIUM BaskKHBIM 3TaIloM HOJIXKHA OBITbH 3KCIIepHU-
MeHTaJIbHas MpoBepka KOPPeKTHOCTH BBeJeHHBIX
[IOIIPaBOK.

« shape of reflective surface - paraboloid;
 equation of the generator of reflective surface:
y?=9600z.

The major peculiarity of telescope operation in this
observatory consists in cryogenic conditions (~4K). It
extremely complicates the process of shaping and
measurement of operating surfaces of telescope mirrors
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Hike mpeniaraeTcsi BO3SMOXKHBIK BapHaHT pellle-
HHUS 3TOM IpobieMbl B OTHOLIEHHH 3epKajla KOH-
TppediexkTopa Ha OCHOBE MCIIO/NIb30BAHMS CHUHTE3U-
POBaHHOI TOJOrPaMMBI, BHIIIOJTHEHHOM Ha IJIOCKOH
[IOBEPXHOCTH IJIOCKO-BBIIIYK/ION MOAJIOKKH K3 LIepo-
Aypa, B KaudeCcTBe ONTHYECKOro KOMIIeHCAaTopa
B CxXeMe HepaBHOILJIeYeBOIO JIa3epHOro HHTepdepo-
MeTpa Tuma TBaliMaHa-TpuHa [3], mpencTaBlIeHHOTrO
Ha puc.2.
CnengyeT OTMETHTH, YTO 3Ta KOHTPOJIbHASA CXeMa
MOKeT OBITh KCIIO/IB30BAaHA KaK B ITPOM3BOACTBEH-
HBIX YC/IIOBHSIX [JIs1 TeXHOJIOTHYEeCKOI0 KOHTPOJIs
pabouell IOBEPXHOCTH 3epKaja KOHTppedekTopa
B ITpoliecce ee opMoobpa3oBaHHUs, TaK U /s aTTe-
CTAalJIOHHOTO0 KOHTPOJISI 3TOM IIOBEPXHOCTH B yCJIO-
BUAX, UMHUTUPYIOUUX KOCMHYECKHe II0 TeMIlepa-
Type U BaKyyMmy.
B 3TOM TeXHHYECKOM pelleHHUH peaaH3ylTCs
YHHUKAJIbHBIE CBOMCTBA LIEPOAYPa - UPe3BbIYAKHO
HM3KHe 3HaueHHs ero TeMIIepaTypHOro Ko3PuIiy-
eHTa JuHeNHoro pacmupenus (TKJIP) u onTUMU-
3anus 3aBUcMMOCTH TKJIP oT Temmepatypsl [4, 5].
3aBucuMocTh TKJIP 1epomypa OT TeMIepaTyphl
TaKOBa, YTO MOXHO I10f00paTh KOHKPETHYIO €ero
MomubHUKAILIMIO co 3HaueHUAMHU TKJIP, 6IHU3KUMU
I/l OBYX [OHUAIla30HOB TeMIIepaTyp — B OKPeCTHO-
cti 4K m 295K. TIpu 3TOM HeraTHBHBIe CBOMCTBA
Lepoaypa - HH3KHe TeIJIONPOBOAHOCTL, MOAY/Ib
YIPYTOCTH, KeCTKOCTh, K03$PHIIMEeHT MaKkcyToBa
[6] - He UMeIOT B JAHHOM CJiy4ae CyIeCTBeHHOIO
3Ha4eHHUS.
Pa3paboTUMKU ONTHYECKOM CHCTeMbl obcepBa-
TOpPUH "MIJIILMETPOH" B KadecTBe MaTepHasa AIs
3epKaja KOHTppedieKTopa OTAAIOT IIPeAIloYTeHHe
Kapbuay KpeMHHUsI, TaK KaK I10 KO3PuLMeHTy Mak-
CyTOBa OH CYILIeCTBEHHO IIPeBOCXOAMUT BCe Ipyrue
MaTepHaJbl, IPUMeHseMble B KOCMHYeCKOM TeJle-
CKOIIOCTPOEHHUH, B TOM YHCJIe U LIepoayp.
BrI6paHHBIN BapHaHT KOHTPOIBHOM CXeMBl (CM.
pHC.2) UMeeT ClefyIollue IapaMeTphl:
* [JIMHA BOJIHBl JIa3€pHOrO0 MCTOYHHKA CBeTa
A=632,8 HM;
* PpaccTosHHe OT 'TOYeUHOIo' MCTOYHHKA H3Jyue-
HUS (IIJIOCKOCTD fHadparmsl 5) 1o 0ceBOI CUHTe-
3UPOBAHHOM roI0OTPaMMBl 6 ~3000 MM;
e IapaMeTpPhl OCeBOM CHHTE3HPOBAHHOM IOJIO-
rpaMMBI 6:
* IIOAJIOKKA — IIJIOCKO-BBIIIYKJIas;
* MaTepHas - LepoAyp (BO3MOXKeH acTPOCH-
Tall);

* CBeTOBOM AHaMeTp 980 MM;

* palMuyC KPUBU3HEI BHIITYKJ/IOL IOBEPXHOCTH
1300 mMm;
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Puc.2. MpuHyunuanbHasi onmu4eckas cxema Ad3epHo-
20102paduyecKo20 KOHMPOAS 3epKkana KoOHmMppegaekmopa
meaeckona "MuaaumempoH”:1- Aasep, 2 - pacluupumenb;
3-csemodeaumenp; 4,10 - 0bvekmussbl; 5, 9 - duadppazmbi;

6 — 0cesas CUHMe3UpPOBAHHAS 20A02pAMMA; 7 — 3epKano
KoHmppedaekmopa (8binykAbili 2unep6oaoud, ceemogoli dua-
memp 542 mm); 11 - nnockoe 0NopHoe 3epkano; 8 — menesu3u-
OHHAs Kamepa; 12 — nepCoHANbHbIU KoMnblomep

Fig. 2. Basic optical layout of laser-holographic control

of convergent mirror of "“Millimetron” telescope: 1~ Laser;

2 - Beam expander; 3 - Beam splitter; 4,10 - Lenses;

5, 9-Diaphragms; 6 - On-axis computer-generated hologram;
7 - Convergent mirror (convex hyperboloid, optical diameter
542 mm); 11— Flat reference mirror; 8 - Television camera;

12 - Personal computer

and attestation process of these operating surfaces
in the chambers imitating the space environment by
temperature and vacuum. Therefore, during design
and fabrication of mirror operating surfaces it is
required to introduce modifications compensating the
alteration of their shape during the transition from
normal temperature (shop floor conditions of shaping)
to operating cryogenic temperatures. The following
significant stage should include the experimental
check of correctness of introduced modifications.
Possible variant of solution of this problem is
suggested below in relation to convex convergent
mirror on the basis of use of computer-generated
hologram executed on plane surface of plane-convex
Zerodur blank in the capacity of optical compensator
in the layout of unequal-arm laser interferometer of
Twyman-Creen type [3] shown in Fig. 2.
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* nUdpaKLUHOHHAS CTPYKTypa HAHOCUTCA
Ha IIJIOCKYIO II0BEPXHOCTB;

* MaKCHMaJIbHas IPOCTPAaHCTBEHHAas 4acToTa
Vyax =850 MmL,

OIIBIT ITOKA3bIBAET, YTO 3Ty KOHTPOJIBHYIO CXEMY
Lleslecoobpa3HO peanu3oBaTh B HHTepdepoMeTpe
C BepTHKaIbHOM OpPUEeHTalllel UHTepPepUPYIOMHX
aydemu.

[Ipy mpoBefeHUM aTTeCTAL[MOHHOIO KOHTPOJS
pabouell MOBEpPXHOCTH 3epKajna KOHTppedrekTopa
B TepMobapokaMepe, MMHUTHPYIONEH KOCMHYECKHe
YCTIOBU S, 1le/1eco0Opa3sHoO PasMecTHUTh B 3TOHM Kamepe
JUIIb CUHTe3UPOBAHHYIO I'OJIOIPaMMy 6 K KOHTPO-
IUpyeMoe 3epkano KoHTppedsekTopa 7; BCe OCTab
HBIe 3/IeMeHThl HHTeppepoMeTpa paclonaraloTcs BHe
KaMepBl.

B HacTosimee BpeMsi B AO "HIIO "TocymapcTBeH-
HBIM HHCTUTYT IPUKIAJHOM ONTHUKH' HMeeTcs
KpyroBas HeluTebHAss MallWMHa TuUIla MUIT, obe-
CIeYMBalollasl HM3rOTOBIeHHE OCEBBIX CHHTE3UPO-
BaHHBIX TOJIOTPaMM AHaMeTpoM Ao 600 MM, U IIpo-
pabaTHIBAIOTCS BO3MOKHBIE TEXHUYECKHE PelIeHHUs
IOBeleHHUs IIpelleIbHOIO JHUaMeTpPa OCEeBBIX CHH-
Te3HMPOBAHHEBEIX TojiorpamMM o0 1000 mMm, B ToMm
4YHCe U COo3JaHKe HOBOM KPYTOBOH MelHTeNlbHOM
MaIIUHEI.
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It should be noted that this optical testing layout
can be used under production conditions for the
technological control of convergent mirror operating
surface in the process of its shaping and for the
attestation control of this surface under the conditions
imitating the space environment by temperature and
vacuum.

The unique properties of Zerodur are implemented
in this technical solution: extremely low values of
its coefficient of thermal expansion (CTE) and
optimization of CTE dependence on temperature [4,
5]. Dependence of Zerodur CTE on temperature is such
that it is possible to select its specific brand with the
values of CTE, which are close for two temperature
ranges - in the neighborhood of 4K and 295K. At
the same time, the negative properties of Zerodur -
low heat conductivity, modulus of elasticity, rigidity,
Maksutov coefficient [6] - are not significant in this
case.

Developers of the optical system of Millimetron
observatory give preference to silicon carbide as the
material for convergent mirror because it significantly
excels all other materials used in space telescope
construction, even Zerodur, in Maksutov coefficient.

Selected variant of optical testing layout (see Fig. 2)
has the following parameters:
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CnenyeT OTMeTUTh, YTO CO3[aHIe TaKOH KPYro-
BOM [le/IMTe/bHOM MaIlMHBEl aKTYaJIbHO U C TOYKH
3peHUs Heo6XOAHMMOCTH PelleHHs APYrokl BasKHOM
npobyieMBl TelIeCKOIIOCTPOEHHUS — IPELIU3HOHHOIO
J1a3epHO-TOJIOrpadruyecKoro KOHTPOJSA IIpolecca
IOCTHPOBKHU [BYX3epKajJbHbIX TeJIECKOIOB THIla Kac-
cerpeHa u Puun-KpetneHa [7, 8].

PasymMmeeTcsl, MpaKTHYeCKOM pealH3alluH Ipef-
JIOKEHHOTO TeXHUYECKOIO pellleHHUs HOJIKHBI IIpef-
LIeCTBOBATh HATYpPHBbIe HCC/IeNOBAHHS Ha MOMEISIX
3epKaja KoOHTppediekTopa AuaMeTpoM no 200 MM
C ucronb3oBaHHeM HMewpomuxcs B AO "HIIO "Tocy-
OApCTBEHHBIM HMHCTUTYT IHPHUKIAJHOM OITHUKH"
TeXHOJIOTUYeCcKoro obopyloBaHHUS U JIa3epHO-TOJIO-
rpaduYecKor H3MepHUTEeJbHOM aIlIlapaTypsl. ITO
[I03BOJIUT y4eCcTh U3MeHeHHe OITHYeCKHX IapaMe-
TPOoB PaKTHUYeCKH MCIIOAb3yeMBIX MOAHUPHKALHU
MaTepHasoB (Lepoaypa U Kapbuaa KpeMHHS) IpHU
repexofe OT HOPMaJIbHBIX TeMIIEPATyp K KPHOILeH-
HOM M, TeM CaMbIM, obecredrTh 3aaHHYIO UHTep-
bepoMeTpHUUYECKYI0 TOYHOCTh KOHTPOIAS (GOPMBEI
pabouell IMOBepXHOCTH IITATHOro obpasma 3epkaja
KOHTppedieKkTopa.
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« the wavelength of laser light source 1 = 632.8 nm;

+ distance from "point" radiation source (plane of
diaphragm 5) to on-axis computer-generated
hologram 6 is ~ 3000 mm;

e parameters of on-axis
hologram 6:
 blank - plane-convex;

+ material - Zerodur (possibly, astro-

glassceramics);

« optical diameter 980 mm;

« curvature radius of convex surface 1300 mm,;

« diffraction structure is fabricated on plane

surface;

« maximum spatial frequency n,,,, = 850 mm.

Experience has proven that it is appropriate to
implement this optical testing layout in interferometer
with vertical orientation of interfering rays.

When performing attestation control of operating
surface of convergent mirror in the thermal vacuum
chamber imitating the space environment, it is
appropriate to locate only computer-generated
hologram 6 and controlled convergent mirror 7 in this
chamber; all other elements of interferometer should
be placed outside the chamber.

Currently, there is circular ruling engine of MDG
type providing the production of on-axis computer-
generated holograms with the diameter up to 600 mm
at JSC "NPO "State Institute of Applied Optics”, and
possible technical solutions for bringing the threshold
diameter of on-axis computer-generated holograms
up to 1000 mm, including the creation of new circular
ruling engine, are being developed.

It should be noted that creation of such circular
ruling engine is relevant from the point of view of
necessity of solution of the other significant problem
of telescope construction - precision laser-holographic
control of the adjustment process of two-mirror
telescopes of Cassegrain and Ritchey-Chretien types
[7, 8l.

It is understood that the physical investigations
using the models of convergent mirror with the
diameter up to 200 mm and technological equipment
and laser-holographic measuring instrumentation,
which exist at JSC "NPO "State Institute of Applied
Optics", must precede the practical implementation of
suggested technical solution. These studies will take
into account the changes in the optical parameters
of actually used material modifications (Zerodur and
silicon carbide) during the transition from normal
to cryogenic temperatures and thereby ensure the
given interferometric accuracy of the measurement
the shape of the operating surface of the full-size staff
convergent mirror.

computer-generated



