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MAJIOTABAPUTHAA
PETPOPE®JIEKTOPHAA
CUCTEMA

ANg KOCMUYECKOIo
ANMAPATA "IOMOHOCOB"

A.C.Akenmoes, A.J1.CokoA08, 0.m.H.,

AO "HayuHo-npou3ssodcmeerHas kopnopayus
"Cucmemel npeyusuoHHozo npubopocmpoerus”,
Mocksa

MpepnoxkeHa KOHCTPYKLUUS manorabaputHom
peTpope¢neKTOpHOM CUCTEMbI C CYy6MUNTMMETPOBOM
owmn6Kom Lenun A HU3KOOp6UTaNbHbIX

CMYTHUKOB, B TOM YMC/ie KOCMUYEeCcKoro annaparta
"JlomoHoCOB". OnpepeneHbl GpakToOpbl, BAMsOLWMNE

Ha 3HepreTn4yeckue n TOYHOCTHbIEe XapaKTepUCTUKH
ManorabapuTtHou peTpopedIeKTOPHON CUCTEMDbI.

a BCeX COBpPeMeHHBIX HaBUTALIMOHHBIX

U TeoJle3uueCKHMX KOCMHUYeCKHX allapaTax

(KA) pasMeIaroT MaHeIH YrOJIKOBBIX OTPa-
skatenen (YO) - Tak Ha3blBaeMble peTpopedierTop-
Hble cucTeMbl (PC) [1-7]. Ha3sHaueHUe 3TUX CUCTEM
COCTOUT B OTPa’KeHHUH JIy4a J1a3epHOro AabHOMEpPa
oT KA ob6paTHO K HNPHUEMHHKY OIITHKO-JIIa3epPHOMH
CTAaHLUU [J14 IPeLH3HMOHHOTO H3MepeHHs [alb-
HOCTH 10 KA.

PaspaboraHHas B AO "Hay4HO-TIpOM3BOACTBEH-
Has Kopropanusi "CHCTeMBbl IPeLU3HOHHOIO IIpHU-
bopocTpoenus” manorabapurHas PC "Tlmpamupga"
npeacTaBiseT coboil MUPaMHAATbHYI KOHCTPYK-
M0 K3 4yeThpex YO c obmieii BepminHOM (puc.l).
Macca cocTaBaset Bcero 60 T, a rabapUTHBIH pa3mep
He mpeBbImaeTr 40 MM.

Jlns mocTuskeHHUsI TpebyeMBIX SHepreTHYecKHX
M TOYHOCTHBIX XapaKTePUCTHUK He06X0AHMMO, YTOOBI
KOHCTPYKTHBHBIe IapaMeTpsl PC obecrneumnBanu
ONTHMAa/bHYIO AHArpaMMy HaIlpaBJIeHHOCTH OTpa-
SKEHHOTO H3/IyuUeHHSs, KOTOPYI0 MPHUHSITO Xapak-
TePHU30BaTh 3KBHUBAJIEHTHON IIOBEPXHOCTBIO Pac-
cessaus (IIIP). SIBIeHMe CKOPOCTHOM abeppanuu
IIPUBOJUT K TOMY, UTO OIITHMAaJIbHOE HaIlpaB/leHHe
IpreMa OTPa’keHHOIO Ja3epHOro Jyda He COBIIA-
IAIOT C OChIO AHarpaMMBbl HaIIPpaBJIeHHOCTH U 3aBU-
CHUT OT CKOPOCTH CIYTHHKA, TO €CTb OT BBICOTHI
ero opbuTel. [l HHU3KOOPOUTATPHBIX CIYTHHKOB
CpefiHee 3Ha4YeHHUe CKOPOCTHOM abeppanuu [1, 2,

5O ®OTOHMUKA N25/59/2016

CECEEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e
ONTUYECKUE YCTPOUCTBA U CUCTEMDI
CECEEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e

SMALL-SIZE
RETROREFLECTORY SYSTEM
FOR LOMONOSOV SPACECRAFT

A.S.Akentyev, A.L.Sokolov, Dr.of.Sc. (Engineering)
Joint-stock company «Research-and-production
corporation “Precision Systems and Instruments»,
Moscow

The construction of small-size retroreflectory
system with submillimeter target error for low-
orbit satellites, including Lomonosov spacecraft,
is suggested. The factors, which influence on the
energy and precision characteristics of small-size
retroreflectory system, are determined.

he panels of corner-cube-reflector (AR), or

so-called retroreflectory systems (RS), are

installed in all modern navigation and
geodesic spacecrafts (SC) [1-7]. The intended purpose
of such systems consists in the reflection of the
beam of laser rangefinder back to the detector of
optical and laser station for precision measurement
of the distance to SC.

Small-size RS "Pyramid" developed in JSC
"Scientific and Manufacturing Corporation "Systems
of Precision Instrument Engineering” represents the
pyramid-shaped construction of four CR with the
common vertex (Fig. 1). Its weight is only 60 g and
overall dimensions do not exceed 40 mm.

In order to reach the required energy and precision
characteristics it is necessary for the construction
parameters of RS to provide the optimal directivity
diagram of reflected radiation, which is typically
characterized by equivalent scattering area of cross-
section (CS). The phenomenon of velocity aberration
results in the fact that the optimal direction of
detection of reflected laser beam does not concur
with the axis of directivity diagram and it depends
on the satellite velocity, in other words on the height
of its orbit. The average value of velocity aberration
[1, 2, 4] for low-orbit satellites is about 8". It means
that particularly at such angle from the axis of
directivity diagram CS must be maximal, and it is
required to expand the directivity diagram somehow,
for example, to reduce the size of CR. However, at
the same time the aperture decreases, and detected
energy of laser radiation is reduced in general.

At zenithal area of SC overflying the angle of
incidence on all four CR is approximately equal to 54°.
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4] coctaBnsieT okoso0 8". ITO 3HAYUT, YTO UMEHHO
IIpA TaKOM yIJIe OT OCH AHarpaMMbl HaIlpaBjeH-
HocTH OIIP moymskHA 6BITH MaKCHMAJIBHOM, B Heo6-
XOJMMO KaKHM-TO 06pa3oM pacUIUpSTh AUATPAMMY
HaIlpaBJeHHOCTH, HAaIpHMep, YMEHBIIATh pa3sMep
YO. OpgHako IpH 3TOM YMEHbIIAETCS aleprypa,
U B LleJIOM IafaeT NpUMHHMAaeMas SHeprus Jjasep-
HOT'O U3/Ty4YeHHU .

B 3eHuTHOM 0bsacTu nponera KA yron nageHus
Ha Bce yeThlpe YO paBeH IMpUMepHO 54°. AmepTypa
YO mnpu mnepeMelleHHH CIYTHHKA OT TFOPH30HTA
K 3€HUTY YMeHbLIAeTCsl U MMeeT OBaJIbHYI0 GOopMY.
B pesynbraTte 3IIP MaKCHMMajibHa IIPU 3€HHTHOM
yrine Habniomenus 0,.,=63° (puc.2, yrom MecTa
B=27°) m MHHHUMAaJbHA B C/lly4ae PaCIIOJOKEHMUS
CIyTHHUKA B 3eHUTHOMN obnactu 0,,,=0...10°. Makcu-
MaJibHble 3HaueHu s JIIP JOCTUTral0TCs, KOIAa U3y~
YyeHUe I1aJlaeT TOJAbKO Ha oguH YO.

MMHHMYMBI 1 COOTBETCTBYIOT CJIy4yalw, Korga
M3jJy4yeHHe MmajaeT Ha ABa YO mpu mpojiere CIIyT-
HUKa II0 TPaeKTOPHH, JieXKallled B IUIOCKOCTH o
(¢ - mmockocTh, o6pa3oBaHHAs TOUKOM PaCIIOJNO-
JKeHHSI KBAHTOBO-OIITHYECKOM CTAaHLOHH H HOP-
MaJibHBIM BeKTOPOM, HaIpaBJeHHBIM II0 Kaca-
TeJIbHOM K IIOBEPXHOCTH 3eMHOTO 3JIHMIICOUTA).
MuHUMYMBL Il COOTBETCTBYIOT PaCIIOJIOKEHHUIO
CIIyTHHKA Ha TpaBepce, IIPH 3TOM YIJIOBOE OTKJIO-
HeHHe oCHU oTpaskeHHoro oT PC ja3epHoro ayua,
BCJIe[CTBHe SIBJIeHUS CKOPOCTHOM abeppanuu,
MaKCHMaJbHO.

BmecTe ¢ TeM, pacCTOsSHHe [0 CIIYyTHHKA MHHU-
MajabHO KaK pa3 B 3eHUTHOM 067acTH M MaKCH-
ManpHO (bosee yeM B TpH pasa) B CilIydae pac-
[IOJIOKeHU s CIIYyTHHUKA Ha TOpH30HTe. IIOCKOIBKY
KOJIMYEeCTBO (POTOHOB, OTPa’KeHHBIX OT CIYTHHKA
Y IPUHHMaeMbIX Ha3eMHOMN KBAHTOBO-OIITHYeCKOHN
CTaHLMel, 06paTHO IIPONOPLIMOHAIBHO YeTBEePTOMH
CTeIleHU PACCTOSAHMSA A0 CIOYTHHKA, TO YMEHbIIe-
HUe anepTypsl YO B 3eHUTHOM 06/1aCTH KOMIIEHCH-
pyeTcs yMeHbIIeHHEeM PACCTOSHUSA.

BiusHue 1BYX $aKTOPOB IIPUBOJUT K TOMY, UTO
KOJIMLYeCTBO (OTOHOB, PErUCTPUPYEMBIX OITHKO-
7Ma3epHON CTaHILIMeH, MaKCHUMaJAbHO IPH 3eHHUT-
HOM yT/e HabniofgeHus crnyTHUKA 0,,,=40°. B oTnu-
Yye OT APYIMX aHAJOTUYHEBIX peTpopedIeKTOPHEBIX
cucteM [7], KonudecTBO (GOTOHOB, OTPa’KeHHBIX
ot PC "lupaMupga’ u perucTpupyeMsex GoTONpPU-
€MHHKOM, He M3MeHSeTCs CTO/Ib 3HAUYMUTEe/IbHO IIPU
IposieTe CIIyTHHKA I10 HebecHOM cdepe.

IIpu yBelM4YeHHH KoaxvecTBa YO Bo3pacTaeT
Kak JIIP, Tak ¥ BePOATHOCTb OTPa’KeHUS H3Jydve-
HUS 0T ABYX U 6osee YO. Ec/iu paccTossHHe OT J1a3ep-
HOTI'O IlepefaT4yurKa OO0 OoTAenbHBIX YO B PC oTnnya-
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Puc.1. ManozabapumHas pempopedarekmopHas cucmema
“Mupamuda” 0ns HU3KOOP6UMAABHBIX CNYMHUKO8

Fig. 1. Small-size retroreflectory system "Pyramid” for low-orbit
satellites

During the movement of satellite from horizon to

zenith, CR aperture decreases and it has oval shape.

As a result, CS is maximal at zenith viewing angle
0,.n=63° (see Fig. 2, tilt angle f=27°) and minimal in
case of satellite location in zenith area 6,,,
Maximal values of CS are reached when the radiation
is incident only on one CR.

Minimums I correspond to the case when the
radiation is incident on two CR during the satellite
overflying along the trajectory located in the plane
a (a - plane formed by the point of location of
quantum-optical station and normal vector directed

=0...10°.

along the tangent to the surface of earth ellipsoid).

Minimums II correspond to the satellite location
on traverse, and at the same time the angular
deflection of axis of laser beam reflected from RS
is maximal due to the phenomenon of velocity
aberration.

At the same time, the distance to satellite is
minimal in zenith area and maximal (by more than
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Puc.2. 3asucumocms 3P om yena A npu pacnonoxxeHuu
CNymHUKa ¢ yznom mecma 8=27° 05 8bicOMbl 0pbUMb

H =500 km: A - a3umymanbHbil y20A, omcHumsléaempill

om naockocmu a

Fig. 2. Dependence of CS on the angle A in case of satellite
position with the tilt angle 8=27° for orbit height H=500 km:
A -azimuth angle taken from the plane a.
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eTCsl, TO BOSHUKAeT yAJIMHeHHe OTBeTHOIO CUrHajia,

IpUBOAsiIlee K Tak Ha3plBaeMOM OIMIMOKe IeNH.
Ins PC "Mupamupa’ ommbra LieJM O4YeHb Mala
3a cyeT majoro pasmepa YO M CoeIUHEHHUS HX Bep-
IHH. MaKCHUMajbHas BeMYHMHA OMMOKHA BO3HU-
KaeT, KOrja u3jiydeHHe MMafaeT Cpa3y Ha HeCKOJIbKO
YO npu HUX HeCMMMETPHYHOM PacCIIOJIOKeHUH
OT OCH J1a3epHOrO IYy4Ka, IPH 3TOM ONTHUYeCKHM
nyTh B 3TUX YO He coBmafaeT. MUHUMYM OMKOKHU
COOTBETCTBYeT C/IyYalo IIoIlalaHMs JIa3ePHOro Jiy4da
Ha ABa YO, OpPHeHTHPOBAHHBIX OJHMHAKOBO, MJIH
IIpU OTPa’keHHH JIa3epHOr0 M3IY4YeHHUsS TOJIbKO
oT opHoro YO. B 1enoM pacyeTHass BeJHYHHA
omuK6KU LeNy NPU HU3MEpPeHHH HAJNBHOCTH Ao KA
He mpeBbimaer 0,5 MM.

JlBe MmanorabapuTHble peTpopedreKTOpHbIe
cuctembl 'Tlupamupa’, co3maHHsle B AO "HIIK
"CucTeMbl NpeLU3HOHHOro mnpubopocTpoeHus",
6p11M pasMelieHbl Ha 60pTy KA "JloMOHOCOB" B paM-
KaX KOCMHYeCKOTo 3KCIIepUMeHTa II0 Ja3epHOM
7MoKaluu coBMecTHO ¢ HUU aaepHon ¢usuku MIY,
Koprmopauuen BHUMSM u OI'VII THHHMam npu
yaactuu OI'YII "BHUUOTPH" (puc.3). CHYTHHK 651
3amyIleH Ha COJIHEYHO-CHHXPOHHYIO OpPOUTY BBHICO-
ToH 500 KM B ampese 2016 rofa ¢ Hay4HOH aIapa-
TypoHl MOCKOBCKOIO TOCyJapCTBEHHOIO YHUBEPCHU-
TeTa [JISl HCC/IeJOBAHUS SBJIEHUH B BePXHHUX CJIOSIX
aTMocepsl 3eMIIH.

Kaxkmas wu3 PC, mpencTtaBasollas cobon
NUpaMHUAY M3 YeThlpexX YILOJKOBBIX OTpa’kaTe-
neir (cM. puc.l), crmocobHa oOTpaskaTh Jia3epHBHIe
HMITYJIBCBl CO BCeH HHXHeH mnonycdeprl. OgHa PC
6plIa IIpHKJIeeHa K KOPIYCy CIyTHHKA, a Apyras
K BBIJIBMJKHOU LITAaHTe Ha PaCCTOSHHM OKOJIO ABYX
MeTpoB oT nepBou PC.

[IpoBefieHHBIe Jla3epHble H3MepeHHUs [aJIbHO-
CTH II03BOJIKMJIN HabII0[aTh IBa CUTHAJIBHBIX TPeKa
C paccTosHHEM MeXAy HHMHU Bcero 0,5-2 M, 3aBHU-
caleM OT OpMeHTAlMU CIIYyTHHKA OTHOCHUTEIBHO
Ja3epHOM CTAaHLIMHU B MOMEHT HabnIoleHHUs. B 3ToM
clydae NPUMEHSICS TaK Ha3blBaeMBbIM OAHODOTOH-
HBIM PeXHM, IIPH KOTOPOM AAJIBHOCTb C IIOTPell-
HOCTBIO B HECKOJIbBKO CAHTHMETPOB OIpefessieTcs
IIyTeM C4YeTa OAMHOYHBIX CHUIHAJbHBIX (HOTOHOB,
npumeamux oT PC. OGHODOTOHHBIN PeXXKHUM MOKET
JOCTUTAThCSA 3a CYET yBeJIMYEeHUs PaCXOOHMMOCTHU
30HAUPYIOIIETo JIa3epHOro myuka g0 20-30 yrioBsiX
CeKyHJ,.

HecmoTps Ha Majble pa3mepsl Kaxzaas PC obe-
Crevyuja JOCTAaTOYHBIKM YPOBEeHb OTBETHOIO CHI-
Hana. ITo Hamen oleHKe (ObIIM IIpOBeeHBl CPaB-
HUTe/JbHble H3MepeHMs II0 crnyTHHuKaM Stella"
u "Lageos") OIIP coctaBuia 7o 100 000 m?.
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Puc. 3. Kocmuyeckuti annapam "/lomoHocos" (PC nokasaHei
8 y8eAuYeHHOM macluimate)
Fig. 3. Lomonosov spacecraft (RS are shown in scaled up form)

three times) in case of satellite location on horizon.
Since the number of photons reflected from satellite
and received by ground quantum-optical station
is inversely proportional to the fourth degree of
distance to satellite, the reduction of CR aperture
in zenith area is compensated by the distance
decrease.

The influence of two factors results in the fact
that the number of photons recorded by optical and
laser station is maximal at zenith viewing angle of
satellite 0,,,=40°. As opposed to other analogous
retroreflectory systems [7], the quantity of photons
reflected from RS "Pyramid" and recorded by
photodetector does not significantly vary during
the satellite overflying along celestial sphere.

In case of increase of CR quantity, CS and
probability of radiation reflection from two and
more CR grow. If the distance from laser transmitter
to individual CR in RS differs, the extension of
response signal causing so-called target error
occurs. For RS "Pyramid" the target error is very
low at the expense of CR small size and connection
of their vertexes. Maximal value of error occurs
when the radiation is incident on several CR at once
upon their unsymmetrical arrangement from the
axis of laser beam, and in such case the optical
path in these CR does not concur. Error minimum
corresponds to the case of laser beam incidence
on two identically oriented CR or to the case of
reflection of laser radiation only from one CR. In
general, the estimated value of target error does
not exceed 0.5 mm when measuring the distance
to SC.



RERRR RN RN R N AR R AR R R R R N N AR N AR A AR RN NN
NN OPTICAL DEVICES AND SYSTEMS
RERRR RN RN R N AR R AR R R R R N N AR N AR A AR RN NN

Pe3yynbpTaThl KOCMHYECKOTO 3KCIepHUMeHTa
II03BOJISIOT PEKOMEH/I0BAaTh PeTpopedIeKTOPHYIO
cucteMmy "TImpaMupaa” Ojs yCTAaHOBKH Ha HH3KOOP-
6uTanbHBIE KOCMHYECKMe aIllapaThl [Js OIpefe-
JIeHUSI UX OPHEeHTAIlMH H [/ AOIOJTHUTEIBHOTO
MOHHUTOPHUHIA Pa3BepPTHIBAHUS COCTABHBIX YacCTel
KA B KOCMOCe.
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Two small-size retroreflectory systems "Pyramid"
designed at JSC "SMC "SPIE" were located onboard
the SC "Lomonosov" within the framework of
space experiment in laser location jointly with
the Research Institute of Nuclear Physics of
Moscow State University, Corporation VNIIEM and
FSUE TsNIlmash with the participation of FSUE
"VNIIFTRI" (Fig. 3). The satellite was launched in
sun synchronous orbit with the height of 500 km in
April 2016 with the scientific equipment of Moscow
State University in order to study the phenomena in
the upper layers and Earth’s atmosphere.

Each RS representing the pyramid of four corner-
cube-reflectors (see Fig. 1) is capable to reflect the
laser pulses from the whole lower hemisphere. One
RS is glued to the satellite frame and the other one
is glued to the extension rod at the distance of about
2 m from the first RS.

Carried out laser measurements of distance
allowed observing two signal tracks with the
distance between them of only 0.5-2 m depending
on the satellite orientation relative to laser station
at the moment of observation. In this case so-called
single-photon mode was used; at this mode the
distance with the error of several centimeters is
determined by counting the single signal photons
coming from RS. Single-photon mode can be
reached at the expense of increase of probing laser
beam divergence to 20-30 seconds of arc.

Notwithstanding the small size, every RS
provided the sufficient level of response signal.
According to our evaluation (the comparative
measurements by satellites "Stella" and "Lageos’
were performed), CS was up to 100 000 m?.

The results of space experiment allow
recommending the retroreflectory system "Pyramid"”
for the installation in low-orbit spacecrafts in
order to determine their orientation and monitor
additionally the deployment of SC components in
space.
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