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beCcKOHTaKTHaA
cucTemMa usmepeHus
reoMmeTpu4yecKkmx
napaMeTpoB pelleToK
MOHHbIX ABUraTesen
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O603HayeHa npobsieMa nsMepeHus BaXKkHemLiero
napamMeTpa, XxapakTepusytowiero pa6oTy MOHHOIro
ABUrartesns, 3asopa MeXxay 3KpaHOM, yCKOpsoLLen
Y 3aMep/isiiolLen ceTkamm 610Kka MIOHHOWM

onTuku. MpeanoxeHa M3MepuUTesibHas cucTemMa,
peanusyoLas TeHeBOW MeTOA, B NapasliesibHbIX
Jlyyax v nossosistowas NpoBoAUTb U3MepeHus

B BaKyyMHO Kamepe. [119 CHUXEHUS XeCTKUX
Tpe60BaHMiN K TOYHOCTM NO3ULMOHUPOBAHUS
06beKkTa Npy nsMepeHMaX 3Ha4eHUs napameTpa

B CUCTEME UCMO/Ib3yeTCs TeNleL,eHTpUYecKuin
06beKkTMB. CMCTEeMA YCMeLHO NPOLL/IA UCMbITaHUS,
pe3ynbTaTbl U3MepeHUi NpeacTaB/eHbl B paboTe.

KntoyeBble cnoBa: 6€CKOHTAKTHbIE mimepeHus,
TeHeBOW MeToA, n3MmepeHume reomMmeTpmnyeckmnx
napamMmeTpoB, peleTkn NOHHOIro ABuraTens,
MOHHasa ONTUKa.

CtaTtbs nonydeHa: 29.09.2023
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BBEAEHWE

BakHEeMMMMU IapaMeTpaMH HOHHOTO JABHUTraTes,
BIMSIIOIIMMH Ha ero paboTocriocobHOCTP K CPOK
CIY>KObI, SIBISIOTCS 3a30pBl MEXKIY 3KPaHOM, YCKO-
psIoINell M 3aMeUISIoeN pemreTkaMu 670Ka HMOH-
HOH OITHKH. B mporiecce paboTbl HOHHOTO JBUTATENS
3230pBl U3MEHSIOTCS 32 CUeT TeIJIOBOTO PAaCUINPeHMs
pelleToR, M BO3HHUKAaeT PHUCK Ipobost 3a30poB (wim
Iake 3aMBIKAHUS PelIeToK), 0COOeHHO B pPeXXHMax
BBICOKOTO AubepeHINaIbPHOIO Harpesa, HAIpUMep,
IIpY 3alycke ABUTraTensd. I103ToMy A4 IPaBUIBHOM
OLIeHKH Pabourx IapaMeTpoB U CPOKa CIY>KOBI ABUTA-
Tessl, a TAkoKe B ITPOIecce UCCIeIOBAHMS HOBBIX MaTe-
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The most important parameter of anion
thruster, affecting its performance and
service life, is the gap between the screen
and the accelerating and decelerating grids
of the ion optics unit. During operation of
the ion thruster, the gap is changed due to
the heating and thermal expansion of the
grids. Awareness of this gap in the hot grid is
necessary for adequate assessment of the ion
thrust operating parameters and service life.
The paper considers a measuring system based
on the direct shadow parallel light method. To
register the grid position, the pins protruding
above the grid surface are placed on them.
The image is recorded by a telecentric

lens that lowers the requirements for
positioning accuracy of the measurement
object. The illumination unit and the image
acquisition unit are placed in the pressure-
tight housings that allow measurements

to be performed in a vacuum chamber. The
system has successfully passed the tests, the
measurement results are given in the paper.

Key words: non-contact measurements, shadow
method, measurement of geometric parameters,
ion thruster grids, ion optics.

Article received: 29.09.2023
Article accepted: 24.11.2023

INTRODUCTION
The most important parameters of an ion thruster
that affect its performance and service life are the
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PHAJIOB [/ H3TOTOBJIEHHUS pelleToK, HeobXoIHMo
OYUHaMH4YecKoe M3MepeHHe yKa3aHHBIX 3a30pPOB HeIlo-
CpelCTBEHHO B paboTarolleM ABUTaTerIe.

3afavya H3MepeHHSI PACCTOSIHUSI MeXAy pelleT-
KaMH yKe pemanack paHee. Tak, B pabore [1] mpen-
JIOKeHO IIPOBOJUTH H3MepeHHe BH3yaJIbHO IIyTeM
HabmofleHUus OTMEeTOK (MapKepoB) Ha OTIPafyHpo-
BaHHBIX META/UIMYECKUX LITBIPbKAX, 3aKpeIlIeHHBIX
Ha 5KPAaHHOM pellleTKe U MPOXOASIIUX CKBO3b OTBEp-
CTHS YCKOPSIIOIIeN pelleTKU. OfHAKO IITHIPHKH OBLIH
MeTa/UIMYeCKMMHU, T.e. HaXOLUIHCh IIOf, TeM ke
HaIlpsDKeHHeM, YTO U pellleTKa, K II0TOMY reHepalys
IIy4YKa JBUTaTe/eM C YCTAHOBIEHHBIMH IITBIPbKAMU
ObIa HeBO3MOKHa. B pabore [2] Takke HCII0/IB30Ba-
JTHCh MeTaJl/TMYeckue IITBIPbKH, a H3MepHUTelbHBIN
npubop pacronaraucs Ha BbIX0OJe HOHHOM OITHKH.

B pab6ote (3] usmepuTensHbIN Ipubop OBUT pacro-
JIO>KeH II0fI YIJIOM OTHOCHTETBHO HOPMA/IH K pellleTKe
gBUraTens. M3mepeHHe BBIIONHSIOCh C IIOMOIIBIO
IOBYX MJIMHHOQPOKYCHBIX MHKPOCKOIIOB, pacCMaTpH-
BAaIOI[MX OTBEPCTHS B IIPOTHBOIIOJIOXKHBIX CTOPOHAX
pemieTok. OfHAKoO /sl yueTa pafHualbHOIO JABHKe-
HUSl TpeboBajoch MPOBOAMTL [iBA H3MEPeHMSs, 4UTO
3HAYUTeIbHO YCJIOKHSIO MeTof,. BmobaBok mpu cme-
IIeHUH MHKPOCKOIIA OTHOCHTETbHO HOPMaIK CHHKaA-
eTcsl paspellleHHe, a ITOCKOIbKY OTBEPCTHS B YCKOPH-
TeJIbHOM pelleTKe 3HAUYMTEIbHO MEHbIle OTBEpPCTHM
B OKPAaHHOH pelleTKe, X 3a30p MEXAY pelleTKaMH
MaJjl, pa3pellleHHe OKa3bIBAeTCS JOCTATOUHBIM TOIBKO
B C/Iy4ae pasMellleHUsl U3MePHUTeIbHOI0 MUKPOCKOIIA
B IlIelide reHePUPYeMOro [TI0TOKa MOHOB.

B nybnukanuu (4] aBTOpaMH OIIMCBIBAETCS IIPO-
cTasi MeToAxKa AWUHAMHUYeCKOro H3MepeHHs 3a30pa
MeXIy TOpSYMMH pellleTKaMH HOHHOIO ABUIaTels,
paboTaroiiero ¢ reHepaluelr IOTOKA HOHOB. 3a30p
MesKAly pellleTKaMH HU3MePs/ICS B LIeHTpe y3/1a HOHHOHN
OITUKU C IIOMOIIBIO JIMHHOPOKYCHOTO MUKPOCKOIIA.
Muxpockor 6bU1 cPOKyCHPOBaH Ha MITUPTE U3 OKCHUAA
IIOMHUHMUS, KOTOPBIH OBbLI MeXaHHUUeCKH IPHUKpeIlIeH
K 5KPaHHOM peIleTKe M BBICTyIal 4depe3 LeHTPaslb-
HOe OTBepCTHe YCKOPHTEeIbHOM peIleTKH. JTHUMHU Ke
aBTOpaMU II03[Hee oIybnuKoBaHa pabota [5]. M3me-
HUJIOCh OCBellleHHe 00beKTa: A06aBHIICS CBETOLHOL
Ha 06beKTHBe MHKPOCKOIIA. YIIy4IleHa KOHCTPYKLIMS
KpeIUIeHUsI HIThIPbKA: BMeCTO 8 OTBEPCTHH YCKOPH-
TeJIbHOM pelIeTKU IIpPUCIocobiieHre IIepeKphIBaeT
TONIBKO 4. B paboTax [6, 7] HCIIONB3yeTCs TOT SKe MeTOf,
BHJIEOMETPHH C IIOMOILIBIO JIMHHOPOKYCHOTO MUKPO-
ckora. OfHAKo B JAHHOM CJIydae aBTOPhHl PacIlojio-
SKHJIM KaMepy B CTOPOHe OT paboTarolero ABUraTesl.
KOHCTpPYKLIMS IITBIPbKOB BBIIIOJIHEHA TaKUM obpa-
30M, UTO OH 3aHHMAaeT OJHO OTBEPCTHE PeIleTKH.
ABTOPBI PacIioyiaraioT ITHIPbKH B KaXKIOH K3 HCCIey-

gaps between the screen and the accelerating and
decelerating grids of the ion optics unit. During opera-
tion of the ion thruster, the gaps are changed due
to the thermal expansion of grids, thus leading to
a risk of gap breakdown (or even fault of the grids),
especially in the high differential heating modes, for
example, when the thruster is started. Therefore, for
an adequate assessment of the thruster operating
parameters and service life, as well as when studying
new materials for the grid production, it is necessary
to dynamically measure the specified gaps directly in
the running thruster.

The problem of measuring distance between the
grids has already been solved previously. Thus, in
paper [1] it was proposed to perform the visual mea-
surements by observing the marks (markers) on the
graduated metal pins mounted on the screen grid and
passing through the holes of the accelerating grid.
However, the pins were metal, i.e. they were under
the same voltage as the grid, and therefore the beam
generation by the thruster with installed pins was
impossible. In paper [2], the metal pins were also used,
and the measuring device was located at the output of
the ion optics.

In paper [3], the device was located at an angle
relative to the normal to the thruster grid. The mea-
surement was performed using two long-focal micro-
scopes observing the holes in opposite sides of the
grids. However, two measurements were required
to register the radial motion that led to the signifi-
cant method complication. In addition, when the
microscope was displaced relative to the normal, the
resolution was decreased. Since the holes in the
accelerating grid were much smaller than the holes
in the screen grid, and the gap between the grids was
rather small, the resolution was sufficient only if the
measuring microscope was placed in the plume of the
generated ion flow.

In publication [4], the authors described a simple
dynamical measurement method for the gap between
hot grids of an ion thruster operating with the ion
flow generation. The gap between the grids was mea-
sured at the center of the ion optics unit using a long-
focal microscope. The microscope was focused on an
aluminum oxide pin that was mechanically attached
to the screen grid and protruded through the cen-
tral hole of the accelerating grid. The same authors
have published the paper [5] a little bit later. The
object illumination has been changed, and an LED
has been added to the microscope objective. The pin
fastening design has been improved: the device has
covered only 4 holes in the accelerating grid instead
of 8 holes. In papers [6, 7], the same videometrical

PHOTONICs vOL. 17 N28 2023 623



eMBIX pellleTOK, TeM CaMbIM OJHOBPeMEeHHO II0/ydas
MHGQOPMALIHIO O II0JIO’KeHHUH BCeX TPeX PelleToK.

B maHHOH paboTe IpesJIOXKeHO HCII0/Ib30BaTh TeHe-
BOM METOJ, KOHTPOJISI, YTO OT/IMYAeT IIpe[JIaraeMylo
CHCTeMY OT ITO/IABJISIIOIIEro 60/IBITMHCTBA MHBIX CHCTEM
H3MeEpPeHH 3430pa MEXAY PelIeTKaMHK MOHHOI'O ABH-
raTessi, OCHOBAaHHBIX Ha PerHCTPAallMH OTPakKeHHOIO
oT obbeKTa H3MepeHUs CBeTa. [IpeAIonaraeTcsi, 4To
3TO IIO3BOJIUT AOCTUYb Ooslee BBICOKOM TOUHOCTH 32
CYeT TOro ¢pakra, 4yTo pacCTOSsHHE, Ha KOTOPOM MOMKeT
HaXOIUThCS H3MepsieMblll 00BeKT, c1abo BIMseT Ha
TOYHOCTb H3MepeHHUM. Kpome Toro, IosIBUTCS BO3MOXK-
HOCTb BBIBeCTH 3JIeMeHThl M3MepPUTe/IbHOH CHCTeMBI
13 MOHHOTO Iy4Ka, obecriedyuB [jIsl Hee IIpHeM/IeMble
ycnoBUs paboThbl. Pa3MeCcTHB M3MepUTeIbHY0 CUCTEMY
B IrepMeTHYHOM 60Kce, MOKHO 0beCIIeYHTh IIpoBesie-
HUe M3MepeHHHI IIPSIMO B ITpoliecce paboThl HOHHOTO
JBUTaTe/Isl BHYTPU TePMOBAKYyMHOM KaMepEL.

CXEMA UBMEPEHUA

[Ipemymaraemas aBTOpaMHK CXeMa HM3MepeHHs Ha
OCHOBe TEHEBOI'O MeToJa B Ilapa/UIeJIbHBIX Jlydax [8],
IIpUBeJeHa Ha puc. 1. [[yi perHCTpallMK II0I0KeHH S
pellleTOK Ha HUX pa3sMeNIAIOTCS ITHMHBI (IITHIPHKHU) 1
M3 aJIOMOOKCHIHOM KepaMHKHM, BBICTYIaloIlMe Haj
IIOBePXHOCTBIO pellleTKH HJIH PelleTokK, B ciiydae eciu
KCIIONIB3YeTCsI He OfHAa pellleTKa, a HeCKoJabKo. Pac-
CTOSIHHE MEXKAY pelleTKaMH OIIPee/sieTCs KOCBeH-
HBIM CIIOCOOOM - IIyTeM OIIpefie/leHHs II0JIOKeHUS
3TUX [HHOB. AJIOMOOKCHAHAs KepaMHKa SBJISeTCSI
IOU3TeKTPUKOM U BBIIEP>KUBAET TeMIIepPaTypy paboTsl
voHHoro asuraress (1000 °C), uMmes IIpY 5TOM MHHU-~
MaJbHBIM KO3QOHUIIMEHT TeMIIePaTypHOrO pacIIHpe-
HUS, YTO IIO3BOJIUT IIPOBOAUTH U3MEPEHUS II0JIOKe-
HUSI pellleTOK NP paboTaroleM JBUTaTese.

H3mepuTenpHas cUCTeMa (manmee CBUTTI - CucteMa
6eCKOHTAKTHOIO H3MEPEeHHs IeOMEeTPUYEeCKHX IIapa-
MeTPOB) COLEP>KUT ABa OJI0Ka: OCBETUTENIb U PErUCTpa-
TOp. [IMHBEI OCBeLIAIOTCS MMIIYIBCHBIM CBETOAHMOLOM
2, a m3obpakeHHe UX TEeHeBBIX IIPOeKLIHM, cHopmu-
POBAaHHOE TelelleHTPUYECKUM OOBEeKTHBOM 3, Peru-
cTpupyeTcst HHuPoBOL KamepoH 4. [IpK 3TOM UMITYJIbC
CBeTa OT CBeTOAMOJA CHHXPOHH3HPOBAaH C 3aTBOPOM
KaMepHI.

B KauecTBe MCTOYHHKA CBETA B OCBETUTEJIE HCIIO/Ib-
3yeTcsl KpPacHBIM CBeTOOMOJ, a B IPHEeMHOH 4acTH
IIPUCYTCTByeT COIJIACOBAHHBIM C HHM II0JIOCOBOM
ounpTp 5 A\=650+20 HM). Ar uau Xe IU1asMa peak-
TUBHOL CTPyH He CONep>KUMT JHHUU IIOIJIOLIeHHUSs
KPacHOIo CBeTa, a ee COOBCTBEHHOE H3/TyUeHHUe JIESKUT
B OCHOBHOM B CHHeH YacCTH CIIeKTpa U IOJABIISIETCA
GUIBTPOM, YTO I103BOJISIET M30ABUTHCS OT BO3MOSKHBIX
IoMeX IIPH M3MEePEeHHUSIX.
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method was used with application of a long-focal
microscope. However, in this case, the authors posi-
tioned the camera away from the running thruster.
The pin design was prepared in such a way that it
occupied one hole in the grid. The authors placed the
pins in each of the grids under study, thereby simul-
taneously obtaining information about the positions
of all three grids.

The authors of this paper propose to use the shadow
control method, in contrast to the vast majority of
other systems based on the light reflected from the
measurement object, to measure the gap between the
ion thruster grids. It is expected that this approach
will allow achieving higher accuracy due to the fact
that the distance at which the measured object may be
located has little effect on the measurement accuracy.
In addition, it will be possible to remove the measure-
ment system elements from the ion beam, providing
it with the acceptable operating conditions. Having
placed the measuring system in a sealed compart-
ment, it is possible to ensure that the measurements
are performed while the ion thruster is operated inside
a thermal vacuum chamber.

MEASUREMENT PLAN

The measurement plan proposed by the authors and
based on the direct shadow parallel light method [8] is
shown in Fig. 1.

To register the grid positions, the pins 1 made of
aluminum-oxide ceramics are placed on them while
protruding above the surface of the grid or grids, if
there are several of them. The distance between the
grids is determined indirectly, namely by establishing
the position of these pins. Aluminum oxide ceramics
is a dielectric medium and can withstand the operat-
ing temperature of the ion thruster (1000 °C), while
having a minimum thermal expansion coefficient
that will allow measurements of the grid positions
while the thruster is running.

The measurement system (hereinafter referred
to as the GPNMS, namely the geometric parameter
non-contact measurement system) consists of two
units: an illuminator and a recorder. The pins are
illuminated by a pulsed LED 2, and the image of their
shadow projections generated by a telecentric lens 3,
is recorded by a digital camera 4. In this case, the light
pulse from the LED is synchronized with the camera
shutter.

The illuminator uses a red LED as a light source,
and the receiving part contains a bandpass filter 5
(A=650+20 nm) matched. The Ar or Xe jet stream
plasma does not contain the red light absorption lines,
and its own radiation lies mainly in the blue spectrum
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Puc.1. Cxema onmuko-mexaHu4eckoz0 6A0Ka
Fig.1. Optical and mechanical unit diagram

JIByXKOOpAHHATHAS MOJBMKKA C HMIATOBBIM ITPUBO-
IOM 6 HCIIONB3YeTCs ISl KOMIIEHCALIMK TeMIIepaTyp-
HBIX YBOJIOB OCHOBAHHMSI U OCYIIEeCTBIISIET [IOICTPOHKY
IIOJIO’KeHHSI CBETOJHO/A TaK, YTOOBI JOCTUTAICS MaK-
CUMYM OCBeLlleHHOCTH Ha LIMPOBOI KaMmepe.

PACYHET TEJIELEHTPUYECKOIO
OBBEKTUBA U ETO KAJINBPOBKA

s BeiHeceHUss CBUITI U3 my1aMmeHU pa60Ta10Luero HOH-
HOTO JIBUTaTesIsl HeoOXOAMMO BBIIIONIHSTH pacdeT Tese-
LIEHTPHUYeCKOro 06BeKTUBA C YBEIMUEHHBIM IIepeIHUM
pabourm oTpe3sKoM. BpI6Op 06BEKTHBA TaKOro THIIA
I103BOJISIeT CHU3UTh TPebOBaHUS K TOYHOCTH I03HLIHO-
HUPOBaHMS 0b6beKTa M3MepeHHUs [9]. PacueT TeselieH-
TPHUYECKOr0 O6BeKTHBA ITPOBOAMI/ICS B IIPOrPAMMHOM
IaKkeTe Zemax IMyTeM ONTHMHU3ALHMH XapaKTepHCTHK
IepBOHAYaJIbHOU ONTHYECKOK CXeMBI JJIs1 JOCTIDKEHUS
TpebyeMoro KauecTBa H306paskeHH s, 06eCrIeuBaIOIIETO
HeobXOAMMYIO TOUHOCTb M3MepeHHUM. [IpHh 3agaHHOM
IIOTPeIIHOCTH U3MepeHHH 50 MKM HeobX0oq1uMo, YToOb!
TeIeLleHTPUYHOCTD X0Aa Jy4der 6puta He xyxke 0,05%,
a muctopcusl usobpakeHus He bonee 0,5%. Ha puc. 2
ITpe/iCTaB/IeHa OIITHYecKasl CXeMa PaCcCUUTAHHOIO 06b-
eKTHBA C XOHOM JIyuel U ero abeppalllOHHbIE XapaK-
TePUCTHUKH. ONTHYeCKHe XapaKTePUCTHUKH PacCUMTaH-
HOro o6beKTHBA IIPHUBeZIeHbI B Tab/uLIe.

V3 aHa/jM3a pefCTaB/lIeHHbIX JaHHBIX BUAHO, YTO
0OBEKTHB KMMeeT YBeJUYeHHBIH IepefHUM pabovuil
OTPe30K, YTO IT03BOJIUT PACIIONAraTh ero Ha HeobXomu-
MOM PACCTOSIHUH OT 00beKTa. [1oie 3peHHs COCTaABIISIET
40 MM, rmybrHa pe3kocTH mocturaer 100 mm. [uama-
30H JIJIMH BOJH CMeIIeH B KPacHYIO 00J1acThb CIIeKTpa.
OOBeKTHB HMeeT Ma/lyl0 OCTATOYHYI0 HeTe/leLleHTPHY-
HocTb (0,047°) 1 Manyo gucTopcuio (MeHee 0,2%), 4TO
obecriequT HeOOXOAMMYIO TOYHOCTh H3MEPEeHHUH.

=

portion and is suppressed by a filter that eliminates
possible interference in the measurements.

A two-axis adjustment with an intermittent drive 6
is used to compensate for temperature changes in the
base and regulates the LED position in such a way that
the maximum illumination on the digital camera is
achieved.

DESIGN OF A TELECENTRIC LENS

AND ITS CALIBRATION

To remove the GCPNMS from the flame of a running
ion thruster, it is necessary to design a telecentric
lens with an increased front flange focal distance.
Selection of such a lens makes it possible to lower the
requirements for positioning accuracy of the measure-
ment object [9]. The telecentric lens was designed
in the Zemax software package by optimizing the
specifications of the initial optical circuit to achieve
the required image quality, ensuring the required
measurement accuracy. With a given measurement
error of 50 pm, the ray path telecentricity shall be no
worse than 0.05%, and the image distortion shall be
no more than 0.5%. Figure 2 shows the optical circuit
of designed lens with the ray path and its aberra-
tion specifications. The optical performance of the
designed lens is given in Table 1.

The given data shows that the lens has an increased
front flange focal distance, allowing it to be used at
the required distance from the object. The field of
view is 40 mm, the depth of field reaches 100 mm. The
wavelength range is shifted to the red region of the
spectrum. The lens has low residual non-telecentricity
(0.047°) and low distortion (less than 0.2%) that will
ensure the required measurement accuracy.

The residual aberrations and errors occurred at
the assembly stage can be compensated during the
GPNMS software calibration process on the basis of
a mask work, on which a pattern in the form of holes
in the square grid points is applied by a circular laser
recording system CLWS-300C/M [10] based on the
high-precision laser photolithographic method (about
30 nm) (Fig. 3a).

When calibrating on the basis of a mask work, the
centers of mass in its image are used to determine the
centers of circles, each of which is associated with
a point on an ideal plane. The entire set of centers is
divided into the triangles using the Delaunay triangu-
lation. Each triangle in the image is related to an ideal
triangle with an established shape and size. To adjust
the position of any image point, it is enough to find
the triangle containing this point and convert its coor-
dinates from pixels to millimeters, using a conformal
transformation.
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ITone (OBJ): 0,00 MM Tlone (OBJ): 6.00 MM Ione (OBJ): 12,00 MM Tlone (OBJ): 20,00 MM
8
=3
<
b ITome (IMA): 0.000 MM ITone (IMA): -1.501 MM Ilone (IMA): -3,001 MM Ione (IMA): 4,997 MM
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Puc. 2. TeneueHmpuueckuii o6sexmue CEUITI: a) onmudeckas cxema ¢ Xodom Ayveli, 6) NAMHA paccesHus, 8) KpUsU3HA NoAs
u ducmopcus (6AuHbl 80AH: 0,486, 0,588, 0,656 MKM)
Fig. 2. Telecentric lens of the GPNMS: a) optical circuit with the ray path, b) circles of confusion, c) curvature of field and distor-
tion (wavelengths: 0.486, 0.588, 0.656 um)

626 ®OTOHUKA TOM 17 N2 & 2023



RRRRRR RN RN R RN N R R R RN AR R R NN NN RN RN NN R AR RN RN
I OPTICAL MEASUREMENTS
RRRRRR RN RN R RN N R R R RN AR R R NN NN RN RN NN R AR RN RN

OcraTo4Hble abeppalluy U IIOTPELIHOCTH, BO3HHK-
IIKe Ha 3Tare cOOpKU, MOTYT O6bITh CKOMIIEHCHPOBAHBI
B IIpollecce ITporpaMMHON KkanubpoBku CBHITI 1o
doTomabnony. Ha ¢poromabroH MeTOmOM Ja3epHOU
doronuTorpadru HaHeCeH PUCYHOK B BU/ie OTBEPCTHUH
B y3/1aX KBaZpaTHOM CeTKH (pHC. 3a) KPyroBOH J1a3ep-
HOM 3allMChIBaloIler cucrtemor CLWS-300C/M [10],
[IOTPellIHOCTh HaHeCeHUsI PUCYHKa 0K0JI0 30 HM.

[Ipu KanubpoBKe Mo oTOmIAbIOHY HA €ro H30-
OpakeHHH II0 LIeHTpPaM MacC OIpefeisioTcs LieH-
TPBl KPYKKOB, KaXXKIOMY K3 KOTOPBIX COIIOCTaBIIsi-
eTcsi TOUKa Ha HJeaJIbHOM IUIOCKOCTH. Bech Habop
LIEHTPOB pa3brBaeTCss Ha TPEYTrOJIbHUKU C IIOMOIIBIO
TPUAHTYIALIMU JleloHe: KaxkXOAOMYy TpPeyrolbHUKY
Ha M300paskeHHUM CTAaBUTCS B COOTBETCTBHE HJeasb-
HBIM TPeyrolbHHUK H3BeCTHOM (GOpPMBI M pasmepa.
JlJIss KOppeKLUMHU IIOJIOKeHHUs TI060M TOYKH H306pa-
JKEHHS LOCTAaTOYHO HAMTHU COAEPKALIUH 3Ty TOUYKY
TPeyroJbHUK U, BBIIIOJHUB KOHMOPMHOe Ipeobpa-
30BaHHe, IIepeBecTH ee KOOPAHUHATHI M3 ITHKCETIOB
B MIJIJTUMETPBHI.

JIpyroii BO3MOSKHBIM CI10CO6 KaJIMOPOBKH - 3TO
KaJUOpPOBKA II0 TeHEBOMY M300paskeHHUIO IHIHMH-
IOpudeckoro obpasiia M3BeCTHOro guametpa (puc. 3b).
B 5TOM Ci1ydae Ha U300paskeHUH C CyOIIHMKCETHOMN TOU-
HOCTBIO OIIpefe/ISI0TCsl TPaHULbl TeHHU, II0C/Ie 4Yero
BBIUMC/ISIeTCS 3HaUeHHe paspelleHHs, KOTOpoe B JaH-
HOU CHCTeMe COCTABHJIO OKOJIO 22 MKM/ITHUKCeJI.

CBUTI M U EE UCTbITAHUA

3D-Mofenb CO3JaHHOM CHCTeMBl IIpeficTaB/eHa Ha
puc. 4, a ee pororpadus - Ha puc. 5. CucTeMa COCTOUT
U3 OCBeTHUTEJIS 1 U perucrpartopa 2.

OHM yCTaHABIMBAIOTCA Ha paMmy 3,

Tabnuua 1. OnTnyeckne XxapakTepuCTUKK

npepsaraemMoro TeneLeHTpn4eckoro obbLekTnea
Table 1. Optical specifications of the proposed
telecentric lens

MapameTp 06bekTMBa 3HayeHune
Parameter of the lens Value
MepeaHn paboynin oTpesok, MM 650+50
Front flange focal distance, mm

Avana3oH A/IH BOJH, HM 610-660
Wavelength range, nm

AnameTp nong 3peHns, Mm 40
Diameter of the field of view, mm

Pa3smep n3obpaxxeHus, MM x MM 10x10
Image dimensions, mmxmm

HeTeneueHTPUYHOCTbL B NPOCTPAHCTBE 0,047
npeameTos, °

Non-telecentricity in the object space, °

Ounctopcusa, % 0,2
Distortion, %

OTHOCUTeIbHOe OTBepcTune F/5
Angular field

Another possible method is calibration using
a shadow image of a cylindrical sample with an estab-
lished diameter (Fig. 3b). In this case, the shadow
boundaries are determined in the image with subpixel
accuracy, after which the resolution value is calcu-
lated that is about 22 pm/pixel in this system.

a MeXIy HHMHK pasMellaeTrcs
cbopKa pelleTOK HOHHOIO JBHTa-
Tens 4. Ha Kaskayro U3 Tpex pelle-
TOK COOPKH yCTaHaBIHBAIOTCS
nuHBL 5. Bcero Ha cbopke mpen-
YCMOTPEHO ISITb MeCT YCTaHOBKH
TPYII K3 3 IHHOB, ObIlee YHCIO
IIMHOB - 110 15.

BHYTpH repMeTHYHBIX KOXKYXOB,
CrIocobHBIX paboTaTh IIPU BHeII-
HeM BakyyMe 10" I]a 1 B [rara3oHe
BHeIIHel Temmeparypsl oT —70 °C
no +120 °C, ¢ IIOMOIIBIO TEIlJIOBOrO
3KpaHa WU CHUCTeMbl KOHIWIIMOHH-
poBaHUsl (paZlHaTOPOB C BOASHBIM
[IOOIPeBOM/OX/IaKIeHUEM K BeH-
TUJSITOPA) CO3[AIOTCSA  HOPMasb-
HBIe YC/IOBHSI, HEOOXOAMMBIe IS
PaboTBI OITHKO-3IEKTPOHHBIX 6710~

a)

Puc. 3. M306paxkeHust Ha yugposoli mampuue CEMITT npu kaaubposke: a) Kanu-
6poska no pomowabnoHy; b) Kaau6poska no cmaHdapmuomy 06pazuy

Fig. 3. Images on the GPNMS digital matrix during calibration: a) calibration
using a mask work, b) calibration using a standard sample

B N

6)
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KoB. TpybKH /ISl TOfAYM TEIJIOHOCUTENSl CHCTeMbI
KOHIHILIMOHUPOBAaHUS U Kabelu CBSI3M almapa-
TYpPBl C YIIPAB/SIOIIMM KOMIIBIOTEPOM IIPOJIOKEHEI
B BaKYYMHO-IUIOTHOM TPybKe, BBIXOISINEI 32 IIpe-
Ienbl TEpPMOBAKYyMHOM KaMepsl I10 Tpybe 7.

JIJ1s 3aIIUThL ONTHUYECKUX WIIIOMHUHATOPOB OCBe-
TUTe/Nsl M perucTpatopa OT OceJaHHs IIPOAYKTOB
paboTel MOHHOIO [BUTaTeNls Iepel, HUMU yCTaHaB-
JHBAIOTCS 3alIMTHBIE IUIOCKOIIApajUIe/ibHBIe CTe-
KISHHBIE IUIACTHHBL 6, KOTOpPbIe MOTYT OBITh JIeIKO
AE€MOHTHPOBAHBI /151 O9YKICTKH M YCTAHOBJIEHBI HA3a/]
6e3 KCI10/1b30BaHUS YITIOTHEHHH .

OcBetuTens GopMHpyeT IMapasUle/IbHBIM IIy4OK
IJ1 OCBellleHH s ONHOM M3 IISATH TPYIIl IIMHOB. Pery-
CTPaTOp C IIOMOIIBIO TeIeLleHTPHUYeCKOro 06beKTHBa
8 OuKCcHpyeT IONYy4aloIlyOCS TeHeBYK KAapTHHY
NIMHOB Ha LUPOBOM MaTpHlle 9 C paspelleHHEM
2048x2048 riukcenos (puc. 6).

OcBeTUTeNb KM PerHMCTPaTOp CHHXPOHHO IIepe-
MeIAIOTCS C IIOMOIIBIO IIAroBBIX IIPUBOAOB 10
(puc. 5) MeXay MO3UIUSMH HU3MepeHHUsI, PeTUCTPU-
Pysi Bce M300paskeHMsI B TeUeHHe 1 MUHYTHI.

Jns CBUITI pa3paboTaHO CIeI[MaabHOE IIPO-
rpaMMHoOe obecrieueHHe, B KOTOPOM BBIIIOTHSIIOTCS
KaIuOpOBKA, HM3MepeHMsI, IIPOCMOTP IIpeIblAyLInX
H3MepeHUH. Peasr30BaHa BO3MOXKHOCTb YCTAaHOBKH
B II0OJle 3peHHUs Te/lelleHTPHUUYeckoro ob6beKTHBa
TOIIOTHUTE/IPHOM METKH, CBS3aHHOM C OOBEKTOM
HM3MepeHHs. JTO II03BOJISeT IPHBS3aTh IIOTydeH-

Puc. 4. 3D-modenb CbUITI: 1- oceemumens, 2 — pezucmpad-
mop, 3 - pama, 4 - cbopka peliemok UOHH020 d8uz2amensl,
5= nuH»bl, 6 = 3dWUmMHble NAACMUHBbI, 7 = 8aKYYMHO-NAOMHAS
mpy6Ka 0451 8b1800a Kabenell, 8 — meneueHmMpu4eckuli 06s-
ekmus, 9 — yugposas mampuua, 10 - wazosbil npusod

Fig. 4. 3D model of the GPNMS: 1 - illuminator, 2 - recorder,
3-frame, 4 - ion thruster grid assembly, 5 - pins, 6 — protec-
tive plates, 7 - vacuum-tight tube for cable output, 8 - tel-
ecentric lens, 9 - digital matrix, 10 - stepper drive

Puc. 5. Cucmema 6ecKoHmMAaKkmMHo20 U3MepeHus 2eome-
mpuYeckux napamempos peliemok UOHHbIX 0guzameneli
(ceurmn)

Fig. 5. Photograph of the GPNMS
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GPNMS AND ITS TESTING
The 3D model of the system developed is shown in Fig-
ure 4, its photograph is given in Figure. 5.

The system consists of an illuminator 1 and
arecorder 2. They are installed on the frame 3, and the
ion thruster grid assembly 4 is placed between them.
The pins 5 are installed on each of the three assembly
grids. In total, the assembly has 5 installation points
for the groups consisting of 3 pins; the total number of
pins is up to 15.

The normal conditions required for the operation
of electro-optical units are provided inside the sealed
enclosures, capable of operating at an external vac-
uum of 10 Pa and in the external temperature range
from -70 °C to +120 °C using a heat shield and an air
conditioning system (water-heated/cooled radiators
and a fan). The supply pipes for the air condition-
ing system coolant and the communication cables
between the equipment and the control computer are
laid in a vacuum-tight tube extending beyond the
thermal vacuum chamber through the pipe 7.

To protect the optical windows of the illuminator
and recorder from settling of the ion thruster products,
the protective plane-parallel glass plates 6 are installed
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Hble JaHHble K CHCTeMe KOOPIHMHAT CaMoro oobeKTa
H3MepeHHUH.

O6paboTKa TeHeBOro M300pakeHHsI MOXKeT IIPOBO-
OUTBCA B [BYX PeKHMMax:. pesKMMe H3MepeHHs H3Me-
HEHUSI PACCTOSIHUSI MeXOy pelleTKaMu ($aKTHUecKkH
M3MEHEeHHS PaCCTOSSHUS BJO/b BBIIEI€HHOIO paju-
QJIPHOTO HaIlpaBleHHs] MeXOy BepIIMHAMH IIHHOB)
Y U3MepeHHMs PACcCTOSHHUS OT IIMHA, PACIIOIOKeHHOro
Ha HCCIelyeMOH pelleTKe, 10 aHaJTOTHYHOro 6a30Boro
IIMHA, PACIIONIOKEHHOI0 Ha HeTIOABH>KHOM OIIope.

PemeTky MMeOT cepuUecKkylo GopMy, U CUMTa-
€TCs, YTO OHHU AeGOpMHUPYIOTCS 10 pasuycy. Msmepu-
Te/IbHBIM IIMH PacIIolaraeTcsl BAOAb Pafuyca pelleTK
(II0 HOpMaJIu K ee IIOBEPXHOCTH) B 3apaHee H3BeCTHOU
TOUKe, TaK UTO Ha M300paskeHU U OH BUJIeH 0[] 3apaHee
13BeCTHBIM yITIOM. IIPOBOIUTCA CedeHHe H300paskeH s
HabopoM Jy4er, Iapa/UleNbHBIX pamguycy (mo puc. 6
CIIpaBa Ha/leBO), C LIAromM B 1 IMKcel Ha CeUYeHUsIX
C CybIIMKCeTHON TOYHOCTBIO OITO3HAIOTCSI TOUKH Ilepe-
CeyeHHS JIydel C TeHbIO IMHOB: HaH/eHHBbIe TOYKHU
COCTAB/ISIIOT M3MepeHHBIH IPodU/Ib IMHOB. 3aTeM II0
IIPOQIII0 IIPOBOAMTCS OIIO3HABAHHeE II0JIO’KEHHS 0Cer
OTHe/IbHBIX IIMHOB, WU H3MepseTcs IoJNoKeHHe pede-
PEHTHOM TOYKH Ha KaKIOM IHHe. Jlajlee BEIYHCSIOTCA
160 UCKOMBIE PA3HOCTH BUIKMMBIX BBICOT ITMHOB, THO0
paccTosHKe Mexkay pedepeHTHBIMH TOUKAMHU H3MepH-
TeIbHOro 1 6a30BOr0 IIMHOB.

OmnpeneneHre pedepeHTHOH TOYKH MOKET IIPef-
CTaB/IATh TPYAHOCTH, €C/IM IIOBePXHOCTh IIMHAa He
MMeeT XapaKTepHBIX IIPU3HAKoB. Tak, Ha pHC. 6
HesICHO, KaKyI0 TOYKY IJIOCKON BePIUMHBI IIMHA IIPH-
HATH 32 pedepeHTHYI0O. BuAHO, 4yTO Popma IIHHA
CYLIeCTBeHHO B/IMSeT Ha TOYHOCTb H3MEpeHHS.
[TosTomy dopma MHHA [A0/KHA OBITH CIIEeIHaJIbHO
nomobpaHa, a KayecTBO IIOBEPXHOCTH CaMHX ITHMHOB
OOJIKHBL OBITH BBICOKKM, YTO HEIIPOCTO COOIIONATH
C y4eTOM CBOMCTB HX MaTepHaja H3[OTOBIEHHS
(kepaMUKH). B JaHHOM cUCTeMe, KPOMe IIMHOB C ILJI0-
CKOI BepIIMHOM, IIOKa3aHHBIX Ha PHUCYHKe, oIIpobo-
BaJIMCh IIMHBI, BBHIIIOJIHEHHBIe CO ChepHhdecKol Bep-
IIKUHOM. OHU U 6BUTH IPUHSTH B KAYeCTBe OCHOBHBIX.
PedepeHTHOM TOYKOH B 3TOM C/lydae CIY>KH/Ia TO4YKa
MaKCHMMAaJIbHOTO BO3BBILIEHUS MpPOPHUIIsL, IIpHUYEM
poduIb ANIIPOKCHMHPOBAICS B OKPeCTHOCTH pede-
PEHTHOM TOUYKHU IyTroH OKPY’KHOCTH II0 MeTOoAy Hau-
MeHbIINX KBaZJPaToB.

B paMKkax ycrmemHbIX HcHbeITaHuM CBUITI B HOp-
MaJIbHBIX KJIMMaTH4YeCKUX YC/IOBHSX IIO/IyYeHBbl CIefy-
IOIIYie Pe3yJ/IbTaThl:

e CBUIII HempepsiBHO Oe3 cboeB mpopaborana

6os1ee 30 4acos;

* BpeMs M3MepeHHS B ONHOM U3MepUTeIbHOH

IIO3UIIMH COCTaBUI0 MeHee 0,1 C;

Puc. 6. [pumep u306pa>keHust NUHO8 Ha Mampuue
Fig. 6. An example of a pin image on a matrix

in front of them that can be easily dismantled for
cleaning and re-installed without application of any
seals.

The illuminator forms a parallel beam to illuminate
one of five groups of pins. The recorder, using a tel-
ecentric lens 8, captures the resulting shadow pattern
of the pins on a digital array 9 with a resolution of
2048x2048 pixels (Fig. 6).

The illuminator and recorder are moved synchro-
nously by the step drives 10 (Fig. 5) between the
measurement positions, while recording all images
within 1 minute.

Special software has been developed for the CPNMS,
using which calibration, measurements, and viewing
of previous measurements are performed. The ability
to place an additional mark related to the measure-
ment object in the field of view of the telecentric
lens has been implemented. This allows to link the
received data to the coordinate system of the measure-
ment object.

The shadow pattern can be processed in two modes:
the measurement mode for changes in the distance
between the grids (actual changes in the distance
along the selected radial direction between the pin
heads) and the measurement mode for distance from
the pin located on the grid under study to a similar
base pin located on a fixed support.

The grids have a spherical shape. It is believed that
they are deformed along the radius. The measuring
pin is located along the grid radius (normal to its
surface) at a predetermined point, so that it is visible
in the image at a predetermined angle. The image is
cross-sectioned with a set of rays parallel to the radius
(according to Fig. 6 from right to left), with an incre-
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* BpeMs U3MepeHHUs BO BCeX U3MepPUTe/IbHEIX
IIO3ULIHIX COCTaBHJIO MeHee 60 c;
* IIOBTOPSIEMOCTb H3MEPEeHHU COCTaBHIa 2 MKM;
* IIOIPelIHOCTb M3MEepPeHUH COCTaBHIa MeHee
7 MKM.

3AKJ/TIOMEHUE

PaspaboTaHHasi HaMH CHCTeMa II03BOJISIET BBIIIOJ-
HSITh KOHTPOJIb PACCTOSIHUSI MEXK/Y peIleTKaMH HOH-
Horo pasuratens. Hcmonbsyemern B CBHITI TeHeBon
MeTOJl KOHTPOJISI, IIPUMEHSIeMBIH JIIs1 AHHOM 33aJa4uH
BIIEpPBBIe, II03BOJISIET B peXHMe peaJbHOro Bpe-
MeHH BBIIIOJIHSTh KOHTPOJIb 3230POB 6e3 BIMSHUS Ha
paboTy obbekTa M3MepeHMI. [lonydyeHHas IOrpell-
HOCTh 7/ MKM IIOKa3bIBaeT, YTO CO3JaHHAas CHCTeMa
MO3KeT OBITH HCIIOJIb30BaHA B PA3IHMYHBIX 00/MACTIX,
rge Tpebyercs GeCKOHTAKTHBIM KOHTPOIb Aedopma-
LUK OTBETCTBEHHBIX 00BEKTOB, HAaIlpUMepP, B KOCMHU-
YeCKOHM M aBHAI[UOHHOM IIPOMBIIIJIEHHOCTH. JTO JaeT
BO3MOXKHOCTb IIOBBICUTh HAaJ€XKHOCTb M [OJITOBEY-
HOCTb CO3JJaBaeMbIX ABUTATe/IeH, YIyUIINTh Ka4eCTBO
ux paboTsl. Hama pazpaboTka MMeeT IOTEHIIUAI /IS
OAJIbHEHIIero yCOBEePUIEHCTBOBAHUS K PaCUIMpeHUs
obactell mpruMeHeHUSI, ISl JOCTHReHUs bojiee BBICO-
KUX Pe3yJIbTaTOB B 06JacTH KOHTPONIS AepopMalliu
PellIeTOK MOHHBIX JBUTATEJIEH.
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ment of 1 pixel; the intersection points of the rays
with the pin shadow are found with the sub-pixel
accuracy on the sections; the points obtained make
up the measured pin profile. Then, the profile is used
to identify the position of the individual pin axes
and measure the reference pin position on each pin.
Further, either any required differences in the vis-
ible heights of the pins or any distance between the
reference points of the measuring and base pins are
calculated.

The reference point determination can be a difficult
process if the pin surface does not have any typical
features. Thus, it is unclear in Fig. 6 what point of the
flat top of the pin shall be taken as the reference point.
It can be seen that the pin shape significantly affects
the measurement accuracy and must be specially
selected. Morover, the pins must be manufactured
with good accuracy and surface quality that is not an
easy task given their material (ceramics) properties.
In this system, in addition to the flat-top pins shown
in the figure, the pins with a spherical top have been
tested. Such pins have been accepted as the main
ones. The reference point in this case was the point
of maximum profile elevation, and the profile was
approximated in the vicinity of the reference point by
a circular arc using the least squares method.

As a part of the successful GPNMS tests in normal
climatic conditions, the following results have been
obtained:

« the CPNMS was operated continuously without

any failures for more than 30 hours;
+ the measurement time in one measuring posi-
tion was less than 0.1 s;

« the measurement time in all measuring posi-
tions was less than 60 s;

+ the measurement repeatability was 2 pm;

+ the measurement error was less than 7 pm.

CONCLUSION

The system developed by us allows to control the dis-
tance between the ion thruster grids. The shadow con-
trol method used in the GPNMS and applied for this
task for the first time, allows for real-time control of
the gaps without affecting operation of the measured
object. The resulting error equal to 7 microns shows
that the system developed can be used in various
fields where non-contact deformation control over the
critical objects is required, for example, in the space
and aviation industries. It provides and opportunity
to increase the reliability and durability of thrusters
being produced and improve their operating qual-
ity. Our development has the prospects of further
improvement and expansion of the range of applica-
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ABTOPDI

3aBbsnos Metp CepreeBuy, 0koH4MA HOBOCMOUPCKNIA FOCYAAPCTBEHHDIN
TeXHUYECKMIA YHUBEPCUTET N0 CNEeLnanbHOCTH «Du3nKan, K. T.H, MOMOLLHUK
AMPEKTOPA NO Hay4YHO-TEXHNYECKUM NPOeKTam B KOHCTPYKTOPCKO-
TEXHONOrNYECKOM MHCTUTYTE HAY4HOrO NpubopocTpoenms CO PAH (KTW HI CO

PAH). 06/1aCTb Hay4HbIX MHTEPECOB: AUBPAKLIMOHHDIE ONTUYECKIE 3/IEMEHTD,
NPUKNaAHAS ONTUKA, CUCTEMDI TEXHUYECKOrO 3PEHNS 1 Pa3MEPHOT0 KOHTPONS.
NpuenTudukatop asTopa B PUHLL 177280.
Bknap B paboty - uaes, opraHu3aums pabotbl.

Bnacos EBrenuit Bnagummposuy, okoHuun HoBOCMOMPCKNIA FOCYAAPCTBEHHDIN
TEXHWYECKMIA YHUBEPCUTET, MArucTp TEXHUKN M TEXHONOMMW NO CNeLnanbHOCTH
«OnToTEXHMKA, H. C. KT HIM CO PAH. O6nacTb Hay4HbIX MHTEPECOB: ONTHKO-
3N1eKTPOHHbIE MPUBOPLI M KOMMAEKCHI, pa3paboTka ONTUYECKUX YCTAHOBOK
KOHTPONS M U3MepeHUi reoMeTpudeckux napameTpos. NaeHTudukatop aBTopa
8 PUHL 677894
Bknaj B paboty - AM3aiH 3KCNEPUMEHTA, NPOBE/EHNE 3KCNepUMEHTa.

benobopopos Anekcei BagumoBny, 0KOH4MA HOBOCMBMPCKMIA INeKTPOTEXHUYECKIA
WHCTUTYT NO CMeLuanbHOCTH «3nekTpoduanyeckue YCTaHOBKM 1 YCKOPUTeNN
3apsHKeHHbIX YacTuLy, paboTaeT BeayLuum nporpammmctom B KT HIM CO PAH.
061acTb Hay4HbLIX MHTEpecoB: 06paboTka n3obpaxenui ans fedektockonuu
11 pa3MepHOro KOHTPOAS, NporpaMmupoBanue. aeHTuukarop asTopa
8 PUHL| 177287.

Bknap B paboty - 06paboTka pe3ynbTaTos, 06CyKAEHMS.

Kpasuerko Makcum Cepreesuy, OKOH4MA HOBOCUBUPCKMIA rOCYAAPCTBEHHDIN
TEXHUYECKMIA YHUBEPCUTET, MArucTp no CnewnanbHocTh «MpuknagHas
WHPopMaTkan, H. . KT HM CO PAH. O6nacTb Hay4HbIX MHTEPECOB:
Cnekn-nHTepdepoMeTpus, ONTUKO-31eKTPOHHbIE NPUBOPLI N KOMNEKCHI,
TepMOBaKyyMHble MCNbITaHus. MaeHTudukaTop astopa B PUHLL 825558.

Bknaj B paboty — AM3aiH 3KCNEPUMEHTA, OPraHM3aLns paboTbl.

TywmnHa AHHa AnekcaHApoBHa, OKOHYMAa COMPCKUMA FOCYAAPCTBEHHDLIN YHUBEpCUTET
TenekoOMMyHUKaLMiA 1 MHGOPMATIKM NO CreyuanbHOCTH «IporpamMmHoe
obecneyeHue BbIYMCANTENLHON TEXHUKN W aBTOMATU3MPOBAHHBIX CUCTEM?,
BeAywmnin nporpammuct, KT HM CO PAH. O6nacTb Hay4HbIX MHTepeCoB:
06paboTka u3obpaxeHuit nst fedekToCKONUN 1 pasMepHOro KOHTPOAS,
nporpammuposanue. NaerTudukatop astopa B PUHLL 177286.

Bknag B paboty — 06paboTka pe3ynbTaTos, 06CYKAEHMS.

Ckokos AMUTPUIA BnagMupoBmy, OKOH4MA HOBOCMBMPCKMIA rOCYAAPCTBEHHDIN
TEXHUYECKMIA YHUBEPCUTET No CnewnanbHocTy «MetannoobpabatbiBatolne
CTaHKM M KOMMAEKChI», TNaBHbIA KOHCTpyKTOp KTW HIM CO PAH. Obnactb
WHTepecos: 3D-npoekTupoBaHue. UaeHTudmkarop asTopa 8 PUHLL 933269.
Bknap B paboty — An3aiH 3KCMEpUMEHTa, NPOBeAeHINe IKCNepUMEHTa.
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tions to achieve better results in the field of control of
ion thruster grid deformation.
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