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1. PymiiHi ycTaHOBKY, $Ki HAAIOTh IMITYJIbC PYXY PaKeTi 3a JOIMOMOrOI0 XiMIiYHUX peaKLiil anauBa JOCUTD IIOTYKHi
Ta epeKTHBHI J1s 3a6e3neYeHHs JOCTYITy 0 KOCMOCY i3 3emyli, ajie HeoCTaTHhO ePeKTUBHI JJ1s1 TPUBAINX
KOCMIYHUX N0JIbOTIB. OCKiZIbKY il 4aC KOCMIYHUX I10JIbOTIB 3aIlac €HeProHOCiiB 0OMeKeHU, eJIeKTPUYHI IBUTYHI
CTaIOTh BCE OisIbl 3aTPeOyBaHMMU, TOMY 1I0 €JIEKTPOKMBIIEHHS! MOKHA BiJHOBJIIOBATH 32 PaXyHOK COHSYHO]
€Heprii, a 1je 03Hayvae, 110 [TOKU € COHSYHE CBITJIO, JPKEPEJIO )XUBJIEHHS €JIEKTPUYHUX IBUTYHIB HE BUMEPIIAETHCSI.
3HauyHy yBary KOHCTPYKTOPiB PaKETHO-KOCMIiYHOI TEXHIKM [IPUBEPTAIOTH [1J71a3MOBi PAKETHI ABUTYHU, 30KpEMa
IBUT'YHU Ha MeTajleBil m1a3mi. Taki pakeTHi IBUT'YHU MOXKYTb OyTU BUKOPUCTAHI IJ1s1 BilBeleHHSI KOCMIYHOTO
CMITTS, @ TAaKOX JJ151 KOPEKLii op6iTh HaHO- Ta MIKPOCYNIyTHUKIB. EQPEKTUBHUM METOIOM NIEPETBOPEHHS METAJY B
[TIOTOKY MJIa3MHU Ta X IPUCKOPEHHS € BUKOPUCTAHHS €JIEKTPUYHUX PO3PSLiB, 30KpEMa BaKYyMHO-IyTOBOTO PO3-

psny. Ha nannii yac BakyyMHO-/IyTOBi BUTIADHUKY, B SIKUX METaJl KaTo/ly IEPETBOPIOETHCS B TOTOKM METAJIEBOI



II71a3MHY, IIMPOKO BUKOPUCTOBYIOTH JIs1 HAHECEHHS BAKyyMHO-IyTOBUX IIOKPUTTIB, & TAKOX [J1s1 IOKPAILEHHS
(di3uKO-MexaHIYHUX BJIACTUBOC-TeW IIOBEPXHI JeTasel, sIKi IPaliol0Th B eKCTpeMaIbHUX YMOBaX. OfHaK, I0TOKU
IIJ1a-3MU BaKYyMHO-IyTOBOTO PO3P4AYy MO>KHA BUKOPUCTATHU HE TiJIbKU 1151 OLEPKaHHS BAKYYMHO-IyTOBUX
IIOKPUTTIB, ajle ¥ JjIs1 CTBOPEHHSI PEAKTUBHOI TSITM. BakyyMHO-IyroBuil peakTUBHUI IBUTYH Ha METaJIEBill Iy1a3mi
(BOPOMII) - me HOBuUI KJIAaC €JIEKTPUYHUX PYIIITHUX YCTAHOBOK, B SIKUX iOHi3allis MeTajly Ta IPUCKO-PEHHS iOHIB
3[IifICHIOETHCS B 00JIACTi KATOAHUX IJISIM BAKYyMHOTO JYTOBOTO PO3Psily 32 PaxyHOK IIPOLECIB, sIKi IPOTIKaIOTh B
camoMy po3pspi. Taki ABUIyHU MOXKYTb IIpa-1I0BaTy 6€3 CreliabHUX CUCTEM iOHi3allii Ta IPUCKOPEHHs ioHiB. [
pO6OTH BaKyyMHO-IYrOBOT'O PaKeTHOTO JIBUT'YHA He IOTPiOHe ra3oBe abo pigke pakeTHe [ajrnBo, HEUTPali3aTopH,
HarpiBadyi, BUCOKOBOJIbTHA €JIEKTPOHIKa, CUJIbHI eJIEKTPUYHi a0 MarHiTHi noJist. B HayKoBo-TexHiyHil yiTepaTypi
OIMCaHi pi3Hi KOHCTPYKIi] €JIEKTPUYHNX PAKETHUX ABUTYHIB HA METAJIEBIN I171a3Mi, ajle OCHOBHA yBara IIpH ix
po3pobwi Oysa CripssMOBaHa HAa CTBOPEHHS iMITyJIbCHUX JBUTYHIB MaJIOi IOTYKHOCTI, SIKi IPU3HAYEHI J7151
BMKOPHCTaHHS B MiKDOCYIIYyTHUKAX. Y BKa3aHUX PaKETHHUX JBUTYHAX MAJIOi TSI BUKOPHUCTOBYIOTHCS BAKYYMHO-
IYTOBi pO3PSaY TPUBAJIICTIO BiJl KiJIbKOX MIKPOCEKYH], IO KiJIbKOX MiliCeKyH[,. Bka3aHi 3Ha4€HHS iMITYJIbCiB
3YMOBJIEHI TUM, 1O B LJMX KOHCTPYKLisIX BUKOPUCTOBYIOThCS! iHIYKTUBHI JpKEpeJia JKUBJIEHHS po3psay, abo mxepesa
SKMBJIEHHSI PO3PSAY 3 KOHIIEHCATOPaMU MOPiBHSIHO HEBEJIMKOI €EMHOCTI. BakyyMHO-IyrOBi pO3psiiy OCTIHHOTO
CTpyMy ab0 O3PSIy CEKyHIHOI TPUBAJIOCTI IPAKTUYHO He PO3TJISAIUCh J1s1 BUKOPUCTAHHS B IBUTYHAX Ha
MeTaJliyHi [171a-3Mi, OCKIJIBKY [J151 IIbOTO HEOOXIiNIHI IIOTY>KHI Ji)KepeJsia eHeprii, ki MoxHa 6ys10 6 BCTa-HOBJIIOBAaTU
Ha 60pTy KOCMiYHUMX anaparis. HelonaeHiii nporpec y ranysi BUCOKOe-(EeKTUBHUX COHSTYHUX €JIEMEHTIB Ta iHIINX
CHUCTEM €HEPronoCcTayaHHs (y TOMY YMCIIi MiHIaTIOPHUX SIIEPHUX CUCTEM, IPUIATHUX JJ151 BAKOPUCTAHHS B
PaKeTHO-KOCMIiYHill TexHilli) BigpoauB iHTepec 40 NOTY>KHUX PYLIiIMHUX CUCTEM Ha OCHOBI BAKyyMHO-IyTOBOT'O
po3psany. IMIyJIbCHI BaKyyMHO-JyTOBi paKeTHi IBUTYHY PO3BMBAIOTh Iy>K€ HU3bKY TATY (Bif OJUHULb
MiKDOHBIOTOHIB [I0 OJVHULb MiJlIHBIOTOHIB), Ta MAlOTh HEBEJIMKY MACy €JIEKTPOJLY, SIKNI BUKOPHCTOBYETLCS [1JIs1
OJlep>KaHHS IMOTOKY IJIa3MU (Bifl OOUHULIb 4O AECSTKiB rpamiB), TOMy BOHM MOXKYTb OyTH BUKOPHCTaHIi JINIIE B
crucTemax opieHTallii HaHocynyTHUKIB (Maca 1-10 kr) Ta MikpocynyTHUKIB (Maca 10-100 kr). [IpoTsiroMm ocTaHHiX
KiJIbKOX POKIB 3'IBUJIMCh IyOJIiKallii, B SIKUX ONMCaHi €JIeKTPUYHI PaKeTHi ABUTYHY HA METaJIeBiil [I71a3Mi 3 TSTOI0
0JIM3bKO [1€CSITU MiliHBIOTOHIB. Taki IBUTyHM MaIOTh 3HAaYHO IIMPLINIA CIIEKTP BUKOPUCTAHHS. Bimomi KOHCTpyK-1iii
TaKUX BUTYHIB BKJIIOYAIOTh JleKiJibKa OJHAaKOBUX OJIOKIB (Bif ABOX [0 BOCbMHU), BMOHTOBAHUX B €JUHY CUCTEMY.
KoskeH 610K BKJII04a€e B cebe MeTasieBUi KaToj, Ta CUCTEMY €JIEKTPO>XKUBJIEHHS. KaToau MOXYTb O6yTH
uuIiHgpUuYHUME (HiameTp 30-60 MM) a60 NpsAMOKYTHUMU (6113bK0 20 X 50 MM) i MacoIo JeKinbka COTEHb IpaMiB. ¥
3B'SI3KY 3 TUM, IO B [IUX KOHCTPYKLiSX IBUTYHIB KATOIHI IJISIMU BaKyyMHO-IIyTOBOTO PO3PSIAY IEPEMIIIYIOTHCS 110
ITIOBEPXHi KaTOAiB XaOTUYHO, €P03i4 iX I0BEPXHIi BKpall HEPIBHOMIPHA, 110 3HAYHO 3HWKYE MOXKIIMBUAN PECYPC
pO60TH BaKyyMHO-IYTOBOTO PAaKETHOTO JBUATyHA. 30iIbII€HHS IJIONi [IOBEPXHi KaTOiB NPUBOJUT [0 1€ 6ibIIo]
HepiBHOMIPHOCTI epo3zii. Pecypc poboTi BaKyyMHO-IyrOBUX JBUTYHIB Ma€ BeJIMKe 3HaY€HHSI, OCOOIMBO IJIs1
TPUBAJIMX KOCMIYHUX I0JIbOTIB. AKTYyaJIbHICTh TEMU JOCJIIIKEHHS 3yMOBJIEHA THM, 10 BaKYyMHO-/IyTOBi I1J1a3MOBi
I BUT'YHU, BUKOPUCTAHHSI SIKUX B PaKETHO-KOCMIiUHii TEXHIlli CTPIMKO PO3BUBAETHCSI, MAIOTh HE3HAYHUI pecypc
pob6otu. B nuceprauii gocuigxkeHi npuHUUNM 3a6e3-Me4eHHs! piBHOMIpHOTO BUIIAPOBYBAHHS KaTO/IiB BAKYYMHO-
IyrOBUX NBUT'YHIB KEPOBAHUM I€pEMIIleHHSIM KaTOOHUX IJISIM 110 [TIOBEPXHi KaToAy, sike 3abe3nedye MifBUIIeHHS iX

pecypcy po6oTH, 10 € aKTyaabHOIO IPO6JIEMOIO.

2. Chemical rocket propulsion systems, which move rockets using chemical reactions of propellants, generate
enough power and thrust to ensure rocket launch from Earth into space, but not to sustain long-term spaceflights.
Since the energy capacity during spaceflights is limited, interest in electric engines is rising because power supply
can be restored using solar energy, which means that as long as there is sunlight, the power source for electric
engine will not run out. Rocketry and space technology engineers pay great attention to plasma rocket engines,
especially metal plasma engines. Such rocket engines can operate in spacecraft intended to remove space debris,
and serve as orbit correction thrusters on nano- and microsatellites. Electric discharges, especially vacuum arc
discharges, are effective in transforming metal into plasma and accelerating it. Contemporary vacuum arc
evaporators, where the cathode metal is converted into metal plasma flows, are frequently used for applying
vacuum arc coatings and improving the physical and mechanical properties of the surfaces of parts operating in



extreme environments. However, plasma flows produced by vacuum arc discharges not only can provide vacuum
arc coatings, but also generate jet thrust. A vacuum arc thruster that uses metal plasma (Vacuum Arc Thruster,
VAT) is a new class of electric propulsion systems, where metal ionization and ion acceleration occur within the
cathode spot region of a vacuum arc discharge due to the processes within the discharge itself. Such engines can
operate without special ionization and ion acceleration systems. A vacuum arc rocket engine does not require gas
or liquid rocket propellant, neutralizers, heaters, high-voltage electronics, or strong electric or magnetic fields for
operation. Scientific and technical literature describes various designs of electric rocket engines that use metal
plasma. However, development efforts concentrated chiefly on the creation of low-power pulsed engines intended
for microsatellites. These thrusters use vacuum arc discharges that last a few microseconds to several
milliseconds. These pulse durations result from the fact that the mentioned designs use inductive discharge power
sources or discharge power sources with capacitors of relatively small capacitance. Vacuum arc discharges of
direct current or second-lasting discharges were almost out of consideration for operation in metal plasma
engines, as they require powerful energy sources to be installed on spacecraft. Recent progress in the field of
high-efficiency solar cells and other power supply systems, including miniature fusion systems suitable for use on
space vehicles) has revived interest in powerful propulsion systems based on a vacuum arc discharge. Pulsed
vacuum arc rocket engines generate a very low thrust (from units of micronewtons to units of millinewtons), and
their electrode mass (from units to tens of grams) is insufficient to generate plasma flow. Therefore, they are
suitable only for attitude systems of nanosatellites weighing up to 10 kilograms and microsatellites with a mass of
10 to 100 kilograms. Over the past few years, a number of publications have described metal-plasma electric rocket
engines that produce thrust of about ten millinewtons. Such engines feature a much wider range of application.
Their design includes several (from two to eight) identical blocks that are integrated into a single system. Each
block consists of a metal cathode and a power supply system. Cathodes can be cylindrical (30 to 60 mm in
diameter) or rectangular (about 20 x 50 mm). Their weight may reach several hundred grams. In these engine
designs, the cathode spots of a vacuum arc discharge move chaotically along the surface of the cathodes.
Therefore, the erosion of their surface is extremely uneven, which significantly reduces the potential service life of
a vacuum arc rocket engine. An increased cathode surface area results in even greater non-uniformity of erosion.
The operating lives of vacuum arc engines is of great importance, especially for long spaceflights. The subject of
this paper is relevant because the operating lives of vacuum arc plasma engines are short, and their applications in
space technologies are rapidly expanding. The dissertation investigates the principles of ensuring uniform
evaporation of vacuum arc engine cathodes via the steered motion of cathode spots on the cathode surface,
increasing their service lives, which is a topical problem. The purpose of the dissertation is to develop scientific
principles for designing vacuum arc metal plasma engines with a steered vacuum arc, as well as to investigate the
relation between the reactive thrust and the parameters of a discharge in a quasi- stationary pulse duration range.
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