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Bonxkoga 10.€. /lunamika mia3MoBOro moToKy, 0 T€HEPYETHCS MarHiTOMIa3MOBUM
KOMITPECOPOM 13 MO30BKHIM MarHiTHUM moJjieM. — KBasiikariiiina HaykoBa mpatis Ha
paBax pyKOIUCY.
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[Tpuknanna ¢izuka ta HaHnomarepianu (I"amy3s 3Hanp 10 — [Ipupoanudi Hayku). —
XapkiBchbKUM HallioHaNbHUM yHIBepcuteT iMeH1 B.H. Kapasina MinicTepcTBa oCBITH 1
Hayku Ykpainu, Xapkis, 2023.

VY nuceptaiiiiHii  poOOTI MPEACTABICHO pE3yJbTaTH EKCIEPUMEHTATBHUX
JOCTIPKEHb BIUIMBY 30BHIITHBOTO TMO30BKHBOTO MAarHiTHOTO TOJSI B PO3PSAHOMY
KaHajl MarHitoruiasmoBoro kommpecopa (MIIK) na ¢yHmameHTaneHi npouecu B
KOMIPECIMHUX IUIa3MOBHX TNOTOKax. IIpoBeneHO [OCHIIKEHHS XapaKTepUCTHK
PO3psIy, BABYCHO BIUIMB 30BHIITHHOIO MAarHITHOTO MOJIS HA TUHAMIKY, CTPYKTYpy Ta
napaMeTpy KOMIIPECIITHUX NOTOKIB IJIa3MH, Ha MPOLIEC YTBOPEHHS 30HU CTUCHEHHS.

JleTaabHO JOCIIIHKEHO BINIMB 30BHINIHBOTO MO3I0BKXHHOTO MArHITHOTO IOJIS B
kaHaiai MIIK Ha OCHOBHI €JIEKTPOTEXHIUHI mapameTpu po3psaay. [IpoBeneHo anamis
BOJIbT-aMIiepHUX Xapaktepuctuk (BAX) nans pi3HUX 3Ha4Y€Hb 30BHIINIHBOTO
MO3I0BXKHBOIO MAarHiTHOrO MOJIA MijJ 4ac poOOTH 3 aproHOM Ta TENlEM 3a PI3HUX
OYaTKOBUX THCKIB. BUsBIEHO, 10 BOJBT-aMIIEpHI XapaKTEPUCTUKU PO3PSILy MalOTh
HEJIIHIMHY 3aJIe)KHICTh Bl BEIMYMHHA 30BHIITHBOTO TMO30BKXHBOI'0 MarHiTHOTO TIOJIS.
BAX npu BUMKHEHOMY MAarHiTHOMY IOJI1 BIAPI3HAIOTHCS BiJl ONEPEIHBO OTPUMAHUX
70 BCTAHOBJICHHS COJICHOI[A, L0 CIPUYMHEHO 3MIHOK I'€OMETPUYHHUX IapameTpiB
po3psaHoro kaHamy. BAX po3psay 3 J0OCTaTHBbOIO TOYHICTIO MOHA OIMKUCATH
crenieHeBol0  QyHkiierwo Ug~I3, 1mo 100pe y3ropkyeTbcs 3 TEOPSTUYHUMHU
ySBJICHHAMH. 3a OUIBIIOTO MOYATKOBOTO THCKY TE€JiI0, a OTXKe, 3a OUIbIIOI MacoBOl
BUTpATH, HaAmpyra po3psiay 3MeHInyeThes. Lleil pesynpTar miaTBEpIKyeThCS
TEOPETUYHHUMU YSBJIEHHSMHU MPO TE, IO HAIpyra po3psay OOEpHEHO MpOIOopIiiiHa
IHTerpanpHid MacoBid BUTpari JlJis peXuMiB 3 OJHAKOBOIO MAacOBOIO BHUTPATOIO
HaWBUILE 3HaUYEHHS Hanpyru (npubiuszHo 3,5 kB) Ta mMurreBoi notyxuocti (1200
MBT) po3psiny BUSIBICHO IJisi peXUMY POOOTH 3 TEIEM 13 MOYaTKOBUM THCKOM 10

Topp 13 3oBHImHIM MarHiTHUM TosieM 0,4 Ti. [lokazaHo, 1mo 31 301IbIIEHHSIM



HAIpPY>KEHOCT1 30BHIMIHHOTO MArHITHOTO TOJS 3pOCTa€ BeJIWYMHA padlanbHOI
CKJIaI0BO1 €NIEKTPUYHOTO Mo mo6nu3y nosepxHi anoga MIITK.

JloCHiIKEHO BIUTMB METAJICBOI MIJIIHAPUYHOT KOHCTPYKIIi 13 COJIEHOIAOM, IO
BCTAHOBJICHO Ha PO3PSAIHUN KaHa, Ha €JIEKTPUUHI CTPYMH, SIKI POTIKAIOTh Y MOTOII
Mo3a MeXaMu PO3PSAHOrO KaHady MPH BUMKHEHOMY MarHiTHoMmy moji. HasBHICTBH
KOHCTPYKIIl 13 COJIeHOimoM Ha po3psaHomy kaHaiai MIIK npuszBena g0 3MiHH
r€OMETPUYHUX MapaMeTpiB KaHaly, 10, 31 CBOro OOKy, CHPUYMHUIIO 3MIHY
MIPOCTOPOBOTO PO3MOJLIY BJIACHOTO MAarHiTHOTO MOJIS B IJIA3MOBOMY IOTOILIl 1032
KaHAJIOM Ta 3MEHIICHHS YaCTKH CTPYMY B MOTOLl BIJHOCHO MOBHOI'O PO3PSIHOTO
ctpyMy. [lokazaHo, 110 3aMKHEHI CTPYKTYpPH BHXOPIB CTPyMY, SIKI YTBOPIOIOTHCS B
HOTOIIl 32 MEKaMU KaHajly, 3aiMaoTh MEHIIUN 00’ €M y IPOCTOP1, HIXK Y BUMAJKY A0
BCTAHOBJICHHSI KOHCTPYKIIii 13 COJICHOIIOM.

BuBueHO BIJIMB 30BHINIHLOTO MarHiTHOro nosis B kanam MIIK Ha po3monin
BJIACHOT'O a3MMYTaJIbHOTO MarHiTHOrO MOJs B IJIa3MOBOMY IOTOI[l 1032 PO3PSAHUM
ka"asioM. [loka3aHo, 1110 3acTOCYBaHHS 30BHIIIHBOIO MAarHITHOTO MOJISl IPUBOJUTH J10
3pOCTaHHS BETUYMHH BJIACHOI'O MarHiTHOTO MOJIsi B TPUOCHOBIM 30H1 Ha BC1i JOBXKHHI
I1a3MOBOTO MOTOKY. CriocTepiranocsi «BUTICHEHHS MAarHiTHOTO TOJIS 13 TPUOChOBOI
YaCTUHU MOTOKY, 110 BKa3ye Ha (hOpMyBaHHS 30HU CTUCHEHHSI.

3a JOMOMOTrOI0 MOJABIMHMX €NEKTPUYHMX 30HAIB MPOBEAEHO BH3HAYEHHS
OCOOJIMBOCTEM  pO3MOAUTY JIOKAJIBHOI €JIEKTPOHHOI TeMIeparypu B MOTOIII
CaMOCTHCHEHOI TUTa3MH 3 JOCHUTH BHCOKOIO MPOCTOPOBOIO Ta YaCOBOIO PO3IITHHOIO
3natHicTio. [loka3aHo, 0 cUrHaMM MOJBIMHOTO €IEKTPUYHOTO 30Ha Ul IPSIMOi Ta
3BOPOTHOI TOJSPHOCTI TPUKIAAEHOI HAMpYrd € 1ICHTUYHWMH, 0[O0 BKa3zye Ha
I y31MHUA peKuM Ooro podOTH 3a YMOB, TUIIOBHX 1S po3psany MIIK. Otpumani B
TAaKOMY pEeXHMi pOOOTH 3HAYEHHS €JEKTPOHHOI TEMIIEPATyPU € 3aHMKEHUMH depes
OCJIa0JIeHHs] 10HHOTO CTPyMy HACHYEHHS B MPU30HAOBOMY Ilapl B pe3yJibTarTi
3iTKHEHb. [IpoBeneHO BHUMIPIOBAHHS BOJBT-aMIEPHUX XapAKTEPUCTHK MOJBIHHOTO
EJIEKTPUYHOTO 30H/1a MOOIU3Y 30HU CTUCHEHHS TJIa3MOBOTO TIOTOKY K 32 HasBHOCTI
30BHIIIHBOIO MArHITHOTO MOJIsA, Tak 1 0e3 #oro 3actocyBaHHs. ExcriepuMeHTabHO
BCTAHOBJICHO, M0 (DYHKIIS PO3MOMLTY €JIEKTPOHIB y 1uiazmoBomy motorii MITK Ge3

3aCTOCYBaHHS 30BHIIIHBOTO MArHiTHOTO TOJIS € HAOIMKEHOIO 0 MAaKCBEJIIBCHKOI.



VYnepie ekcriepuMeHTaIbHO BUSBICHO HAsBHICTH JIBOX MOITYJIALINA €JIEKTPOHIB
13 pI3HMMH TEMIIepaTypamH, II0 € O3HAKOI OIMakKCBETIBCHKOI (PYyHKIII pO3MOILITY
CJIEKTPOHIB, Ta 3POCTaHHA EJEKTPOHHOI TeMIlepaTypu MOOIM3Yy OCi IJIa3MOBOTO
HOTOKY M1/l 4aC 3aCTOCYBAHHSI 30BHIIIHBOTO MO3/I0BXHBOI0 MarHiTHOro nois 0,24 Tn
B pospsaHomy kaHami MIIK. OTpumano mia3MoBi TMOTOKH 13 TEMIIEpPaTypoio
enektponiB (30-60) eB, 1m0 m00pe y3rouKyeThCs 3 pe3yabTaTaMH IIOIEPEIHIX
JTIOCJIIIKEHD.

[IpoBeneHo neranpbHUI aHaNi3 AUHAMIKK IJJA3MOBOTO TOTOKY, MPOIECIB
(GopMyBaHHs 00JIaCTI CTHUCHEHHS Ta ii T€OMETPUYHUX XapaKTepUCTHK. OTpuUMaHO
PO3MOAUIN MIBUJKOCTI Apei(y, EIEKTPUYHOIO CTPYMY, €IEKTPUYHOrO NOTEHIIaly Ta
cwin Amnepa. [TokazaHo, 1110 B IJ1a3MOBOMY NOTOLI1 (POPMY€ETHCS 3aMKHEHA CTPYKTYpa
BKJIQJICHUX eKBinoTeHmiane. [1ix yac 3acTocyBaHHs 30BHIIIHBOTO MAarHITHOTO TIOJIS
CTPYKTypa BKJAJIECHHX EKBINMOTEHIaJel 3CyHyTa Ha OUIbLIY BIJICTaHb BIJ BUXOAY
MIIK. I1na3mMoBuUi MOTIK Ma€e CKJIAAHY CTPYKTYPY, a CAME CYKYITHOCTI KOHIIEHTPUUHUX
BUXOpIB 1 3aMKHEHUX TOPOIJAIIBHUX CTPYMOBHUX CTPYKTYp, SIKI CHOCTEpITalOThCs
MPOTATOM YChOT'O Yacy MOro iICHyBaHHs. BCTaHOBIJIEHO, 1110 30BHINIHE MAarHITHE MOJIE
OPUBOJUTH 71O 30UIbIIEHHS BEJIMUMHU €JIEKTPUYHOTO CTPYMY B IJIA3MOBOMY IOTOI],
3MIHIOE MOr0 MPOCTOPOBUN PO3MOALT 1 3MEHUIYE KIIbKICTh CTPYMOBHUX BHXODIB.
VYhepiire mokasaHo, II0 3a MPUCYTHOCTI 30BHINIHBOrO MarHiTHOro mojs (0,24 Tn)
30UTBIIYETHCS] PO3MIP 30HU CTUCHEHHSI, TEMIIepaTypa B Hiil 3pOcTae B IIICTh pa3iB, a
pazianbHa CKJIa0Ba CUiu AMIiepa — NJOHaMEHIIIE B TPU Pa3u.

3a pe3yJpTaTaMH aHali3y MPOCTOPOBOTO PO3MOALTY E€IEKTPUUYHOTO CTPYyMY B
IJ1a3MOBOMY TMOTOLIl OYyJIO BHSBJIEHO CTPYKTYpy, MOAIOHY J10 HEUTpaIbHOro
CTPYMOBOTO MIapy, 0 (POPMYETHCS MPOTIrOM APYroro HamiBIEPIOAy PO3PSIAHOTO
CTpyMy. Y BUSIBJICHIH CTPYKTYpi, OTOUEHIH 30HAMH TJIa3MOBOTO TTOTOKY 3 TPOTUIICKHO
CIpSMOBAaHMMH MAarHITHUMH TIOJSIMH, CIIOCTEPITa€ThCS 3pPOCTaHHA TyCTHHH
CJIEKTPUYHOTO CTPyMy. 3a pe3ysibTaTaMH aHalli3y eKCHEPUMEHTaIbHO OTPUMaHHX
PO3MOJIIIB €JIEKTPOHHOI TeMIepaTypu Ta IIBUIKOCTI Japeidy MoxkHa 3poOuTH
BHUCHOBOK, 1110 31 CTPYKTYpH 13 IIapOM Bi10YyBa€ThCs TeHEpallis €IeKTPOHHOIO My4yKa
abo mia3mMoBoro crpymeHs 3 Ttemieparyporo 30 eB. VYTBopeHHs cTpykTypu 3i

CTPYMOBHUM IIIapoM 0€3 30BHIIIHHOTO MAarHITHOTO IMOJIs BII0OYBA€THCSI Mi3HIIIE, HIXK 11T



yac Horo 3actocyBaHHs. POpMyBaHHS TMOMAIOHOT CTPYKTYpU B MOTY>KHHUX IMOTOKAaX
MJ1a3MH, TEHEPOBAHMX KBA3ICTAI[IOHAPHUMH IUIA3MOJMHAMIYHUMHA CHCTEMAaMH,
BUABIICHO Briepie. HasiBHICTh CTPYKTYpH TUIY HEHTpaIbHHI CTPYMOBHI IIap poOUTH
nepcrneKTuBHUM BukopuctanHs MIIK ams  excriepuMeHTanbHOrO MOACIIOBAHHS
acTpo(diI3NIHUX SBUIIL.

Pe3ynbTaTu NpoBeACHUX JOCHIIKEHb € BAXKJIMBUMU JJI BUPIIICHHS IIIUPOKOTO
KoJla TIPUKIJIAJHMX 3a7a4. BuBUeHI 0COOJIMBOCTI NPOIIECIB, IO BiJIOYBAaIOTHCS B
KOMIIPECIMHUX TIOTOKAaX IUTa3MH TIiJ] BIUTMBOM 30BHINTHBOTO TIO3J0BXKHBOTO
MAarHiTHOTO TMOJIsl, € BKpal IHHUMU JJIs1 PO3YMIHHS ()yH/IaMEHTAJIbHUX BIACTUBOCTEH
KOMIIPECIMHUX Te4dld Ta MOXXYTh BHUKOPHUCTOBYBATUCS JJIA ONTUMI3AIlll pPEKUMIB
po0OTH MIa3MOAMHAMIYHUX MPUCTPOIB IS X MOAAIBIIOrO 3acTocyBaHHs. OTpuMaHi
B JMCEpTalliiiHIi POOOTI pEe3yNbTaTH HAJAIOTh 3MOTY 3aCTOCOBYBAaTH 30BHIIIHE
MarHiTHE II0J€ B MAarHITOIUIa3MOBUX KOMIIpECOpax 13 METOK MOKpPAIEHHS
KOMIPECIHHUX BJIACTUBOCTEH MMOTOKY, IO BAXJIMBO MJs MNOJAIBIIOTO PO3BUTKY
MJIa3MOBHX JIKEPEJ BAKYyMHOTO YibTpadioieTy A JiTorpadii HOBOro MOKOJIIHHS.

Pe3ynbTaT MOCHIIKEHHSI BIIKPHBAIOTh MOXJIIMBICTh JUIsl J1aOOPATOPHOTO
MOJICIIFOBaHHS PI3HOMAHITHUX MPOIECIB, Y TOMY YHCI acTpOdI3UYHHUX SBUI. biibI
TOTO, BHBYEHI aCMEKTH BIUIMBY 30BHIUIHBOTO MArHITHOIO TOJI Ha MapamMeTpu
ITa3MOBOTO TTOTOKY HEOOX1HO BPaXxOBYBAaTH MPHU JOCIIIKEHHI B3a€MOJIT TIa3Mu 3
MOBEPXHSAMH PI3HUX MaTepialliB B yMOBaX, HAOIMKEHUX JI0 TEPMOSJIEPHOTO PEAKTOPa,
py po3poOJIeHH] TIa3MOBUX TEXHOJIOTIH, MOKpPAIEHHI cCUCTEM OOpPOOKH MOBEPXOHb
TOLLIO.

KutouoBi cjoBa: mina3MoBuid po3psl, ra3opo3psijHa CHUCTEMa, 3aMar”iueHa
mia3Ma, JiarHOCTHKA IJIa3MHU, JUHAMIKa TUTa3MH, MapaMeTpu IJIa3Mu, eJIeKTpOHHA
TEeMIIepaTypa, MarHiTHE MOJie, IEKTPUYHE IOJe, MBUIKICTh Jpeidy, MIa3MOBHIA

IPUCKOPIOBAY, MarHiTOIJIa3MOBHUI KOMIIPECOP, HEUTPAIbHUI CTPYMOBUH 1Iap.



ABSTRACT

Volkova Y.Ye. Dynamics of plasma stream generated by magnetoplasma
compressor with longitudinal magnetic field. Qualification scholarly paper: a
manuscript. Thesis submitted for obtaining the Doctor of Philosophy degree in Natural
Sciences, Specialty 105 — Applied physics and nanomaterials. — V.N. Karazin Kharkiv
National University, Ministry of Education and Science of Ukraine, Kharkiv, 2023.

The thesis presents the results of the experimental studies of the influence of an
external longitudinal magnetic field in the discharge channel of a magnetoplasma
compressor (MPC) on fundamental processes in compressive plasma flows. The effect
of the external magnetic field on the discharge characteristics, dynamics, structure, and
parameters of compressive plasma flows, as well as on the process of the compression
zone formation, was studied.

The influence of the external longitudinal magnetic field in the MPC channel on
the main electrical parameters of the discharge was studied in detail. The current-
voltage (I-V) characteristics for the modes of operation with argon and helium as
working gases at different initial pressures were analyzed as a function of the external
longitudinal magnetic field. It was found that the current-voltage characteristics of the
discharge have a nonlinear dependence on the magnitude of the external longitudinal
magnetic field. The I-V characteristics for the case when no magnetic field is applied
differ from those obtained before the solenoid was installed. Such a difference is
attributed to a change in the geometry of the discharge channel. The current-voltage
characteristics can be described by a power-law function U;~I§ with sufficient
accuracy that shows good agreement with theoretical models. Under a higher initial
pressure of helium and, therefore, at a higher mass flow rate, the discharge voltage
drops. This result is supported by the theoretical notion that the discharge voltage is
inversely proportional to the integral mass flow rate. For the modes of operation with
the same mass flow rate, the highest value of the voltage (about 3.5 kV) and
instantaneous power (1200 MW) of the discharge is found for the mode of operation
with helium at an initial pressure of 10 Torr and an external magnetic field of 0.4 T. It
has been found that the magnitude of the radial component of the electric field near the

surface of the MPC anode increases with the magnitude of the external magnetic field.



The influence of the cylindrical metal structure with a solenoid installed on the
discharge channel on the electric currents flowing outside the channel was investigated
when no magnetic field was applied. The presence of the structure with a solenoid on
the discharge channel of the MPC led to a change in the geometry of the channel,
which, in turn, caused a change in the spatial distribution of the self-magnetic field in
the plasma flow outside the channel and a decrease in the ratio of the current in the
stream to the magnitude of the total discharge current. It is shown that the closed
structures of the current vortices formed in the plasma stream outside the channel
occupy a smaller volume than in the case before the installation of the structure with
the solenoid.

The influence of the external magnetic field in the MPC channel on the
distribution of the azimuthal self-magnetic field in the plasma stream outside the
discharge channel was studied. Findings show that the external magnetic field imposed
inside the MPC discharge channel leads to an increase in the magnitude of the self-
magnetic field in the axial region along the entire length of the plasma flow.
Displacement of the magnetic field from the axial part of the plasma stream that
indicates the formation of a compression zone was observed.

Double electric probes were used to determine the features of the local electron
temperature distribution in the self-compressed plasma flow with sufficiently high
spatial and temporal resolution. The results show that the signals of the double electric
probe for the direct and reverse polarity of the biasing voltage are identical, which
indicates the diffusion mode of its operation under the conditions typical for the MPC
discharge. The electron temperature values obtained in this mode of operation are
underestimated due to the attenuation of the ion saturation current in the near-probe
layer as a result of collisions. The current-voltage characteristics of the double electric
probe were measured near the compression zone of the plasma stream both in the
presence of an external magnetic field and without its application. It has been
established experimentally that the distribution function of electrons in the plasma flow
of the MPC is close to the Maxwellian when no external magnetic field is applied.

For the first time, the presence of two populations of electrons with different

temperatures, which indicates a bi-Maxwellian electron distribution function, and an



increase in the electron temperature near the axis of the plasma stream have been
observed when the external longitudinal magnetic field of 0.24 T was applied in the
MPC discharge channel. Plasma flows with an electron temperature of
(30-60) eV were obtained. This result is in good agreement with the findings of the
previous studies.

A detailed analysis of the dynamics of the plasma stream, the processes of the
formation of the compression zone and its geometric characteristics, drift velocity,
electric current, electric potential, and Ampere's force was conducted. The results show
the formation of a structure of enclosed equipotentials in the plasma flow. During the
application of an external magnetic field, the configuration of the enclosed
equipotentials is shifted to a greater distance from the MPC output. The plasma stream
has a complex structure, including clusters of concentric vortices and closed toroidal
current structures observed throughout its lifetime. The external magnetic field leads
to an increase in the magnitude of the electric current in the plasma stream, changes its
spatial distribution, and reduces the number of current vortices. The findings
demonstrate that in the presence of an external magnetic field (0.24 T), the compression
zone grows, its temperature increases sixfold, and the radial component of Ampere's
force goes up at least threefold.

The analysis of the electric current distribution in the plasma stream revealed a
structure similar to a neutral current sheet that forms during the second half-period of
the discharge current. In the observed structure, which is surrounded by the plasma
flow zones with oppositely directed magnetic fields, an increase in the electric current
density was detected. The results of the analysis of the experimentally obtained
electron temperature and drift velocity distributions indicate the generation of an
electron beam or plasma jet with a temperature of 30 eV from the current-sheet-like
structure. The formation of a structure with a current sheet without an external
magnetic field occurs later than with its application. The formation of such a structure
in powerful plasma flows generated by quasistationary plasmadynamic systems has
been observed for the first time. The presence of a structure similar to a neutral current
sheet opens an opportunity to use the MPC for the experimental modeling of

astrophysical phenomena.



The outcomes of the conducted research are important for solving a wide range
of problems in different applications. The studied features of the processes found in
compressive plasma streams under the influence of an external longitudinal magnetic
field are invaluable for the understanding of the fundamental properties of such flows
and can be used to optimize the operation modes of plasmadynamic devices for their
further applications. The obtained results make it possible to apply an external
magnetic field in magnetoplasma compressors to improve the compressive properties
of the flow, which is crucial for the further development of plasma sources of extreme
ultraviolet radiation for new-generation lithography.

The results of the research open the opportunity for laboratory modeling of
various processes, including astrophysical phenomena. Moreover, the studied aspects
of the influence of the external magnetic field on the parameters of the plasma streams
should be taken into account in the investigation of the interaction of plasma with the
surfaces of various materials in conditions close to those of a fusion reactor, as well as
in the development of plasma technologies, improvement of surface treatment systems,
etc.

Keywords: plasma discharge, gas discharge system, magnetized plasma, plasma
diagnostics, plasma dynamics, plasma parameters, electron temperature, magnetic
field, electric field, drift velocity, plasma accelerator, magnetoplasma compressor,

neutral current sheet.



