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XOPABA-AU®OLUUNUTIH F(R) TPABUTALUMUACDBIHAATDI
TYTKbIP C¥UbIKTbIKTbIH, 3BOAIOLMACDHI

OAEMHIH YAEMEAI KEHEIOIH CMMaTTalNTbiH >XaHAPTYAbIH €Ki >KOAbl 6ap: He reoMeTpusiHbl Hemece
MaTepusiHbl XaHapTy KaxkeT. Ocbl yakbITKa AeMiH >KaHAPTYAbIH KernTereH MOAEAAEpPi YCbIHbIAFaH,
coHbIH 6ipeyi, KeHiHeH TapaAraH — AR) rpaBuTaumsICbl GOAbIN TabbiAasbl. AR) rpaBUTALMSACHI OEATIAI
INHWTENH-TUABEPT BCepiHAEri KMCbIKTbIK TEH30Pbl R-AiH OPHbIHA, OHbIH >KAAMbIAAHFAH (PYHKUMSCHIH
A R)-Ai KOIO, OCbl KE3AE TEOMETPUS B3rEPEAI.

KaAnbl CaAbICTBIPMAABIAbIK, TEOPMSACHI MEH KBaHTTbIK, (pU3MKaHbIH, 6ipiryi Kasipri 3amaHHbIH
MaHbI3Abl MOCeAeAepiHiH BipiHe ainHaAabl. 1942 >KbiAbl AUMLINL FPABUTALMS MEH KBAHTTbIK, (OM3MKaHbI
GipiKTIpETiH >KOFapFbl 3HEPrMIAapAA aHM3OTPONThbl MacluTabTayFa HerisAeAreH MOAEAIH YCbIHAbBI, aA
2009 >KblAbl OHbIH, YHUTAPAbIK, FPABUTALMSICbl PEHOPMAAAAHFAH HYCKACbIH >KaroH faAbiMbl [utep
XopaBa ycbiHAbl. COHFbI XXbIAAAPAAFbI 3epTTeyAepAe — XopaBa-Aundumi, rpaBUTaLMsIChbl AEreH aTay
KeHiHeH Tapaaabl. 2010 xbiabl Macya, YanusH, LUnHnum Hoaskmpn, Ceprein A. OaMHUOB, MapKky
OkcaHeH >xoHe AHka TypsiHy GipAecin OCbl TEOPUSIHBIH >KaAMbiAaHFaH TypiH AR) — rpaBuTauMsIHbI
YCbIHABI.

byAa >xymbicta XopaB-AMMWMUTIH  XAAMbIAQHFAH TPaBUTALMACHI  OCbIHAQM  FpaBUTauMsFa
HerisAeAreH KeHiCTik-yakpbITTarbl OipTeKTIi eMeC TYTKbIP CYMbIKTbIK, YLLIiH 3epTTeAeTiH 60AaAbl. TypakTbl
TYTKbIPAbIK, KE3iHAE YaKbITTbIH YAFAlObIMEH KapblK, NeH GAPMOHABIK, 3aTTbIH TbIFbI3AbIFbl MEH KbICbIMbI
TeMeHAenAl. Erep kapaHfbl sHEprust KymiH, sifHM w = —1 6GOAFaHAQFbl >KaFAalAbl KapacTblpaTbiH
OGOACAK, OHAQ TbIFbIBAbIK, MEH KbICbIM LIEKCI3AIKKE yMTbiAaabl. COHAbIKTaH, erep 6i3 TYTKbIPABIKTbI
TYypakTbl A€M CcaHacak, BaKyyMAQFbl XKaFAal YLLiH OAEM LUEKCi3 KeHeeAl.

Tyiiin ce3aep: KapaHfbl sHeprus, XopaBa-AnpwmnyTiH AR) rpaBUTALMSCH], TYTKbIP CYMbIKTbHIK,

Sh.R. Myrzakul'? ", M.Zh. Esentai', GA. Sotanova', T.R. Myrzakul®

'L.N. Gumilev Eurasian National University, Kazakhstan, Nur-Sultan
2"Eurasian International Center for Theoretical Physics Ratbay Myrzakulov" LTD, Kazakhstan, Nur-Sultan
3Kazakh National Women's Pedagogical University, Kazakhstan, Almaty
*e-mail: srmyrzakul@gmail.com

Evolution of a viscous fluid in Horava-Lifshitz f(R) gravity

There are two modification methods that describe the accelerated expansion of the Universe: it is
necessary either to modify the geometry or matter. Until now, many modified models have been
proposed, one of which is common AR) gravity. In {R) gravity, in the well-known Einstein-Hilbert action,
we replace the curvature tensor R with its generalized function {R), and the geometry changes.

The unification of general relativity and quantum physics has become one of the most important
issues of our time. In 1942, Lifshitz proposed a model based on high-energy anisotropic scaling that
combines gravity and quantum physics, and in 2009 the Japanese scientist Peter Khorava proposed its
unitary, renormalized version of gravity. In the studies of recent years, the name has spread - the gravity
of Horava-Lifshits. In 2010, Masud Chaichyan, Shinichi Nojiri, Sergei D. Odintsov, Markku Oksanen,
and Anka Tureanu jointly proposed a generalized form of this theory — AR) gravity.

In this work, the generalized gravity of Horava-Lifshitz will be studied for an inhomogeneous viscous
fluid in space-time, based on this kind of gravity. At constant viscosity, with increasing time, the density
and pressure of light and baryonic matter decrease. If we consider the state of dark energy, that is, the
case when w = —1, then the density and pressure tend to infinity. Therefore, if we consider the viscosity
constant, for the case in a vacuum, the universe will expand infinitely.

Key words: dark energy, Horava-Lifshitz gravity, viscous fluid.
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DBOAIOLIMS BSA3ZKOM XMAKOCTH B XopaBbl-Andiumnua f(R) rpaButaumm

CyuiecTByeT ABa criocob6a MoAMQMKaLIMKM, OMMUChIBAIOLLMX YCKOPEHHOe paciumpeHue BceaeHHoil:
HEOOXOAUMO AMBO MOAMMUUMPOBATL reomMeTpuio, AM60 MaTepuio. AO CEroAHSILIHEro AHs GblAO
NPEAAOXKEHO MHOXECTBO MOAMMDULIMPOBAHHDBIX MOAEAEN, OAHA M3 KOTOPbIX — pacrpocTpaHeHHas AR)
rpaBuTaumsi. B AR rpaButaumm B M3BECTHOM AeNCTBUM DitHwWwTEnHa-TMAbGEpTa 3ameHsieM TeH30p
KPMBM3HBbI R Ha ero 06061LeHHY0 dyHKUMIO AR), NPy 3TOM U3MEHSIETCS FEOMETPUSI.

O6bearHeHWe 00Len Teopuei OTHOCMTEABHOCTM M KBAHTOBOWM (PU3MKM CTaAO OAHMM M3
BaXKHENMLIMX BOMPOCOB COBpeMEeHHOCTM. B 1942 roay Amdwmuom 6biAa MPEAAOXKEHA MOAEAD,
OCHOBaHHasl Ha aHM30TPOMHOM MacCLLTabMPOBaHUM MPK BbICOKMX IHEPrUsX, KOTopas coveTaeT B cebe
rpaBuTauMio M KBaHTOBYIO M3uky, a B 2009 roay SINMOHCKMM y4yeHbiM [MuTepom XopaBa ObiAa
NPeAAOXKEHA ee YHUTApHas, MepeHOPMMPOBAHHAsS BEPCUS FpaBuTaumn. B nccaepoBaHmsax nocAeAHMX
AET pacrnpoCTPaHUAOCh Ha3BaHue — rpaBuTauma Xopasa-Amdwmua. B 2010 roay Macya YanusH,
LLnHnum Hoasupu, Ceprein A. OanHuos, Mapkky OkcaHeH 1 AHKa TypbsiHy COBMECTHO MPEAAOXKMAM
06006U1eHHbI BUA 3TOM Teopun — AR) rpaBuTaumio.

B a1oi1 paboTe ByaeT n3yuatbcs 0606LeHHas rpaButaums XopaBa-AndLumua AAs HEOAHOPOAHOM
BS3KOM >KMAKOCTM B MPOCTPAHCTBE-BPEMEHM, OCHOBAHHOM Ha 3TOM BMAE rpasBuTaumu. [lpwm
MOCTOSIHHOM BSI3KOCTM, C YBEAMYEHUMEM BPEMEHWM MAOTHOCTb M AABAEHME CBeTa U GAPUOHHOMO
BelLeCTBa yMeHbLIAlOTCA. EcAn paccmaTtpmBaTb COCTOSIHME TEMHOM 3HEPIrnM, TO €CTb CAydan, KOraa
@ = —1, TO NAOTHOCTb U AABAEHUE CTPeMsTCs K 6eckoHeyHoCTU. CAEAOBATEAbHO, ECAM Mbl CUMTAEM
BSI3KOCTb MOCTOSIHHOM, AASl CAyYas B Bakyyme, BceaeHHas 6yaeT 6eCKOHEUHO paciumMpsIThes.

KAtoueBble cAoBa: TemHasi sHeprus, fR) rpaBuTaumm Xopasbl-Anlumnua, Bsa3kas KMAKOCTb.

Kipicne

OJIeMHIH YeMel KeHero1 albIIFaHHaH Oepi Ka-
PaHFBI SHEPrHUsl MACeNIeCl e arajaThlH KeNTercH
mozenbnep [1] — [23] ycwiHbUIARl. OnapablH €H
KaparmalbIMbl — DWHINITSHHHBIH JKaIIBl CaTBICTHIP-
ManbuiblK Teopusickl (KCT) menOepingeri, MaHi
KIIIKeHTall JXKoHe OH KOCMOJOTHSUIBIK TYPAKThI
€HTi3y apKbUIBl JKY3€re achIpbUIaTBIH MoOnenb (A
CDM wogpemni). byn xarnaiiza ynemeni KeHEROIiH
Ky# mapamerpi @ = —1, KapaHrbl SHEprus CyHbIK-
THIFBIHBIH TEPIiC KBICBIMBIHBIH 9CEpiH KepceTei.
byriari KyHI KapaHFbl DSHEPIHSIHBIH TaOUFaThI
«MBIHXBUIIBIKTBIH KYIUSIChIHAY aWHAIIBl JKOHE
OHBIH (hU3MKachl (yHIAMEHTAIABl OOJFAHIIBIKTAH,
€H OpIIUl JKOHE TaHKAIAPJBIK 3ePTTEY aiMarbl
00JbITT TaObLIANbL. bip XKaFbIHAH KapaHFbl CYHBIK-
TBIKTBIH KYH TapaMmeTpi MHHYC Oipre eTe >KaKblH
OosraHAbIKTaH, KOCMOJIOTUSIIBIK TYPaKThl TOPi3Ii
KOpIHICIIEH CHUITaTTayFa 00JFaHBIMEH, KOCMOJIOTHS-
JBIK TYPaKTHIHBIH MOHI KIIIKCHTaW OOJIFaHIBIKTAH,
Oy okarmaii OipHemie OeNTisli KalIIbUIBIKTapFa
OKeJNeal KoHE KOCMOJIOTHSUIBIK TYPAKTBICHI Oap
KCT TYnKiAIKTI TpaBUTALHUSIIBIK TEOPHUS €MecC, Jie-
TeHMEH OJ Ka3ipri TaHJa KCHIHEH TapallfaH KOHE
OaKplIay HOTHDKEJIEPIH €H JKYBIK CUIIATTAWTHIH TEO-

pustnapasiy 0ipi. CoHBIMEH KaTap, COHFBI KOCMOJIO-
THSUTBIK OaKpUIay MONIMETTEepiHE COMKeC, KapaHFbI

N . 0,061
DHEPTUAHBIH Kyl napamerpi @ = —0,9727( ., apa-

JBIKTA MIEKTENTeH, COHABIKTAH KYH/Ii CHITaTTalThIH
KOJIAMIIBI TeHJEeYAl KaHaFaTTaHABIPATHIH KapaHFbI
CYMBIKTBIKTBIH 9p Typii (opmanapeiHa ((paHTOM,
KBHUHTECCEHITHS, OIPTEKTI eMeC CYHBIKTBIKTAP YKOHE
1.0.) ko Oepineni [21].

Opunman-Pobdeprcon-Yoxkep (PPY) aneminge-
Tl uaeam eMec CYHBIKTBIKTapIbl 3epTTCYAiH OipHe-
1I€ apTHIKWIBUIBIFBL Oap [22]. bipinmigeH, kenteren
MaKpPOCKOMUSUIBIK (DU3UKAIBIK KYHenep, MBICAIbI,
FanamubplH ayKbIMJIBI KYPBUIBIMBIHIAFbl MaTEpPUs
MEH JKapbIKThI HJeall CYHBIKTHIKIICH (KYH TeHIey1
P = ®p, ® — TYPAKTHI) KYBIKTayFa OONaThIHABIFbIHA
KapaMacTaH, 013 IIBIFy TeTi OeNTici3 KapaHFbl YHEep-
THAHBIH 0acKa KOMITO3UIMSIAPBIH KOKKa IIbIFapa
anMmaitmMerz.  ComaH KeHiH, COHFBI  JKBUIZApPHI
TpaBUTALMSHBIH XKaHAPTHUIFaH TEOpHUsUIApbIHA Je-
IeH KbI3BIFYLIBUIBIK apTThl. byn Teopusmap OHH-
LITEHHHIH TEOPHUICHIH ©3TePTY /Il XKOHE Kbl DiH-
mTeHH-I mIB0epT opeKkeTiHaeri KHCHIKTBHIK WHBa-
PHAHTBIH SPTYPJl KallbUIaHFaH KypayllblIapMeH
(Puman TeH3opsl, Belinm TeH30phl, Puddn TeH30pbI
JKoHe Oackasapbl) aybICTBIpaJbl HEMece TOJIBIK-
THIPAJbIL.



Xopasa-JInpmmnri f{R) TpaBUTALMACHIHIAFEI TYTKBIP CYHBIKTBHIKTEIH SBONIOIHSCH

I'paBUTAlMSHBIH KaHAPTBUIFAH TEOPHSIIAPIbIH
CYMBIKTBIK TOpI3Jli Typre COMKec cUmarramara ue
EKCHJIITIH eCKepreH JKoH, ajl OIpTeKTI eMec TYTKBIP
CYHBIKTBIKTAP/IBI 3epTTECYy — MYHJIall albTepHATUBTI
TEOpHUSIIAPABIH KeHOip Kaumbl OenriiepiH TyciHy-
IiH KapanaiieiM TociimaepiniH Oipi [23].

f(R) TpaBUTALMACH YILIiH >KaNIblIaraH XopaBa-
JIndmmuar Teopuschia [24]-11i KYMBICTBIH aBTOPBI
YCBIHBIM, OHBI [24-28]-1111 KYMBICTapBIHAA Op TYPIIi
TYPFBIIaH KOJJIAHBII, 3epTTeyliep KyprisreH. Ox
MoAenbIiH Oip mmreri XopaBa-JIuGIMUNITIH KaImb-
JIaHFaH TpaBUTaNMsChIHA okesedi. OckiHAAW MoO-
nenpaep yuria OPY kozranbic TeHaeyIepiH aabIH-
ana 3epTTey 0ail KOCMOJOTHSUIBIK KYPBUIBIMIIFA Ue
XKoHE epTe HMHQIIUMA MEH KapaHFbl SHEprus
IOyipiepiH YHIeCTipymiH TaOUFu MYMKIHIITIH
kepcereni. by xymeicta, 0i3 xa3sik OPY yakpbIT-
KCHICTITIHIE KYHi OpTYpJi JKOHE TYTKBIPIIBIFHI
TYPaKThl CYHBIKTBIKTapasl Xopasa-Jlupmmn f(R)
TpaBUTALMSICHI asCHIH/A 3EPTTCHMI3.

Moaeabain Herisi

En ximmi ocep mrapTel OOMBIHINA KapaCTHIPHIT
OTBIpFaH MOJICJIb/IIH ocepi

s=[dx[-g(/(R)+L,) M

MYHJIarbl g - gyv MCETPUKAJIBIK TCH30PbIHBIH, aHbIK-

TayBIIIBI KOHE f(R) QYHKITMACHI KUCHIKTBHIK CKAaJlsi-
pbl, R Puyun cxanspsl, L, matepust JlarpanxuaHsl
OOJIBIIT TAOBLIAIBI.

O®OPY MmeTpuKachliH KOJIJaHAMBbI3

ds> =dt’ —a(t)’[dx’ +dy’ +dz*], (2)
myHzaarsl a(f) macmraGTel (BakTopasl OLimipes.

OPY wmerpukacel ymiH (1) ocepai MbiHA Typae
Ka3aMbl3

S=J-d4x a’f(R)—a’o| R - Ad(t)2+3@ , 3)

A=3-91+124,

MyHJaFBl O = YR _ 1,

dR
B =64 xe3-xkenren oH TYpakTbuiap. Opi Kapai,
YKBINTHI 3Ka3y YIIiH (QYHKIUSHBIH apryMEHTTEpre
TOYENAUNTIH KOKKa MIbIFapambl3. HykTe yakbIT
OotipramIa nuddepeHnmsuiaay, ar mrpux R 00HBIH-
ma auddepennmaniay aen oenrinetiik. Ocpiaiiiia,
TpaBUTANMSIHBIH Jlarpamkel Kejeci Typre ue
0omaapl

L=a’f—a’fR+(A-2B)ad’ f'— Ba’af'R. (4)

Otinep-Jlarpamk TeHAeyiH KOJAAaHA OTBIPHII,
KO3FaJIbIC TEHICYJIepiH aHBIKTaMbI3

R =
p =

BH +(A+B)H?, 5)
—(2H +3H?), (6)

HOJIJIIK DHEPrews MIApTTBIH KOJAaHa OTHIPHIT, 013
exinnn Opunman TeHACYiH TabamMbI3

p = 3H”. (7)

a(t)’ a(t)

BizgiH Monenp YIIiH KbICBIM ObLIail aHBIK-
TaIaabl

—Bf"R* - Bf'R+3fR-3F

p 5 8
JKOHC SHCPI'Us ThIFbI3JAbITbI
3(BH| ,R - R +

(A-2B)f"

OPY TeHmeynepiHaeri p )KoHE p — KBICKIM MEH
OJIeMHIH SHEPTHS THIFBI3IBIFBI MBIHA TYPAET] JHEP-
TUSHBIH CaKTally 3aHBIH KaHaFaTTaHIBIPY KEPEeK

p+3H(p+p)=0. (10)

byn kympicTa 013 OipTeKTi eMec TYTKBIP

CYMBIKTBIK YIIIH KYH TEHACYIHIH JKaJIbUIaHFaH
TYPiH KapacTeipambi3 [29]

p=a(p)p-J(a@t)H,H.), (1)



II1.P. MeIp3aKy sxoHe T.0.

MYHJIaFbl (p) — Ky TapaMeTpi, 3HEPTusl THIFbI3/IbI-
FBIHA TOyeli 6omysl Mymkin, an J(a(t), H, H...) —
KOJIeMJli TYTKBIPJIBIK, MacTad gakropbiHa, Xaoom
napamMeTpiHe JKOHE OHBIH TYBIHJAbLIAPBIHA TOYENIi
JKaimel GYHKIUS OOnbIT TaObUIambl. TepMmomnHa-

T, = puu, +|o(p)p+J(p,a(t), H,H.))g,, +u,u),

MYHJ@Fbl U, = (1,0,0,0) Tept emmiemzai KpuTIAM-

IBIK BEKTOPBI. CYHBIKTHIKTBIH DHEPTHS CaKTaITy
3aHbI (10) aKbpIp COHBIHA MBIHAH/AM Typre Keneai

p+3Hp(1+wo(p)) =3HJ(p,a(t),H, H...).(13)

Keneci Oemimzae 3eprreyiiep OipTekTi emec
TYTKBIP CYWBIKTHIK KYHiHIH TEHACYiHIH KaparmaibiM
MIENTiMIMEH JKY3€Te aChIPhLUIAIIBI

KocM0J10rHsJIBIK, HIeIiM

TYTKBIpABIFBI MEH KYH Mapamerpi TYpakKThl
JKaFmalIel KapacTeipabik. OHga Xa601 mapamerpi

\/% 2 /gmm)(t—to)_l

,3_(1+ w) ez“%mm)(t _t°)+1 |

H:

(14)

KOHE MacITa0THl (haKkTop

MHUKaJIBIK ~ cebentep  OOMbIHIIA,  KaHTBHIMCHI3
MIPOIIECTE PHTPONUSHBIH ©3Tepyl OH TaHOATBI 00Ty
YIIiH CYHBIKTBIKTBIH TYTKBIPJIBIFBI Jla OH OOIyBI
KakeT. CYMBIKTBIH 1), SHEPrUs-UMITYJIbC TEH30PbI
MBIHA TYpTE He

(12)

1

\/%(t—ro) —,/%:(Hw)(z—to) o
e +e

SKCIIOHEHITUANIB TaMuAbl. TOMEHIeri cyperTe Ty-
pakThLIapbl 1-Te TeH JAeM ajiblll, MaclITa0Thl (ak-
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p(t ) == 3 > YKapbIK MEH OapUOHABIK MaTepHsl THIFBI3ABIFBI MEH
2 Zg(t - to) KBICBIMBI a3asfpl. SIFHM 3aTTap OJeM KeHEeWreH
+1 caiietH Oip-OipiHeH ammakrainel. byn me-Currep
HICHIIMI HOTHXKEJIepiHe yKcac kenei. Erep kapaHrbl
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THE FORBUSH-DECREASES IN COSMIC RAY FLUXES AND
SOLAR-PROTON EVENTS IN JULY AND SEPTEMBER 2017

The study of the nature of variations in cosmic ray fluxes, including diurnal, 27-day, annual, etc.,
and the question of the relationship of solar-geophysical factors on the state of the atmosphere attracts
special attention of scientists. Coronal mass ejections are the result of solar winds generated on the Sun
during a series of flares. At the same time, solar winds provoke variations in the intensity of cosmic
rays, which include, in particular, Forbush-decreases. The article presents brief characteristics of the
CARPET detector of the scientific cosmophysical complex of the L.N.Gumilyov ENU and experimental
data obtained at this facility during the observation of Forbush-deacreases in July and September 2017.
The results of the analysis of variations in cosmic ray fluxes are presented and their relationship with the
conditions in the interplanetary medium and the Earth’s magnetosphere caused by processes on the Sun
is described. It was found that the decrease in cosmic ray fluxes in July and September 2017 was due
to high solar activity (a series of solar flares). A comparative analysis of the time changes recorded by
the CARPET detector modules of the L.N.Gumilyov ENU scientific complex with the data of the world
network of neutron monitors (<Apatity», «Almaty» and Jungfraujoch IGY») is also presented. Data on
the electromagnetic environment of interplanetary space during the period of heliospheric and magne-
tospheric disturbances were also used for the analysis. The analysis showed that the measurement data
of the CARPET detector is in good agreement with the data of the above-mentioned neutron monitors
of the world network, which allows us to study the physical nature of cosmic ray variations for different
time intervals.

Key words: The Forbush-decrease, the variation of cosmic rays, solar activity, neutron monitor,
magnetosphere, magnetic field.
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2017 XbIAFbI LIAAE MEH KbIPKYHEKTeri FapblLUTbIK, COYA€Aep aFbIHAAPbIHBIH,
®opbyL-TemeHAeyi xoHe KYH-NPOTOH OKUFaAapbl

FapbIWThIK COYAEAEP aFbIHAAPbIHBIH, OHbIH, iLLIHAE TOYAIKTIK, 27 KYHAIK, )KbIAABIK, )XoHe T.6. e3repy
TabuFaTbIH 3ePTTEY XKOHE KYH-reohM3nKaAbIK, (pakTOPAAPAbIH aTMOCepaHbIH KyMiHE KaTbIHAChI TYPaAbl
MOCEAE FaAbIMAAPAbIH epeklie HasapbiH ayaapaabl. KyHaeri 6ipkatap aaay kesiHae nanaa 60AaTbiH
KYH >XKeAl MacCaHblH KOPOHaAAbI LLbIFAPbIABIMAAPAbBIH HOTVMXKeCi 60AbIN Tabbiraabl. COHbIMEH KaTap,
KYH >XEAAEpi FapbILTbIK, COYAEAEPAIH KAPKbIHABIAbIFbIHbIH ©3repyiH TyAblpaAbl, OFaH aTan anTKaHAQ
Dopbyu-temeHAey >kataabl. Makarasa A.H. 'ymmaes aTtbiHAarbl Eypasms yATTbIK, yHMBEpPCUTETTETI
CARPET #blAbIMM KOCMOMM3MKAABIK, KELLEHHIH, AETEKTOPbIHbIH KbICKAlla CMMAaTTaMaAapbl >XKeHEe OChbl
KOHAbBIPFbI apKbiAbl 2017 >KbIAABIH LIIAAE, KbIPKYMEK aiAapbiHAA (hopbyLi-TeMeHAEYAEpAT Bakbiray
Ke3eHIHAE aAblHFAH 3KCMEPUMEHTTIK AepekTep KeATipiAreH. FapbllTbIK, COyAe aFblHAAP ©3repyiHiH
TaAAQy HOTMXKeAepi KeATipiAreH >xaHe KyHAeri npouectepaeH TyblHAAFaH MAAQHETAAPaAbIK, OpTaAaFbl
>KOHE >Xep MarHutocdepasarbl KaraarAapmeH OanAaHbiCbl cunatTasraH. 2017 >KbIAAbIH LLAAE
>KOHE KbIPKYMEK aAapAa FapblLUTbIK, COYAEAEP aFbIHbIHbIH a3alobl >KOFapbl KyH OeAceHAiAirimeH (KyH
COYAECIHIH cepuscbl) GanAaHbICTbl eKeHAIr aHbikTaaabl. CoHaait-ak, A.H. 'ymmaeB atbiHAarbl EYY
CARPET fbIAbIMM KeLIEHIHAETT AETEKTOP MOAYAbAEPIHAE TIPKEAreH yakbITLlA e3repictepi aAeMAIK
HEMTPOHABIK, MOHUTOPAAP («<AnatnuTreps, «<AAMaTbl» XxaHe «Jungfraujoch IGY») xeAiciHiH AepekTepimeH
CaAbICTbIPMaAbl  TaAAQybl  YCbIHbIAABL.  TaApay YWiH reAnocdepablk, >8He MarHMTocgepabik,
aybITKyAap Ke3eHiHAEri MAaHeTaapaAblK, KEHICTIKTIH SAEKTPOMArHUTTIK OpTachl TYPaAbl MOAIMETTED Ae
KOAAaHbIAABL. Tanaay kepcetkeHaeri, CARPET AeTekTOpbIHbIH ©Alley AepekTepi KOFapblaa aTaAFaH
SAEMAIK HEMTPOHABI MOHMTOPAAP >KEAIHIH MOAIMETTEPIMEH JKaKCbl COMKEC KEABAI, OYA 8P TYPAI yakbIT
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apaAbIKTapbl YLWiH FapbILITbIK, COYAEAEPAIH ©3repyiHiH (PU3MKaAbIK, TabUFaTbIH 3€PTTEYre MyMKIHAIK
6epeai.

Tyrin cespep: DopOyl-TOMEHAEY, FapbIWTHIK, COYAEAEPAIH BapuauMsiCbl, KyH OEACEHAIAIri,
HEMTPOHABIK, MOHUTOP, MarHUToCcepa, MarH1T epici.
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D opOYLL-NOHMKEHUS NOTOKOB KOCMUUYECKUX Ayuei U
COAHEYHO-TIPOTOHHbIE COOLITUS B MIOAE U CeHTsIOpe 2017 roaa

M3yueHne NpMpoAbl Bapraumm NoTOKOB KOCMUYECKUX AyUer, B TOM YUCAE CYTOUHBIX, 27-AHEBHbIX,
rOAOBBIX U T.A., MU BOMPOCA B3aMMOCBSI3M COAHEYHO-Teohr3nyeckmx hak TOPOB Ha COCTOsSIHME aTMOCdeEpPb!
npuBAekaeT ocoboe BHMMaHMWE YyudeHblX. KopoHaAbHble BbIOPOCHI MACChl SIBASIIOTCS PE3YAbTAaTOM
COAHEYHbIX BETPOB, BO3HMKLWMX Ha COAHLIE BO Bpems cepumn BCrbilek. [1pyn 3TOM, COAHeYHble BETpa
NMPOBOLIMPYIOT BapuaLMM MHTEHCMBHOCTU KOCMUYECKUX AyYel, K KOTOPbIM OTHOCUTCS, B YaCTHOCTH,
Dopbyw-noHmkeHns. B cTathe npeacTaBAeHbl KpaTkue xapaktepuctuku aetektopa CARPET
Hay4yHoro kocmodumsnydeckoro komnaekca EHY um. A.H. T'ymnaeBa n akcnepMmeHTaAbHble AaHHbIE,
MOAYYEHHbIE HA AQHHOWM YCTaHOBKE B MEpPMOA HabAAEHUS (DOPOYLLI-MOHUKEHUI B UIOAE U CEHTSOpe
2017 roaa. lNpuBeaeHbl pe3yAbTaTbl aHaAM3a BapyaLmii MOTOKOB KOCMMYECKMX AyYelt M onmcaHa Mx
CB$I3b C 06CTAHOBKAMM B MEXKIAQHETHOM CPEAE M 3EMHOM MarH1Tocdepe, Bbi3BaHHbIMU NMPOLLIECCaMM Ha
CoAHue. YCTaHOBAEHO, YTO YMEHbLLEHMSI MOTOKOB KOCMUYECKMX AyYer B MIOAE U ceHTsbpe 2017 rosa
OblAM 0O0YCAOBAEHbI BbICOKOM COAHEYHOM aKTMBHOCTbIO (cepms Benbiwek Ha CoAHue). [peacTaBaeH
Tak>Xe CPaBHUTEAbHbIA aHAaAM3 BPEMEHHbIX M3MEHEHWI, 3aperMcTPUPOBaHHbIX MOAYASIMU AETEKTOopa
CARPET HayuHoro komnaekca EHY wmm. A.H. TymmaeBa ¢ AaHHbIMM MMPOBOWM CETU HEMATPOHHbIX
MOHMTOPOB («Anatutbl», AAMaTbl U «Jungfraujoch IGY»). AAS aHaAM3a MCMOAb30BAAMCH TaK>Ke AAHHbIE
006 DAEKTPOMArHUTHOM OOBCTAHOBKE MEXKMAAHETHOrO MPOCTPAHCTBA B MEPUOA TEAMOCHEPHbIX U
MarHMTOC(EepHbIX BO3MYLLEHWI. AHAAM3 MOKa3aA, 4YTO AaHHble mamepeHuin aetektopa CARPET
XOPOLLO COrAACYlOTCS C A@HHbIMM BbllleyKa3aHHbIMU HEATPOHHbIMM MOHWUTOPaMW MWMPOBOM CETH,
KOTOPOE MO3BOASIET MCCAEAOBATb (PM3NUECKYIO NMPUPOAY BapuaLMii KOCMUYECKMX AyYer AAS Pa3HbIX

BPEMEHHbIX MHTEPBAAOB.

KatoueBble caoBa: DopbyLu-noHu>KeHne, Bapraums KOCMUUYECKMX AyUei, COAHEeYHasl akTUBHOCTD,
HEMTPOHHbIN MOHUTOP, MarHMTocepa, MarHUTHOE MOAe.

Introduction

Cosmic rays (CR) play a significant role in at-
mospheric processes associated with weather and
climate. Therefore, the study on different time scales
(daily, 27-day, seasonal, annual, etc.) of the physical
nature of variations in secondary CR fluxes caused
by atmospheric processes is very important.

The issue of the impact of various manifesta-
tions of solar-geophysical factors on the state of the
lower atmosphere, weather and climate of the Earth
has been the focus of attention of scientists over
the past several hundred years [1]. One of the first
works on this topic can be attributed to work [2],
which establishes an eleven-year periodicity in vari-
ations in the average air temperature in the Northern
Hemisphere, correlating with eleven-year variations
in Wolf numbers. This allowed the author to prove
the existence of a connection between solar activity,
weather and the Earth’s climate.

The relationship between the parameters of the
lower atmosphere (the nature of circulation, temper-

ature, pressure) with helio-space factors was noted
in a number of works [3,4,5,6].

In addition to the wave radiation of the Sun, the
characteristics of the atmosphere are also affected
by the fluxes of solar protons with energies of tens
and hundreds of MeV [5,6]. According to [5,7], the
dynamics of the solar wind affects the nature of the
ionosphere and the current density in the global
electric circuit.

During solar flares, solar winds are disturbed,
which in turn accompany coronal mass ejections.
Solar winds influence galactic CR fluxes and thereby
provoke CR intensity variations [8]. Such variations
include the Forbush effect (short-term and sharp de-
crease in the intensity of cosmic rays).

This effect is quite complex, requires study, and
has not been fully investigated until now.

Materials and methods

To study cosmic rays, ground-based instal-
lations are used that register secondary particles

11
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formed during the interaction of primary CRs with
the atmosphere [9].

At the same time, the creation and implemen-
tation of experimental ground-based complexes is
necessary for carrying out research to study the na-
ture of cosmic ray fluxes modulation.

For this purpose, the L.N. Gumilyov Eurasian
National University (ENU), in cooperation with the
P.N. Lebedev Physical Institute of the Russian Acad-
emy of Sciences, created a cosmophysical complex
consisting of a CARPET detector, a neutron detec-
tor, and an EFM-100 electrostatic fluxmeter.

The scientific CR detector CARPET was in-
stalled at the end of 2015 at the Faculty of Physics
and Technology of ENU in Nur-Sultan, Republic of
Kazakhstan (51°10 48 “s. w., 71°26° 45 “ w. d.,
height 358 m, geomagnetic circumcision stiffness
R ~2.9 GeV) [10]. To increase the measurement ac-
curacy, two modules are installed.

The basis of the CARPET device is gas-dis-
charge cylindrical Geiger counters of the STS-6
type, united into 12 counting units (size ~ 1.5%1.5
m), each of which contains 10 counters [11,12, 19].
The meter block consists of two layers of meters (5
upper and 5 lower), separated by an aluminum ab-
sorber (filter) 7 mm thick

The CARPET detects particles with energies:
in the channels “UP” and “LOW” — electrons and
positrons with energies E> 200 keV, protons with
E> 5 MeV, muons with E> 1.5 MeV and E> 20 keV
photons (efficiency less 1%). Channel “TEL” (coin-
cidence) detects more energetic particles: electrons
with energy E> 5 MeV, protons with E> 30 MeV
and muons with E> 15.5 MeV [13, 20].

Thus, the CARPET, unlike ground-based neu-
tron monitors, is sensitive to all charged particles,
including the low-energy charged secondary CR
component formed by primary galactic and solar
CRs in the Earth’s atmosphere and/or other process-
es in the near-ground atmosphere.

Results and discussion

This paper examines the Forbush decreases
observed in July and September 2017 against the
background of a strong geomagnetic storm. For the
analysis, we used data from the world network of
neutron monitors, as well as data on the electromag-
netic environment of interplanetary space during the
period of heliospheric and magnetospheric distur-
bances [14-17].

Figures 1 and 2 show the results of a com-
parative analysis of temporal changes of regis-
tered modules 1 and 2 of the CARPET detector
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and data obtained using neutron monitors Apa-
tity (curve 1, the Polar geophysical Institute,
Russia, 67.57°N, 33.39°E, geomagnetic rigidity
of circumcision R = 0.65 GW), Almaty (curve
2, Institute of ionosphere, Kazakhstan, 43,1°S,
76,6°E, R, = 6,69 GW) and “Jungfraujoch IGY”
(curve 3, SW1tzerland 46.55°N, 7.98°E R =4.49
GW) in the period from 10 July to 20 July 2017
and for the period from 1 September to 15 Sep-
tember 2017 [14].

During these periods, a series of Forbush de-
creases in the CR intensity observed by the global
network of ground-based neutron monitors were re-
corded.

Experimental data from the CARPET detector
and neutron monitors in July and September 2017
showed that the CR flux in the surface atmosphere
decreased, which is due to high solar activity (a se-
ries of solar flares).

Thus, a series of solar flares occurred in the ac-
tive region of the Sun NOAA2665 (SO6W 29) from
July 14 to 16 [15, 16].

In July 2017, a significant decrease in the CR
flux is observed (Fig. 3) with an onset in the sec-
ond half of July 16 and a subsequent continuation of
the series on July 17. The CR decreases fall on the
phase of the geomagnetic storm, when the value of
the geomagnetic hourly index D decreased to -72
nT on July 16 at 15 UT and -61 nT on July 17 at 16
UT, the planetary geomagnetic index K reached 6.0
on July 16 (18-20 UT) and 5.7 July 17 (15 17 UT).
The maximum solar wind plasma velocity V, falls
on the second half of July 16 and was 625 km/s. On
July 16, the critical values of the magnetic field B
and B reached 23.7 and -20.2 nT, respectively, and
the magnetic field density n increased to 43.8 N/cm?
at 7 UT.

According to the measurements of the GOES-
13 satellite (Fig. 4), the arrival of fluxes of low-en-
ergy (<10 MeV) solar protons was registered from
July 14 at =3 UT and is observed until July 16. The
source of these particles is a series of M-class flares.
More energetic solar protons with energies above
100 MeV have not been observed.

Forbush-decrease was also observed in Septem-
ber 2017. It was caused by high solar flare activity in
the NOAA 12673 area (S 11W 16) from September
4 to September 10 [15, 16, 18]. A decrease in the
CR intensity with an amplitude of =2% occurs on
September 7 with the onset of interplanetary distur-
bances and a geomagnetic storm. Further, on Sep-
tember 8, there is a significant decrease in the inten-
sity of CR flows on all ground monitors, including
the CARPET detector.
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On September 8, 2017, the D value decreased  velocity reached 817 km/s (September 8 at 8 UT).
to -142 nT (1 UT), and the three-hour planetary = The critical values of the magnetic field B and B,
geomagnetic index K was high until September 9  reached 27.3 and -24.2 nT, respectively, the mag-
(from 4.7 to 8.3), the maximum value (8.3) reached  netic field density -n on September 7 was 13.9 N/
September 8 at 12-14 UT. The solar wind plasma  cm?® (Fig. 5).
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According to the GOES-13 satellite (Fig. 6), the
proton flux peaks fall on September 8 and 11, 2017.
On September 10, a powerful solar-proton event
was observed at ~15-16 UT, where the proton flux
increased in a wide energy range (from 10 MeV to>
100 MeV) [15].

The measurement data using the CARPET detec-
tor of the scientific complex of the L.N. Gumilyov
ENU agree well enough with the measurement data
on neutron monitors Apatity, Jungfrau and Almaty.

Conclusions

The results obtained confirmed and showed that
variations in CR intensity (Forbush-decreases) are
due to previous changes in the elements of the geo-
magnetic field caused by perturbations on the Sun.

The analysis of the obtained experimental data
of the installed and debugged CARPET detector of
the scientific complex of the L.N. Gumilyov ENU
and their correlation with the results of ground-based
neutron monitors shows that the detector makes it
possible to study the nature of CR variations for dif-
ferent time intervals, including for observations of
Forbush-decreases.
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TEPMOAUHAMUKA U TEOMETPOTEPMOANUHAMUKA YEPHDBIX AbIP
PEMUCCHEPA-HOPACTPEMA B MHOTOMEPHbBIX MOAEASX
CO CTENMEHHOU 3ABUCHUMOCTbIO

B AaHHOW cTaTbe MpoaHaAM3MPOBaHbl FEOMETPUYECKME CBOWMCTBA PaBHOBECHOIO MHOroobpasus
UepHbIX Ablp Ha (hoHe MOAEAM BOAee BbICOKMX M3MepeHui. Kak YacTHbI CAy4Yal paccMaTpmBatoTCs
MOAEAM CO CTEMNEHHOM 3aBUCMMOCTbIO MHOTOMEPHbIX MOAEAEI YePHbIX Ablp. B 3701 paboTte aaH 061wmi
0630p paboTr NMo AaHHOM Teme. PaccMOTpeHbl OCHOBHble COCTaBAsioliMe  hopMaAmsma
reoMeTPOTEPMOANMHAMUKM U MPEACTABAEHA TEPMOAMHAMMKA AAS AQHHHOWM METPUKM, KOTOopas 3AECh
UCMOAb30BaHA AASl aHAaAM3a PaBHOBECHOrO MHOroo6pasusi KoHMrypaumim vepHbix Ablp. OCHOBHOW
YaCTbl0 AQHHOTO UCCAEAOBAHMS  SIBASETCS PAacCMOTPEHME YacTHOTO CAyvYas AAS M3yueHust
TEPMOAMHAMUKM M FeOMETPOTEPMOAMHAMUKM MSITUMEPHON YepHOl AbIpbl PelicHepa-Hopactpema B
rpaBUTALLMOHHOM MOAe. AAS MSTUMEPHON YepHOM AbIpbl PelicHepa-HopacTpema onpeaeAsioTcsl TOUKM
CUHIYASIPHOCTM, MPU KOTOPbIX MPOUCXOAST (ha30Bble NepexoAbl BTOPOro POAQ, KOTOpble MoKasblBaloT
B3aMMOAENMCTBUS B IPaBUTALMOHHOM MoAe. [1okasaHo UTO MposiIBAEHWE KPMBM3HBbI paccMaTpuBaemon
YEpHOM AbIPbl C MPOUCXOASILLMMK B Hell (pa3oBbIMM MEPEXOAAMM AEMOHCTPUPYET ee MOBeAeHue B
rpaBUTaLMOHHOM MoAe. CAeAYET OTMETUTb, UTO CTPYKTYpa (ha3oBOro nepexoAa YepHOM AbIpbl MOXET
3aBMCETb OT BbIOPAHHOrO  AQHHOM  MOAEAM  aHcambas. CAepOBaTEAbHO,  EAMHCTBEHHbIMM
0COBGEHHOCTSIMM BO BCEX pPaCCMaTpPMBAEMblX BapuaHTax CKaAsipa KpWBM3HbI B MPEACTaBAEHUM
3HTPOMMM, MACCbl U SHTAAbMNK B 3aBUCMMOCTH OT TEPMOAMHAMUYUECKMX MapaMeTPOB BO3HMKAIOT M3-3a
rpaHuLbl MPUMEHUMOCTU TEPMOAMHAMMYECKOTO MOAXOAA K YEPHONM AbIPe, FAE, KaK MPeArNoAaraeTcs,
HEBO3MOXKHO MPUMEHUEHUE 0ObIUHbIX MOAXOAOB 00LLE TeOpUM OTHOCUTEALHOCTU.

KaroueBble caoBa: uepHas Aplpa PericHepa-HopacTpema, ha3oBbift mepexoa, rpaBUMTaLMOHHOE
MOA€, CKaASp KPUBU3HBDI.

A.B. Altaybaeva*, K.K. Yerzhanov, G.B. Bauyrzhan

L.N. Gumilyov Eurasian National University, Kazakhstan, Nur-Sultan
*e-mail: aziza.ltaibayeva@gmail.com

Thermodynamics and geometrothermodynamics
of Reissner-Nordstrém black holes in multidimensional power-law models

This article analyzes the geometric properties of the equilibrium variety of black holes on the
background of a higher-dimensional model. Models with power-law dependence of multidimensional
black hole models are considered as a special case. This work provides a general overview of the work
on this topic. The main components of the formalism of geometric thermodynamics are considered and
thermodynamics for this metric is presented, which is used here to analyze the equilibrium variety of
configurations of black holes. The main part of this study is the consideration of a particular case for the
study of thermodynamics and geometrothermodynamics of the Reissner-Nordstrom five-dimensional
black hole in a gravitational field. For the five-dimensional Reissner-Nordstrém black hole, singularity
points are determined at which second-order phase transitions occur, which show interactions in a
gravitational field. It is shown that the manifestation of the curvature of the considered black hole with
phase transitions occurring in it demonstrates its behavior in a gravitational field. It should be noted that
the structure of the phase transition of a black hole may depend on the chosen model of the ensemble.
Consequently, the only features in all considered scalar versions of curvature in the representation of
entropy, mass and enthalpy, depending on thermodynamic parameters, arise from beyond the limits of
applicability of the thermodynamic approach to a black hole, where it is assumed that it is impossible
to apply the usual approaches of general relativity.

Key words: Reissner-Nordstrom black hole, phase transition, gravitational field, curvature scalar.
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Ken eawieMai Aapexere Toyeaai moaeabaepaeri PeiiccHep-HopacTpem
Kapa KYPAbIMAAPbIHbIH, TEPMOAMHAMMKACDI XKOHE reOMeTPOTEPMOANMHAMMKACDI

ByA Makanapa KofFapbl OALIEMAI MOAEAb asiCbiHAQ Kapa KYPAbIMAAPAbBIH Tere-TeHAIK aAyaH
TYPiHIH, reOMeTPUSIAbIK, KacMeTTepi TaAAaHaAbl. Epekiue >kaFaai peTiHAe Kemn eAlleMAl Kapa KypAbIM
MOAEAbAEPIHIH ABpexXere TayeAAiAiri 6ap MOAEAbAEP KapaCTbIPbIAaAbl. ByA >kyMbiCTa OCbl TakpbIpbin
GOMbIHILIA  KapacTbIpbIAFAH  >KYMbICTapfa  >KaAMbl  WOAY  >KaCaAblHAblL.  [€OMETPUSIABIK,
TEPMOAMHAMMKAHbIH, (POPMAAM3MIHIH HEri3ri KOMMOHEHTTEPI KapaCTbIPbIAbIN, GepiAreH MeTpurka yuiH
TEPMOAMHAMMKA KEATIPIATEH GOAbIM, OA Kapa KYPAbIMAAPAbIH KOHMUIYypaALMSIAAPbIHbIH, Terne-TeHAIK
aAyaH TYPAIAITIH TaaAQy YLIIH KOAAQHBIAGAbL. 3epTTeyAiH Herisri GeAiri — rpaBuTauMsAbIK, epicTeri
PeiiccHep-Hopactpom — 6ec eAwleMAi  Kapa  KYPABIMAApPbIHbIH, — TEPMOAMHAMMKACbl  MeH
reoMeTpoTepMOAMHAMMKACBIH 3epTTeyre apHaAfaH HakTbl >KaFAanAbl KapacTblpy. bec ealwemai
PelicHep-HopacTpem kapa KypAbIMbl YLiH FpaBUTALMAABIK, ©picTeri e3apa apekeTTecyAi KepceTeTiH
eKiHLWi peTTi hasanblk aybiCyAap OOAATbIH CUHTYASIPABIK, HYKTEAEP aHblKTaAaAbl. KapacTbipbiAFaH Kapa
KYPAbIMAAQPAbIH,  KMCAlObIHbIH OHAQ MariAa  6oAaTbiH - hasaAblK, aybliCyAapMeH KOpiHiCi  OHbIH,
rpaBUTaUMSAbIK, epicTeri apekeTiH KepceTeTiHi KepceTiareH. Kapa KypAbIMAApAbIH  (hazanbk,
aybICYbIHbIH, KYPbIAbIMbI QHCAMBAbAIH TaHAAAFaH MOAEAIHE 6aiAaHbICTbI GOAYbI MYMKIH €KEHiH eckepy
KakeT. AemeK, TePMOAMHAMMKAAbIK MapameTpAepre 6anAaHbICTbl SHTPOMMUSHbI, MaCCaHbIH, >KoHe
SHTAAbMUSAHbI GerMHeAeYAeri KMCbIKTbIKTbIH OapAblK, KapaCTblpbIAFaH CKAASIPAbIK, HYCKAAApbIHAAFbI
JKaAFbI3 epeKLUeAiKTep TEPMOAMHAMMKAADIK, TOCIAAIH Kapa KYPAbIMFa KOAAQHbIAY LUEriHEH LbIFaAbl,
MYHAQ OA BOAXAHFAH >KAAMbl CAAbICTbIPMAABIAbIKTbIH, SAETTEri TACIAAEPIH KOAAQHY MYMKIH emec

EKEHA|TH KepceTeA.

Tyiin ce3saep: PeiicHep-HopacTpem Kapa KypAbiMAapbl, hasaAblk, ayblCyAap, rpaBUTaALMSIAbIK,

epic, KNCbIKTbIK, CKAASIPbl.

BBenenne

B Tedenne mocneaHEro CTONETHS BAXKHBIM dJIe-
MEHTOM TEOpPETHYECKOH (Qu3uku crana — audde-
peHIMadbHas reomeTpus craita. OgauM Hamboee
WHTEPECHBIM IIPUMEPOB TOTO (paKTa — MpUMEHEHUE
pUMaHOBO# reoMeTpun B OOIIEeH TEOPUM OTHOCH-
TEJTHFHOCTH KaK TEOPUHU TPABUTAIMOHHOTO TIOJIS.

[lepBble MONBITKA B 3TOM HANpPAaBICHUH OBLIH
MIPEATNPUHATHI B OJTHAX MX MEPBBIX padoTtax ['mbOca
[2] u Kapateogopu [3], B KOTOpPBIX s3bIK nudpde-
peHIMATBHBIX QOpM OBLT BBEJCH B TEPMOAMHAMHU-
Ky. PumanoBa reomeTpus Obliia BliepBhIe BBEJCHA B
CTaTUCTUYECKYI0 (DM3HMKY M TEPMOJMHAMUKY Pao
[4] B maTumecsTHIX TOMAX C TIOMOIIBIO METPHKH,
KOMITOHEHTBI KOTOPOH B JIOKAIBHBIX KOOPIUHATAX
COBMAJAIOT ¢ HH(OPMAIMOHHOW MaTpuled durie-
pa. OpuruHanbHas pabota Pao Opl1a mpooinKeHa u
pacmupena psgom asropoB (Hampumep, [5]). Hus
WM3YYCHUS TEOMETPHUH TEPMOJMHAMUKU OOBIYHBIX
CHUCTEM W YEPHBIX IIBIp MHTCHCHUBHO HCIIOIH30Ba-
muce Metpuku I'ecce [6—-14]. To, uto oHa HHBa-
pHaHTHA OTHOCHTEIIBHO NpeoOpazoBanmii Jlekan-
opa [15] sBaseTcs NOMONHUTEIHHBIM ACIEKTOM
KIJIACCHYECKOI TePMOJMHAMUKH, T.€. CBOMCTBA JIaH-
HOW TEPMOJIMHAMUYECKOW CUCTEMBI HE 3aBUCST OT
BHIOOpA TEPMOJUHAMUYECKOTO MOTEHIHANa. JTO

CBOHMCTBO [16] yuTeHO B KOHTEKCTE I'€OMETpHUeC-
KOO OIUCAHUSI TEPMOJUHAMUKH.

JlokazaHo, 4TO AN KOPPEKTHOW 00padOTKH
npeobpaszoBanuii Jlexannpa W TreoMeTpUUYeCKOU
BEPCHH TIEPBOTO 3aKOHA TEPMOIAMHAMUKH HEOOXO-
IIMMO BBECTH CTPYKTYPY KOHTAaKTHOW r€OMETPUU B
TepMoIuHaMuueckoe (azoBoe mpoctpancTso [17].
@opMabHBIl TOAXO0J T€OMETPOTEPMOJAMHAMUKHI
(I'TH) [16] 6611 mpemIoKeH AJIsl COTIaCOBaHHOTO U
NIeKaHAPOBO WHBAPHAHTHOTO OOBEIMHEHWS KOH-
TaKTHOM CTPYKTYpPHI (Pa30BOTO MPOCTPAHCTBA C PH-
MaHOBO CTPYKTYPOI paBHOBECHOT'O POCTPAHCTBA.
B pesymprate ans paBHOBECHOTO MPOCTPAHCTBA
MOJIYy9YarOTCS PUMAHOBBI METPUKH, KOTOPBIC YKE HE
SBIISIIOTCS. TECCEHOBCKUMH W WHBAapHAHTHBI OT-
HOCHTENBbHO TpeoOpasoBannii Jlexanapa. OxgHa u3
OCHOBHBIX II€JICH TeOMETPOTECPMOJUHAMUKUA — WH-
TEpIPETHPOBATh KPUBHU3HY PABHOBECHOTO IPOCT-
paHCTBa KakK IMPOSIBJICHUE TEPMOJUHAMHUYECKOTO
B3aUMOJICUCTBUA. B ciyuae B3aMMOJECHCTBYIOLINX
CHCTEM C HEeTPUBHUAIBHOU CTPYKTYPOH (ha30BHIX TTe-
PEX00B MOKHO OBUIO OBI MOJIOTaTh, YTO KPUBHU3HA
HE paBHA HYJIIO U CTAHOBUTCSI CHHTYJIIPHOW BOJTU3H
TOYEK, IJIe MPOUCXOIAT (Pa30BbIe MEPEXOJbl. JTO
OBUIO TOKa3aHO JUIsi BCEX TEPMOIAMHAMUYECKHX
CHCTEM, HCCIIEJOBAHHBIX K HACTOAINIEMY BpPEMEHH
[18]. B wactHOCTH, OBUIM IOAPOOHO HCCIEIOBAHBI
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BCE KOH(UTYypallMM YEpHBIX JBIp Teopuu OiH-
LITEIHA B YETHIPEX U3MEPEHUSIX.

[IpenMeToM UHTEHCUBHBIX UCCIEAOBAHUN B MO-
CJI€HHUE TOMAbl ABIAIOTCS PELICHUS OMUCHIBAIOLIUE
YepHBIE IBIPHI B OOJIBINIE YeM YEeThIPE Pa3MEPHOCTSIX
NpOCTpaHTCBa-BpeMeHH. Pacmmpenune oOmieit Teo-
pUHM OTHOCHTEIHHOCTH Ha 0OJiee BBICOKHE PUMAaHO-
BBl IPOCTPAHCTBa-BpeMeHa AaeT Oonblie HH)Op-
MaIry 00 OCHOBHBIX CBOWCTBAX YEPHBIX JIBIP.

B camom gmene, B Takmx MHOT000pasusix Teo-
peMa eIMHCTBEHHOCTU HE MOXET BBITIOJIHATCS, TaK
KaK B paccMaTpUBaeMble MOJEIU MOSBISIETCS BO3-
MOJKHOCTb BKJIIOUEHUS JJOTIOJHUTENBHBIX CTETIeHEN
cBoOOabl. Hampumep, B MATUMEPHOM MpPOCTpaH-
CTBE-BpEMEHH BpallaTeNbHas CHMMETpHS J00aB-
JISET ellle O/IMH YTJIOBOM MOMEHT Ha BpalllaloleMcst
oonekre. [19].

Eme onHa 0cOGEHHOCTh MHOTOMEPHBIX YEPHBIX
00BEKTOB OTHOCHTCA K TOIMOJIOTHH TOpH30HTa. B
YETBIPEXMEPHOH KOH(GHUTYpaIuu, Topu30HT KmnH-
ra UMeeT TPHBHAIbHYIO Tonojoruio S°. Ho B matu-
MEPHOM IPOCTPAHCTBE-BPEMEHM, HJSI UYEPHBIX
00BEKTOB C CHHTYJISPHOCTBIO KOJIBLA, TOTOJOTHS
umeeT Buj S°xS', a 119 YepHBIX CTPYH B pacIIH-
peHoii cyneprpasutanuu MEOTOMepHO OTO Tomo-
norust npunumaet Bua S°xR. Kpome Toro, cTpyk-
Typa (a30BOT0 mepexoia YEPHBIX IbIP BBITIISATUT
COBEpPIICHHO MHOM. Takum o0pa3oM, pasMEpHOCTh
MPOCTPAHCTBA JAUKTYET BHIOOP TEOpUH, 3aJaromieit
nporiecc (pa3oBBIX MEPEXOIOB.

MarepuaJjibl 1 METOABI

[ onucaHus TEpMOAMHAMUYECKON CHCTEMBI C
1 CTETIeHSMHU CBOOOJIBI, T.€. MHOTOMEPHBIX YEPHBIX
JBIp yA0OHO BBECTH PAaBHOBECHOE IMPOCTPAHCTBO
E, xoopauHaTel KOTOPBIX MOTYT OBITH HIEHTHYHBI
pacuIMpeHHON TepMOIUHAMUKE B TIEPEMEHHBIX £,

rae d l,..n. 3nech xaxnas Touka E mpen-
cTaBigeT coboil ocoboe cocTossHHE paBHOBECHS, B
KOTOpPOM MOJXKET CYIIECTBOBaTh cuctema. [loHsTHO,
4TO He Kakaas Touka E Moxker ObITh 3aHsATa B 1aH-
HOU cucteMe. MHOKECTBO TOUEK E, KOTOpBIE JOC-

TYIHBI 711 KOHKPETHON CHUCTEMBI, OIPEISISIOTCS
Q=D (E"),,
rae @ — repmonunamuyeckuid norenuuan [20]. Kax
MIpaBWJIO, TEPMOAMHAMUYECKUN NoTeHIMan1 P He
WJCHTUYECH HU C DHTpOINUEH S, HU ¢ BHYTpPEHHEH
sHeprueit cuctembl U. TeM He MeHee, MOXKHO
3aJlaBaTh JIIOOOW TEPMOJIMHAMHYCCKUN TOTSHIIUAI,
OCTaBJISIsI TEPMOJUHAMUYECKUE CBOMCTBA CHCTEMBI
0e3 N3MEeHEeHNH.

(GyHIaMeHTaIbHBIM ypaBHEHHUEM
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[MomoOHy0 CcHTyani0 MOXHO OOBSCHUTH
BEIOOPOM PaBHOBECHOTO IPOCTpPaHCTBA ¢ audde-
PEHLUATIBHO-TEOMETPUYECKOM  CTPYKTYpOl B
HECKOJBbKUX HampaBieHusix. CaMblii mpocToit
C1oco0 COCTOWT B BBEJIEHUH I'€CCEHCKOI METPHUKH B
PaBHOBECHOE MPOCTPAHCTBO E

o’d .,
gHZWdE dEb, (1)

uyto E cranmosurcs pumanoBEIM MHOrooGpasuem.
H
Metpuka g BemeT ce0s Kak CKaJsp HpH JIIOOBIX

N3MCHCHUAX KOOpAWHAT E, T.C. IIpHU OII€pannuu
oroOpaxenus:  koopauHaT  (ouddeomopduzm)

E* >E‘=E" (E?) ¢ yuactuem Tosbko Habopa
KOOpPJMHAT {E ¢ } 3necy pynkuns © moxer pac-

CMaTPUBATHCS KaK METOJI MTPOU3BOISIINX (PYHKIIUN
TECCEHCKON METPHKH, OHO HE TO03BOJISIET PacCMOT-
peTb N3MEHEHUs TEPMOIMHAMUYECKOTO
MOTEHIHANA.

B nmanHOll cTatee OyAyT aHaJIM3MPOBaHBI
(hazoBBIE TIEPEXOIBI BTOPOTO POJIA IS PAa3TUIHBIX
KOH(UTypauuii 4epHOH IBIPBl U COOTBETCTBEHHO
OyzeT ucrnosb30BaHa cienyomas popmyna

G"=(d®-5,1dE") +

()
+(8,,E1")(n, dEdAI?),
yeil konudepeHnran IpuBOJUT K METPHKE
oD 0D
=g ¢ dEdE" |, (3
& oE* | g ar? )

JUTSE pABHOBECHOTO MHOTOO00PAa3HsL.
BuaHo, 4To 3TOT MOKa3aTeslb MOXKET OBITH SIBHO
paccuuTaH TOJBKO JUI OCHOBHOTO YPaBHEHUS

® =®(E"). [Ipu 5TOM reOMETPUYECKUE CBOWCTBA
PaBHOBECHOTO MHOroobpasus E, onmceiBacmbie
MeTprKoi g, JOTKHBI GBITh CBA3AHBI C TEPMOIH-
HAMUYECKMMH CBOMCTBAMU CHCTEMBI, ONHUCHIBAE-
MbIil ocHOBHBIM ypaBHennem @ (E“). B wactHOC-

TH, 0’KUIAETCS, YTO KpUBHM3HA cucTeMbl E ¢ TepMo-
JTUHAMHYECKUM B3aUMOIEHCTBUEM U KPUBU3HA CUH-
rynspaoctd  E  HaxomaTcs B COOTBETCTBYyrOIMX
($a30BBIX MepexoJax COOTBETCTBYIOLICH TEPMOAH-
HaMHYECKOH CHCTEMBI.
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Pe3yabTathl u 00cyxaeHuE

Yepuas Ovipa Peticcnepa-Hopocmpéma pas-
meprocmu d =5

Pemenne s 3apsHKCHHOM UYEpHOM  NBIHI
Peiiccaepa-Hopactpéma (PH) 6e3 yrioBoro MmoMeH-
Ta MOXKET OBITh MPUMEHEHO 1Sl d = S5 pa3mepHoc-
Td. COOTBETCTBYIOIIAs METPUKA B MATHMEPHOM
IIPOCTPAHCTBO-BPEMEHH

ds® ==Vdt* +V7'dr® +r°dQY, , (4

rae dQ(23) — SBIISIETCS JIMHEHHBIM DJIEMEHTOM Ha 3

— MepHoii euHHYHOl chepe, dQf =2.
COOTBETCTBEHHO ISl HALIETO YaCTHOTO CIydast

o0BeM onpenensercs Gopmyoi

47G(2M  Q?
SR Y

vV =

PaccMoTpuM YacTHEIH ciydaii korna d =S u
HCIIONIB3YEM 3Ty Pa3MEpPHOCTh S HaXOXKICHHS
HEOOXOJUMBIX ypaBHEHHH TEPMOJAWHAMHUKA H
reomerpoTepMmoanHamMuky [21]. Pemas ypaBHeHue

(9) mpu V' = 0, MmoxHO HalTH TOPH30HT COOBITHIA
0001 pa3sMEPHOCTH M 00JIACTh COOTBETCTBYIOIICH
SHTPOINHH.

Ha pucynke 1 npuBeneHa 3aBucumMocts o0bemMa
V marumepHoii uepnoit neipel PH ot ero panuyca r,
IIpH Pa3IUYHBIX 3HAYEHUSX MAcChl U TEIUIOTHI.
KpuBas 1 (BepxHss) COOTBETCTBYET 3HAYCHHSIM
M=1, 0 =0.5; xpuBas 2 (cpenHss) COOTBETCTBYET
3HaueHmsIM M = 2, O = 1.5 u xpuBas 3 (HWKHIA)
3HadeHusM M =3, O = 2.5. U3 pucyHka BUAHO, YTO
C YBEJIMYEHUEM paguyca yMEHbIIAeTcs 0o0beM
YEPHOU IBIPHI U MPU PA3INYHBIX 3HAUEHUSIX MACCHI
Y TETJIOTHI 3TOT 00BEM CTPEMUTCS K OJTHOMY M TOMY
)K€ 3HAYEHHUI0. DTO TOBOPUT O TOM YTO UYEPHBIE
JBIPBI 9TO 00BbEM YEPHOHW IBIPHI NPU yBEIHMUCHHUN
pannyca yMEHbIIAETCS.

Tepmoounamuxa uepHoti Ovipvl  Peliccnepa-
Hopocmpéma pazmeprnocmu d =5

Janee paccMOTpUM TEPMOAMHAMUKY YEPHOI
nuipbl Peficcuepa-Hopactpéma mist comydas d= 5.
OcHOBHOE ypaBHEHHUE [IJIs1 SHTPOINH 3aIHIIEeM B
BHJIE

2

2
MM 1->2 | (6)

S(M,Q) = IVE

n

20

[} 3 i & ¥ [}
r

Pucynok 1 — 3aBucumocTs 00beMa V ueTbpeXMepHOi
uepHoit neipsl PH ot ero paauyca

CornacHo TpuBEJeHHON (opMyJie C yBelnde-
HHAEM MAacChl DHTPOIUS PACTET, YTO MOXKHO JTOKa-
3aTh, IS HEOOpPaTHMOTO IPOIECcCca BEHIMOIHICTCS
BTOPOH 3aKOH TEPMOJINHAMHKH.

C momompto ypaBHeHHs (5), moiaydaeM (yHK-
1Mo Maccol [21] B Buzie

2
S 30?7
LA QZ, @)
3

M(S,Q) =
8S

JlanHOE YypaBHEHHE YAOBJIETBOPSIET IMEPBOMY
3aKOHY TEPMOIWHAMUKH, Tme O TOoapa3yMeBaeTCs
KaK JJIGKTpUYecKUd moTeHnuan. Torga temmepa-
Typa U 3JEKTPUUECKUI OTeHIAa [22 ] IpUMET BUJT

r6.0-222 4s.0-2L @
S3 S2

OTHoIlIEHNE QJICKTPUYCCKOI'O IMOTEHOHAIa K
MacCC€ B SKCTpEMaAJIbHBIX NPCaACIax

3 =

2 4 2 4
Q 2 ore & =20
3 3
JKCTpeMall SKCTpemail
e, SMEKTPUYECKUH MMOTEHIIHAI OCTAETCS TOCTOSH-
HBIM, a TEMIIepaTypa YEepPHOW IbIPhI CTAHOBHUTCS
paBHOU Hymo. KcraTu, B 3KCTpeMalbHOM cilydae
MBI TIOTTy4aeM cooTHomeHue M’ = ¢’ O’
Borumcnsisi pyHKIHIO, COOTBETCTBYIOIIYIO I10-

TEHLUATY ¢ Jus yepHout npipel PH, MoxkHO 3ame-

TUTb HAJIXYHUEC HCEKOTOPBIX TOYCK, B KOTOPBIX,
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CKOpEe BCEro, ¥ MPOUCXOAAT (ha30BBIC MEPEXOJBI.
TennoeMKoCTh MPHU MOCTOSHHOW TEIUIOTE 3alMIleM

KaK
4

M, 35(30%-4S53)
o - 4
M 4
5 150% -483

C ,  (10)

rIe M s = OM/OS u 1.1. [Ipu sxcTpemanbHOM

3Ha4Y€HH TEIUIOTHI MOSBISIFOTCSI KPUTUYECKHE TOUKH,
KOTOpbIE TOKa3bIBAIOT B3aUMOJIECHCTBUS UYEpHOU
JIBIpBI co BeenenHoil.

[Ipu MOCTOSIHHOM SHTPONHUHU, B YEPHOH HBIpE
PH, nosBnstoTcs 1Be QyHKIINH OTKIIAKA:

- U309HTPOMHNYECKask COKUMAeMOCTh

(11)

- U30OHTPOIINYICCKOC PACIIUPECHUC

5
Mg 83
aS: Q :—25,

(12)

Kak BugHO U3 3TOM (POPMYITBI, H309HTPOITHYEC-
KO€ pacIIipeHHe UMeeT OTPHUIATENbHOE 3HaUCHUE,
KOTOpasi OOBSICHSET 4YTO, 4YepHbIe JbIphl HE
pacumpasroTcs, a HoabopoT cxxuMaroTcs [22]

HyxHO OTMETUTH, 4YTO B TEPMOJUHAMHUKE
yepHOH bIpbl PH BO3MOXXHO JIMIIB pacXxoKACHUE
TEIIOEMKOCTH, B CiIy4ae, Korja 3HaMmeHarensb (9)
PaBEH HYIIIO, T.€., TOI1a KaK:

(13)

S 3
JKCTpEeMal

MoXHO TakXe IOKa3aTh, YTO 3TO 3HAYEHHE
HaxOIUTCS BHYTPH NPOCTPAHCTBEHHOH o0sacTy,

22

3aHMMAEMOU YEpHOM ABIPOM, T.€., IPU BBIIIOJIHEHUU
yCIIOBUSA

2
7
0 TS (14)
M- 3
C mnomompio ypaBHeHHs (5), TepemuiieM
ypaBHenue (12) crnenyrommm oOpazom
2
Q _7, (15)
M?* 3

Crenyer OTMETHTB, YTO CTPYKTypa (pazoBoro
mepexofa YEepHOW JAbIPhl MOXKET 3aBUCETh OT

BEIOpaHHOTO  aHcamOnsa.  Hampumep,  ecim
UCIOJIb30BaTh  aHCaMOJib  COOTBETCTBYHOIIUN
«uransumy, H = M —@Q
2 2
T4¢° -3
HE.p=-s" =0 e
TO TMOJIy4aeM BBIPAKCHUE
H
) b= =-35. 17)

SS

C, YTO TCIIIOEMKOCTDL ITPU IMOCTOAHHOM ITOTCH-
nuaie ¢ UMECT OCO6€HHOCTI/I, MO3TOMY B 3TOM

aHcaM0Jie C TOYKHM 3pEHHS TEPMOIMHAMUKU HE
OKHJa0TCs (Pa30BbIC IEPEXOMBI.
Teomempomepmoounamuxka  4epHolti  Ovlpbl
Peiiccuepa-Hopocmpéma pazmepnocmu d =5
VYuuteiBas ocHoBHbIe ypaBHenus (7), (8) u
o01m1yto MeTpuky (3), MOKHO, BEIYUCIUTh METPHUKY

U CKaJsp KpUBU3HBI JUisi depHOW aAwipel PH B

NpPEACTABICHUH DHTPONHMH M DHEPTETHYECKHX
IPE/ICTaBICHHN.
Takum  oOpazom, wmerpuka D=5 un

E®={M,Q} 3anuceiBaeTcs CleIyIOMIUM BHIE
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1

M{2+1/4—3Q22}
M

2 2 2 2 2
= {—4{(9Q -8M") 4_3W+24Q -16M }dM -

QZ

8s =
2 a2 L0 (18)
6(30% —4M )\/4 3
_ 2 2 _ Q_z_ 2 2
3[(3Q 8M*)\[4-3-=5 ~16M }dQ }
CKaJIAp KPUBU3HBI
n_ 3 AMO+A, (M0 +A;M,Q)+A,(M,0) 19
SoMm? T > ’ (19)
!2+‘/431\Q42] {24Q2+M2(16+ 4352)} B,(M,Q)
rIe,
o’ o’
A (M,0)=169164M" (2 + 4—3 =)+ 72907 (7 + 44— 3M ),
0’ 0’
A,(M,0)=468M>Q" (340 +127,/4 - 3 S)=972M*Q* (-79+161,/4 - 3 )
A, (M Q)=—215M1°Q2(411+1761/4—3 % )—216M6Q6(16162+35651/4—3 % )
3 ’ M2 M2 2
A,(M,0)=288M°0* (30872 +10921,(4 - 3M ).
nu
5 2
B,(M,0)= [9Q +32M 4 (2+,]4- 3Q -)-6M°0*(6- QZ)} (21)

Ilocne anredpanueckux npeoOpa3oBaHUi, Ha-
XOJIUM, YTO €TUHCTBEHHBIN peabHbIN MOI0KUTETb-
HBIH KOpPEHb 3HaMEHaTeNs cKaispa KpuBHU3HbI (19)
JIAeTCsl peILICHUEM

M

0

(22)

9
2415’

CHHTYIIAD

W3 ypaBaennn (13) m (2), ciemyer, 4TO Ha
CaMOM JIeJie CKaJIsip KPUBU3HbBI PACTIOIOKEH UMEHHO
B T€X TOYKAX, TJE MPOUCXOIAT (Pa30BEIC MEPEXOIbI.
I'padraeckoe m300paxkeHUe CcKaspa KPUBU3HBI
MPEJICTABIICHO HAa PHUCYHKE 2, B KOTOPOM SBHO
BBIJICJICHBI HEKOTOPBIC TOYKH CHHTYJISIPHOCTH.
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PucyHok 2 — 3aBUCHMOCTb CKaJIsIpa KPUBU3HBI B IIPEICTABICHUH SHTPOITHU
B 3aBHCHMOCTH OT MAacChl U TEIJIOEMKOCTH

Ha pucynke 2 npuBeieHa 3aBUCUMOCTD CKaJIsipa
KPUBHM3HBI B TIPE/ICTABICHUN SHTPONHMH B 3aBH-
CHMOCTH OT MacChl M TEIFIOEMKOCTH, TP 3HAYCHUU
MacChl U TEILIOTH COOTBETCTBEHHO M {-8;8} u Q{-
8;8}. Ha pucynke 2.a Bug cBepxy, 2.0 Buj ¢ 60Ky u
2.B OO BU B TPEXMEPHOM IIPEACTABICHHN.

YroObl MoKa3aTh MHBAPUAHTHOCTH BBIIIETIPHBE-
JICHHBIX pPe3yJbTaTOB, B KA4eCTBE TEPMOJIUHAMHU-
yeckoro moreHnuana wucnoiszyeM DP=M u

E“={S,0}, YIOBIETBOPAIOLUIME OCHOBHOMY

ypaBHeHuo (16). Torma u3 obmeli TepMoaguHAMU-
YyecKoi MeTpHKH (3), momydaem

24

4 8
i 450 +180%S1 85T
Eu 2165
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4
307 +453
xds? + 22457 402,
C IIOMOIIBIO KOTOPOI'O BBIYHUCIIUM CKAJISAP KPUBU3HBI
n _
R, =

: 24
_32(182250" +145800°S° + D, - D, + D)) (24)

9

(30 +283Y (150%S - 453)2



A.b. AnraiibaeBa u 1p.

rie,
16 4

D, =453 (=32+729S%),
4
D, =—6075*(56+72953),
8

D, =90*(~62853 +3645*),

[anee ucnonp3oBap anredpanyeckoe mpeoodpa-
30BaHHWE, OTMETHM, 4YTO CIWHCTBEHHBIC TOYKH
pacxoxaeHus 3anatorcs [4] B Bume

n

uvf;
1\ {
L

YwYY WYV Y

o) 1

b
’ CHHIYJIAD 3
YTO COBIAJIACT C yCIOBHEM (ha30BBIX MEPEXOIOB 2-
ro poxaa (13). Orcroma emie pa3 BUIHA KOHKPETHAsS
CBSI3b MEXAY KpuUBU3HOW MeTpuku (23) wu
TEPMOANHAMUYECKAM B3aUMO/ICHCTBHEM.
I'padmyeckoe u3zo0pakeHUe CKausgpa KPUBHU3-
HBl, B 3aBUCHMOCTH OT OBHTPOINMHM U TEIUIOTHI
IPE/ICTABIEHO Ha PUCYHKE 3, T1Ie BBIICICHBI TOUYKH
CHHTYJISIPHOCTH TPU 3HaYeHMSX dHTponuu S{-8;8}
u temwnotel Q{-8;8}. Ha pucynke 3.a Bux cBepxy,
3.0 Bua ¢ OOKy u 3.B oOmMiA BUI B TPEXMEPHOM
NpeACTaBICHUH.

(25)

PucyHnok 3 — 3aBucHMOCTb CKansipa KpHBHU3HBI B IIPECTABICHNH MAacChl OT SHTPOIINH U TETUIOTHI
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Ha pucynxke 3.a Bux cBepxy, 3.0 Bug ¢ O0OKy ¥ KO M 3alMIIEeM €€ C IOMOIIbI0O OCHOBHOI'O YpaB-

3.B 001IMi1 BUJ B TPEXMEPHOM MPEACTABICHHH. Henuss (16), umes B BuLy, uto ® = H u
YT00BI MPOBECTH TeOMETpOANHAMUYeCKUit aHa- £ = {S, @} . B pesyibrare, MeTpuKa 3alMIIeTCs
T3 Pa3NIMYHBIX aHcaMOJel, BOCIIONB3yeMCsl METPH- B BHJIC
4
64¢* — 604> +9 16¢> —3)S3
24383

CrnenoBaTenbHO, CKaJIsIp KPUBU3HBI TPUHUMAET BHT

8 8 8

R — 6(=76804° + 4096¢4° + 81(1+144S7) + 2164 (=5 + 28857 ) — 4324* (11 + 3845)) o
H — 10 ’

(3-4¢>)’(-3+164)*S *

J

o

B)
Pucynok 4 — 3aBUCHMOCTB CKalsipa KPHUBU3HBI B IPEACTABICHUN SHTAIBIINT
OT SHTPONHH U TEPMOANHAMUIECKOTO NOTEHIHAIa

26



A.Bb. AnraiibaeBa u nip.

Takum oOpa3oM, mepBbIii (akTOp B 3HAMEHA-
Tene, 6ymayun KOHPOPMHBIM (aKTOPOM B METPHKE

(26), paao SH g +@H ;, xoTopblif, cOrIacHo TOX-

JecTBy Diijepa, NpONOpLUHOHANeH dHTanbnuu H.
[TepBoe cnaraemoe B 3HaMeHaTele CKaIsipa KPUBU3-
HBl paBHA HYJIO TOJIBKO TOT/A, KOTAA TEPMOMHA-
MHYECKUI MOTEHIINAI paBeH HYJIIO, CIIEI0BATEILHO
H=0. Yuurtbias ypaBHEHUE COCTOSIHUA
¢ = OM/OQ , BTOpoii (hakTOp OKa3bIBACTCSA PABHBIM

Hymo a1 S = O, KoTopslii B TOYHOCTH COOTBET-
CTBYET 3KCTPEMAILHOMY TIpE/IeTy YepHOH IBIPHI (8)
C HYJICBOM TeMIiepatypoil. DT0 OObICHSETCS TeM,
METpUKa g g BBIPOXKIIAETCSI B OKCTPEMAIIBHBIX TIpe-

nenax. CiemoBaTelbHO, €IMHCTBEHHBIE OCOOEH-
HOCTH BO3HUKAIOT W3-3a TPAHUIBI IPUMEHHUMOCTH
TEPMOAMHAMUYECKOTO ITOIX0/1a K YSPHOH JbIPE, TC
Takxke oxupaercs, yto noaxon OTO orpumaercs.
I'padmyeckoe wu300pakeHHE CKaJIApa KPUBU3HBI
MPENCTAaBICHO Ha pUCYHKe 4, TIe mnoapoOHO
MTOKa3BIBAIOTCS TOUYKH CHHTYJIIPHOCTH. Ha pucyHke
4.a BUI cBepxy, 4.0 BUA ¢ 00Ky u 4.B 0oOIIMIi BH]T B
TPEXMEPHOM IIPENICTABICHUH.

BoiBoabI

Takum 00pa3oM B IaHHO CTaThe pacCMOTpEHA
reoMeTpuyecKkas CTpyKTypa ISATHMEPHOH YEepHOU
neipel PeliccHepa-Hopacrtpema. Mcnonb3oBaH Me-
ToJ (hopManTu3Ma reOMeTPOTEPMOANHA-MUKH, KOTO-
pBIH ¢ TOYKH 3peHUS KOHIENHH AudhepeHITHATb-
HOW TeOMEeTpHUM TPEACTABISET TaKHe TepMOJUHa-
MUYECKHE CBOMCTBA, KaK B3aWMOJCHCTBHE H
(hazoBBIe TIepexO0nbl, KPUBU3HA M CHHTYJISPHOCTD.
[TosrydeHsl KpuTHYECKHE TOUKH, KOTOPBIE CIEAYIOT
W3 aHalu3a pacXOXKICHUH TEepMOIUHAMHYECKUX
(hyHKIHMH OTKIMKA. B TepMoaMHaMuKe YepHBIX ABID,
KPUTUYECKHE TOYKH  TEMJIOEMKOCTH  OOBIYHO
CBSI3aHBl C BO3HUKHOBEHHEM (Da30BBIX IIEPEXOAOB
BTOPOTO poja.

CHayana BBIBEJIEHBl BCE KPUTHYECKHE TOUKH,
BBITEKAIOINE U3 AaHAIN3a PACXOAUMOCTEN TEPMOIH-
HaAMHUYECKOTO OTKIMKa (yHKIuH. B Tepmomuna-
MHUKE YEPHBIX JbIp KPUTHUECKUMH TOUKAMH TETLIO-
€MKOCTH OOBIYHO SIBJISIIOTCSI CBSI3aHHBIX C BO3HHUK-
HOBEHHEM (Da30BBIX MEPEXOJ0B BTOPOrO poAa.
3neck TNPOaHANIM3MPOBAHO PACXOXKICHHSI BCEX
(YHKIIMA OTKIIMKA W ITOKa3aHO, YTO T€OMETPOTEep-
MOJMHAMHKa BOCIIPOU3BOJUT TIOBEAECHUE BO3JIE
KPUTHYECKUX TOYEK.

B cnyuae naTuMepHOi 4epHO IbIPHI elicCHEpa-
Hopactpéma obHapykeHO, UTO €CIIM HCIIOIb30BATh
aHcaMOJIb CBSI3aHHBIN ¢ MAacCOW YepHOU ABIPHI, CY-
HIECTBYET TOJNBKO OJMH (Pa3oBBIi mepexo BTOPOro
ponma. C nmpyroif CTOpOHBI, €CIIM HCIOJB3yEM aH-
cam0Jib, CBSI3aHHBIN ¢ 3HTajbIKEH, (a30BbIe Mepe-
XOJbl CYIIECTBYIOT. DTO COOTBETCTBYET XOpPOILIO
M3BECTHOMY pe3yJbTaTy O TOM, HYTO CTPYKTypa
(ha30BBIX MMEPEXOA0B YEPHBIX JIBIP MOXKET 3aBHCETh
ot aHcamOuia. Jlasee ucciie10BaHbl FeOMETPUIECKUE
CBOMCTB COOTBETCTBYIOIIETO PABHOBECHOTO MPOCT-
paHCTBa C IOMOIIBI0 T€OMETPOTEPMOJANHAMKHU C
Maccold B KauecTBE TEPMOJIMHAMHYECKOTO TIOTEH-
nyana u oOHApyXEHO, YTO CHHTYJSIPHOCTH KpH-
BHU3HBI TOSIBISIETCST MMEHHO B OTOH TOYKE TIJIe
mpoucxoanuT (ha3oBbIi mepexoxa. B cmydae, xorma
HCIOJIb30BAJI SHTANBIINIO B KAYECTBE TEPMOIMHA-
MHYECKOTO MOTEHIHUAa, T€OMETPPOTEPMOTNHAMH-
Ka obecrieynBaeT paBHOBECHOE MHOT0OOpazue 0e3
CHHTYJIsIpHOCTEH. TakuM 00pa3oM, MOXKHO CAENATh
BBIBOJI, YTO T'€OMETPOTEPMOJNHAMUKA IPABHIBHO
BOCTIPOM3BOJUT CTPYKTYPY TE€PMOIAMHAMUYECKOTO
¢azoBoro mepexoma YepHOH AbIpbl PeiiccHepa-
Hopcrpéma.

BaarogapHocTs
Hannoe uccnenosanue ¢uHancupyercss Komu-

TETOM HayKu MUHHCTEpCTBA 00pa30BaHUsI U HAYKU
Pecnybnuku Kazaxcran AP08957287.
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MEASURING THE SELF-GENERATED MAGNETIC FIELD AND
THE VELOCITY OF PLASMA FLOW
IN A PULSED PLASMA ACCELERATOR

In phase of radial compression the unsteady plasma flow at the exit of a pulsed plasma accelerators
is related to the generation of fast high-energy charged particle beams, to plasma density perturbations,
to the internal plasma pressure is opposite to the external magnetic pressure (5%/2u0) associated with
plasma column’s self-generated magnetic field. The last one listed above is of particular interest. The
investigation of the magnetic field of plasma flow relatively gives information about the above
mutually close factors cause to plasma flow instability.

In this paper a miniature high-frequency magnetic probe are made for measuring and further
investigating the pulsed self-generated magnetic field of plasma flow, in particular, at the exit of the
accelerator in an experimental setup of PPA (located in KazNU, IETP). The magnetic probe dimensions
are following: coil diameter is 2,12 mm, number of turns is 7, copper wire diameter is 150 um, and
winding length is 1, 1 mm. The coil inductance is about 0,113 uH and the temporal resolution of the
magnetic probe is 2,3 ns. The magnetic probe was calibrated using a Hall sensor on the magnetic field
of a multi-layered solenoid connected to an alternating power source of 15 A. Thus, the evaluated
measurement error of the probe was no more than 10%.

Key words: pulsed plasma accelerator, plasma flow, self-generated magnetic field of plasma flow,
magnetic probe.

O.b. Toxen, M.K. Aoc6oraes?

TOA-Dapabu atbiHAaFbI Kasak, yATTbIK, yHUBepcuTeTi, KasakcTaH, AAmarb K.
Z3KCNEePUMEHTTIK XK8He TEOPUSIAbIK, (U3MKA FbIAbIMU-3epPTTEY MHCTUTYTbI, KasakcraH, AAMaThl K.
*e-mail: aigerim_kz271295@mail.ru

MMNyAbCTIK NAQ3MaAbIK YAETKILUTeri NAa3MaAbIK, aFbIHHbIH,
©3AIK MarHUTTIK OPICiH )KoHEe XXbIAAAMADBIFbIH OALLIEY

Paananabl CbIFbIAY Ke3eHiHAETT MAA3MaAbIK, YAETKILLTEPAIH LIbIFbICbIHAAFbI MAA3MaAbIK, aFbIHHbIH,
TYPaKCbI3AbIFbl  KenTereH akTopAapra 6araaHbiCTbl. OAap, ©Te XKbIAAAM, >KOFapbl 3HEPrUsAbl
3apSIATaAFaH OOALIEKTEPAIH, MAA3MaAbIK OEAAIKTIH ©3AIK MarHMTTIK epiCi TYAbIpaTblH MarHUTTIK
KbICbIMFa KApCbl MAa3MaHblH ilKi KbICbIMbIHbIH MaiAa G0AYbl XK8HE MAa3Ma TbIFbI3AbIFbIHbIH GipTEKTI
TapaaMaybl. CoAapApblH iWIHAE NA@3MaAblK, aFblHHbIH, ©3AiIK MarHMTTIK epiciH 3epTTey epekiue
KbI3bIFYLLbIAbIK, TyAblpasbl, cebebi oA >Xofapblaa aTaaFaH e3apa 6arAaHbicKaH hakTopAap TypaAbl
CaAbICTbIPMaAbI TYpAE aknapaT 6epe aAaabl.

byA >xxymbicta UMY (KasYY, DTDOF3U) akcnepnMeHTTIK KOHAbIPFbIAQ, aTan aiTKaHAQ NMAA3MaAbIK,
YAETKILUTIH, WbIFbICbIHAAFbI MAA3MAABIK, aFbIHHbIH 63AIK MarHUTTIK ©pIiCiH eAlley YLIiH >XoHe 3epTTey
YWIiH, >OFapbl >XMIAIKTI, WaFblH MArHUTTIK 30HA >KaCaAAbl. MarHMTTIK 30HATbIH T€OMETPUSIABIK,
OALLIEMAEPI KeAeciaen: KaTyllKaHblH AMameTpi 2,12 MM, opamM caHbl 7, MbIC CbIMHbIH AMameTpi 150
MKM, OpaMHbIH, Y3blHABIFbI 1,1 MM. ©Alleyill KaTylwKaHbiH MHAYKTUBTIAIM 0,113 MKIH, 30HATbIH,
cesriwTiri 2,3 Hc KypanAbl. COHbIMEH KaTap MarHUTTIK 30HA WaMacbl 15 A TeH aiHbIMaAbl TOK Ke3iHe
KOCbIAFAH Kemn KabaTTbl COAEHOMATbIH XOAA CEHCOPbIMEH aHbIKTaAFaH MarHMTTIK  epiciHAe
KaAmbpAaeHAi. Kaanbpaey HOTUXKECi KOPCETKEHAEN, 30HATbIH BALley KaTeAiri 10% acrnaabl.

TyHiH ce3aep: MMMYAbCTIK MAA3MaAbIK, YAETKILl, MAA3MaAbIK, aFblH, MAA3MaAbIK, aFblHHbIH ©3AiK
MarHWUT epicCi, MarHUTTIK 30HA.
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M3mepeHue COOGCTBEHHOr0O MarHMTHOIO MOASI U CKOPOCTH
NAA3MEHHOr0 NMOTOKAa B MMITYAbCHOM MAA3MEHHOM YCKOpUTeAe

HectabrabHOe TeuyeHWe NAA3MEHHOMO CrycTKa Ha BbIXOAE U3 MAA3MEHHbIX YCKOPUTEAEN B CTaAUM
PaAMAABHOTO CXKaTUSl CBA3AHO CO MHOMMMM (DaKTOpamMm: reHepaumert BbICOKOSHEPIMYHbIX MyYKOB
3apsKEHHbIX YacTWL, BO3MYLUEHMEM MAOTHOCTM, BHYTPEHHWM AABAEHMEM MAa3Mbl 0OpPATHOro Mo
HarpaBAEHMIO BHELLHEMY AABAEHME COBCTBEHHOIrO MArHWTHOIO MOAS MAA3MeHHOro wHypa. Ocobblii
MHTEpEC M3 HWUX BbI3bIBAET MOCAEAHEE, MCCAEAOBAHUE COBCTBEHHOrO MAarHUTHOMO MOAS MAA3MEHHOMO
MOTOKA, KOTOPbI OTHOCUTEABHO AdeT MHMOPMALMIO M O BblleCKa3aHHbIX B3aMMOCBS3aHHbIX MEXAY
cobon hakTopax.

B 3T0I1 paboTe Hamu OblA M3rOTOBAEH BbICOKOYACTOTHbIA MAarHUTHbIA 30HA MAAOIO pasmepa AAS
M3MEPEHNS M AAQAbHENLIEro MCCAeAOBAHMS MMMYAbCHOIO MAarHMTHOIO MOAS MAQ3MEHHOrO MoTOKa B
akcnepumMeHTaabHol yctaHoBke MIMY (KasHY, HUMITD), B yacTHOCTU Ha BbIXOAE M3 YCKOPUTEAS.
MarHuTHbIN 30HA MMEET CAeAYIOLLIME FreOMETPUYECKME pa3Mepbl: AMaMeTp KaTywku — 2,12 MM, UMCAO
BUTKOB — 7, AMAMeTp MeaHoro nposopa — 150 MKM, AAMHA HamoTku — 1,1 MM. MIHAYKTMBHOCTb
KaTywkn coctaBageT 0,113 MKIH, BpemMsi OTKAMKA MarHMTHOIO 30HAQ paBHa 2,3 HC. MarHUTHbIN 30HA
OblA OTKAAMOPOBaH C MOMOLLBIO AaTuMka XOAAQ HAa MAarHUTHOM MOAE€ MHOFOCAOMHOIO COAEHOMAQ,
MOAKAIOUEHHOTO K TMEepeMeHHOMY TOKy cuaoi 15 A. Takum 06pasom, MOrpewHoCcTb M3MepeHus

cocTaBAgeT He 6oaee 10%.

KAtoueBble CAOBA: MMIMYAbCHbIM MAAQ3MEHHbI YCKOPUTEAb, MAA3MEHHbIM MOTOK, COOBCTBEHHOE
MarHMTHOE MOA€ MAA3MEHHOr0 NMOTOKA, MarHUTHbBIA 30HA,.

Introduction

Coaxial plasma accelerators having energy
more than 5 J and 1 MJ are widely used in a
various types of applications for scientific and
applied assignments. For instance, they are used in
astrophysics, thermonuclear power engineering,
nanotechnology, plasma chemistry, radiography
and other fields [1-5].

The operation principle of plasma accelerators
is based on the following: a vacuum chamber of
accelerators is filled with a working gas at low
pressure, usually, it is a D-T gas mixture to
generate high-energy neutrons and X-rays [6-8].
During discharging the capacitors connecting to the
coaxial electrodes, the current flowing between
anode and cathode ionizes gas. Then an ionized gas
develops to plasma column and this process can be
divided into three stages: 1) gas breakdown and
formation of plasma sheath, 2) axial acceleration of
plasma shetah, and 3) radial compression of plasma
sheath [9]. Detailed description gives below.

When the gas breakdown takes place, thin
spark channels are formed between anode and
cathode. These channels merge to each other and
form a homogeneous plasma sheath [10, 11]. The
current density in the plasma sheath is sufficiently
high, that can create a strong magnetic field. Due to
this, an electrodynamic force J X B appears,

corresponding to Ampere's law. This electrody-
namic force has an axial component; consequently,
the plasma sheath is accelerated along the axis of
the vacuum chamber towards the open end of a
pulsed plasma accelerator. Then plasma flow is
strongly compressed radially at the exit of the
accelerator by its self-generated magnetic field.

In the stages of axial acceleration and radial
compression, plasma column becomes more
inhomogeneous and unstable due to particles
density perturbations in plasma flow related to
plasma oscillations and internal plasma pressure is
opposite to the magnetic pressure [12]. Plasma
instabilities are well investigated theoretically and
numerically by MHD model [13, 14], however,
there are a few experimental studies. An
experimental investigations of plasma flow in a
pulsed plasma accelerators and the plasma
acceleration dynamics are possible, for this it is
necessary to obtain a map of the current density,
magnetic field distributions and other especially
important plasma parameters (charged particles
density, plasma flow energy and energy density,
etc.) or to study the accelerated plasma sheath
dynamics (speed, acceleration, etc.).

There are various types of methods for plasma
flow diagnostics in a pulsed plasma accelerators:
laser diagnostics, spectral diagnostics, electric
probes, magnetic probes and etc.
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Using magnetic probes, it is possible to
measure the magnitude of self-generated magnetic
field and velocity of plasma flow. Magnetic probes
are miniature measuring coils. The operation
principle of magnetic probes based on Faraday's
law of electromagnetic induction [15-17].
According Faraday's law, the magnetic field, which
is measured causes to EMF in the coils of a
magnetic probe, which has an area S and a number
of turns n. As can be seen from expression (1), the
EMF with a magnitude of magnetic field related as

follows:
dB (1)
e=nS TS

Since the EMF is proportional to the derivative
of magnetic field, it must be integrated. For this, an
integrating electrical circuit (RC) is connected
between a probe and an oscilloscope. The
capacitance and resistivity of the capacitor and
resistor are chosen so that the integration constant ¢
= RC is longer than the time of the ongoing
process, but so as not to reduce the amplitude value
of an input signal. In this case, the expression for
an output signal (2) is written as follows:

B
=nS—. 2
£=nS o 2

A magnetic probe has some privileges; they are
short temporal resolution time of the order of
several nano and microseconds, sensitivity to high-
frequency oscillations, which makes it possible to
use them in plasma installations operating in a
pulsed mode.

The temporal resolution time of magnetic
probes is obtained by the expression (3) [18]:

TSRy 3)

where L is the coil inductance, it depends on the
radius () and the number of turns of the coil (n), Ry
is the impedance of a coaxial cable. As can be seen
from (3), the temporal resolution time of
measurements with a magnetic probe not only
depends on the choice of the parameter 7, but also
on the coil inductance. When the amount of
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number of turns is high and the radius of the coil is
large, the inductance of magnetic probes increases,
due to which the temporal resolution time of the
probe becomes high. Therefore, to manufacture the
magnetic probe and to use it in measurements, it is
necessary to take into account all the above
disadvantages.

Experimental setup

The experimental setup is a coaxial pulsed
plasma accelerator with a stored energy on
capacitors of about 25 kJ. The vacuum chamber of
the accelerator is made of stainless steel, inside the
vacuum chamber there is a coaxial system of
electrodes. Furthermore, except vacuum chamber
and the system of electrodes, the experimental
setup includes the following units: a pumping
system including fore vacuum and diffusion
vacuum pumps, a high-voltage power supply, a
battery of storage capacitors, and a vacuum
discharger [19-25]. A principle scheme of the
experimental setup is shown in Fig. 1.

The total capacity of the capacitor bank is 1440
U1F, the operating voltage is in the range of 2-6 &V,
and the operating pressure is in the range of 10
mTorr — 1 Torr. Moreover, other types of gases can
be injected into the vacuum chamber: argon,
hydrogen, etc. For this, there is a special system for
gas inlet. In this paper, experiments were
performed with a residual air at low pressure.

Magnetic probe design

The inductive coil of the magnetic probe has 7
turns (copper wire is used), which were turned on a
glass tube with an outer diameter of 2,12 mm. The
measuring coil is placed inside a dielectric tube for
electrostatic screening to reduce the influence of
electric fields created by charged plasma particles,
electrons and ions. The magnetic probe is
connected to the LeCroy 354A oscilloscope (500
MHz bandwidth) through a coaxial cable with a
characteristic impedance of 50 Ohms, between
them there is an integrator. The integration time
equal to 5,4 us. The ends of the measuring coil are
covered with a dielectric film to avoid electrical
noises.
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Figure 1 — Principle scheme of an experimental setup of a pulsed plasma accelerator

Magnetic probe calibration

The magnetic probe was calibrated using a
multi-layered solenoid. The solenoid was connec-
ted to an alternating current source. The current in
the solenoid was measured with a clamp meter,
which was I ~ 5-15 A. An alternating uniform
magnetic field is created in the center of the
solenoid, where the measurement takes place. The
relation between the amplitude value of the EMF at
the ends of the probe and the magnetic field of a
multi-layered solenoid is expressed as follows (1):

& =nSwBy, = kB, @)
where w = 2zv is the cyclic frequency of the

alternating current. To measure By, a 49E852X Hall
sensor is used for £ 1000 G. The Hall sensor and

magnetic probe both were connected directly to the
oscilloscope. The oscillograms of the voltage
across the sensor and the magnetic probe obtained
experimentally are shown in Fig. 2.

In the technical support of the Hall sensor, a
calibration curve is presented, which we used to
obtain value of By. As a result, the measured value
of the magnetic field in the center of the multi-
layered solenoid by the Hall sensor at I ~ 5A was
about 0,1 T. The value of the same field measured
with a magnetic probe according to expression (4)
was 0,09 7. It follows from this that the
measurement error of the magnetic probe is: A =
0,01, about 1%. If we take into account the
measurement errors of the Hall sensor from the
technical support and other devices (including the
experimentator), then the measurement error does
not exceed 10%.
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Figure 2 — Output signal that comes out from a) a Hall sensor and b) a magnetic probe

Results and discussions

Measuring the self-generated magnetic field
magnitude of plasma flow in the PPA. A magnetic
probe is placed near the pulsed plasma accelerator
coaxial system of electrodes at a distance of 6 cm.
An axis of the measuring coil of a magnetic probe
is adjusted vertically to an axis of the cylindrical
vacuum chamber, see Fig. 3. Before conducting the
experiments, plasma accelerator vacuum chamber
was pre-pumped to a pressure of about 10 m7orr.
The measurements were carried out under the
following conditions: a) at a constant charging
voltage of capacitors U = 3 kJ and at various gas
pressures, in our case the residual air pressures are
30-260 mTorr; b) at a constant gas pressure p = 40
mTorr and at different charging voltages of
capacitors 2-5 kV. In Fig. 3, the typical
oscillograms of a current waveform of the PPA
(solid curve) obtained using a Rogowski coil, a
self-generated magnetic field derivative dB/dt
curve (dashed line) and a curve of magnetic field
magnitude  (dot-dotted  curve), respectively,
obtained using a magnetic probe with and with
absence the integrator (integration time constant is
7=15.,4 us) are presented.

The current waveform of the PPA (see Fig. 3) is
a damped sinusoidal signal. At the moment when
current would rise, the energy stored on the storage
capacitors is transmitted to the coaxial electrodes
thereby the residual air filling the interelectrode
space is ionized and a plasma sheath is formed. The
plasma lifetime was obtained from the current
waveform curve, which was of ~ 300 us. Since a
magnetic probe is placed at 6 ¢m distance from the
coaxial electrodes, between two output voltage
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signals obtained from a Rogowski coil and a
magnetic probe, a time shift takes place, as can be
seen in Fig. 3 that corresponds the axial
acceleration of plasma sheath.

2,4 T T T T
1,81 — URogowski X 60
= = dBy/dt ]
1,21 - v p/
P

3000p  400,0u

t[s]

100,00 200,0p 500,0p

Figure 3 — Typical oscillograms obtained at pressure p = 40
mTorr and charging voltage U =5 kV from a Rogowski coil,
magnetic probe with and with absence integrator

By processing the current waveforms of the
PPA, which is obtained at different values of the
charging voltages, the current voltage curve of an
experimental setup was plotted, see Fig. 4.

As seen from Fig. 4, when the charging voltage
of storage capacitors increase the discharge current
in the PPA circuit increases linearly, since the
plasma has good conductivity, its resistance causes
insignificant affect on the total resistance of the
PPA circuit, respectively, on the current flowing
through this circuit. Moreover rising of current is
related with an increase of electrical field in space
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between the coaxial electrodes; consequently, due
to this a large number of ionization acts of gas take
place. The positive ions and electrons appeared
after ionization provides the rising of plasma
conductivity.

125000 T T T T

100000 - [
1[A] l
75000 ®

50000 40 mtor

25000 T T T T T T T
20 25 30 35 40 45 50

UVl
Figure 4 — Current voltage curve of an experimental setup

Using the oscillograms of output signals from a
magnetic probe the following what were measured
was self-generated magnetic field values of plasma
flow at the exit of the coaxial system of electrodes
(at a distance L = 6 cm). Measurements were
carried out depending on the gas pressure and
charging voltages of capacitors. Results are shown
in Fig. 5 and Fig. 6.

0,05 0,10 015 020 025
p [tor]

Figure 5 — Dependence of self-generated
magnetic field values of plasma flow on the gas pressures

As shown in Fig. 5, dependence self-generated
magnetic field value of plasma flow on a gas
pressure is nonlinear; notwithstanding, it can be
seen from the curve that the value of magnetic field
decrease when increase the working gas pressure.

Plasma parameters, including its magnetic field
depend on energy putting into the discharge.
Energy putting into the discharge sufficient to
ionize a gas defines as a function of gas pressure
according to Paschen's law, when the voltage and
distance between two electrodes not changed.
Moreover energy putting into the discharge can be
depended on other factors, for example, the
charged particles loss as plasma sheath expands
and approaches the outer electrode in gas
breakdown stage, dissipation of plasma energy and
etc.

14 =40 mtor -

0 T T T T T T

Al
200 25 30 35 40 45 50
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Figure 6 — Dependence of self-generated magnetic field
values of plasma flow on the charging voltages of capacitors

It seen from Fig. 6 that when charging voltages
of storage capacitors increase, the value of the of
self-generated magnetic field of plasma flow also
increases, since magnetic field of plasma flow
depends on the plasma current density, therefore,
when the charging voltage is high, then the strong
electrical field appeared between -electrodes
provide to intensive ionization gas and formation a
large number of charges. These charges are the
primary carriers of the discharge current in plasma
column. However, as seen from Fig. 6 at extremely
low charging voltage of storage capacitors ~ 2 kV,
the values of self-generated magnetic field of
plasma flow substantially decrease in our
experiments. Analyzing this result, it was revealed
that the transfer of energy from the capacitors to
the electrodes was related with on the operation
and conductivity of a vacuum arrester. This of
course declines the operation characteristics of an
accelerator since transmitted to the electrode the
part of the energy is lost for the ignition of the
vacuum arrester.
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Moreover in this work the processes of the
plasma flow breakdown to separate discharges
were observed. In the experiment the plasma flow
breakdown took place especially at high pressures
and low charging voltages, see Fig. 7.

Measuring the plasma flow velocity in the PPA.
To measure the plasma flow velocity two same
magnetic probes were used. The distance between
the probes was 17,5 cm. The measurements were
also carried out under two different conditions, as
in the previous experiment. One of the examples of
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oscillograms obtained from two probes is shown in
Fig. 8.

Since the magnetic probes are at a certain distance,
then on each of the magnetic probes EMF occurs at
different times. EMF first appears on the probe, which
is closer to the system of coaxial electrodes, pl, and
then on the probe p2, as seen in Fig. 8. Plasma flow
velocities were calculated by measuring the time
difference, depending on the gas pressure and the
charging voltage of storage capacitors. The results are
shown in Fig. 9 and Fig. 10.
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Figure 7 — Pictures of plasma flow breakdown
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Figure 8 — Output voltage curves of two magnetic probes
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Figure 9 — Dependence of the plasma flow velocity on the gas pressures

According to accelerating force J x B, the high
plasma current density provides the increasing of
plasma flow velocity. Current density depends
nonlinearly on the gas pressure corresponding to
Paschen's law, as mentioned above; therefore the
dependence of the plasma flow velocity on the gas

pressures is also nonlinear. As seen in Fig. 9 there
is a point of gas pressure with the maximum value
of plasma flow velocity and at this point the
pressure will be optimal for a pulsed plasma
accelerator with charging voltage of capacitors is 3
kV.
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Figure 10 — Dependence of the plasma flow velocity on the charging voltages of capacitors

As seen from Fig. 10, with an increase in the
voltage across the storage capacitors, the plasma
flow velocity increases, however at high voltages,
the velocity decreases instantly. It was an
uncontemplated experimental result. According to
this we assumed that perhaps it is related with an
increase in the mass of plasma sheath, forasmuch
as at high charging voltage of capacitors the
sufficiently large number of ionization acts takes
place and the density of positive ions increases.

The mass of ions heavier than electron mass;
therefore, the mass of plasma flow is majority
concentrated on positive ions.

Conclusion
In this work, the self-generated magnetic field
magnitude and the velocity of plasma flow in a

pulsed plasma accelerator were investigated using a
magnetic probe. The calibration of a magnetic
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probe was carried out in an alternating magnetic
field of ~ 0,1 T, what was measured by the Hall
49E852X sensor. According to the calibration
results, the measurement error of a magnetic probe
taking into account the Hall sensor’s error was
about 10%.

In a vacuum chamber of the PPA magnetic
probes were placed at a distance of 6 cm and 23,5
cm of the end of coaxial electrodes, consequently,
the distance between two probes was 17,5 cm. At
first, depending on the gas pressures and charging
voltages of storage capacitors, the values of the self-
generated magnetic field of plasma flow were
measured. It was found that the values of the self-
generated magnetic field of plasma flow gradually
decreases with an increase in the gas pressure and
increases with an increase the charging voltage of
capacitors. In the second case, using two identical
magnetic probes, the plasma flow velocities were

measured and its dependence on the gas pressures
and the charging voltages of capacitors was
obtained. The obtained graphs had complicated
characteristic. From these graphs, it follows that
with an increasing the charging voltage, the plasma
flow velocity increases, however at a large value of
charging voltage, in our experiments of 5 kV the
velocity decreased. We assume that it perhaps
depends on mass of plasma flow. Moreover in the
case when the charging voltage of capacitors and the
distance between two electrodes are not changed,
according to Paschen's law, the plasma flow velocity
at a certain gas pressure have a maximum value.
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NMOAYYEHUE YTAEPOAHbIX HAHOYACTUL,
B UMITYAbCHO MOAYAUPOBAHHOMW INMAA3ME BY PA3PSAA

YraepoAHble HAHOYACTULbI CUHTE3MPOBAAMCH C MCMOAb30BaHMeM MAa3mbl BY paspsiaa 13,56 Ml
B MUMIMYAbCHOM PEXMME AAS YNPaBAEHMS pasmepamu HaHouacTuu. Cmech rasos Ar/CH, BBoamAach
B MAA3MEHHYIO CpeAy C eMKOCTHOM CBSI3bl0, OCHOBHOWM YaCTblO KOTOPOW SIBASIIOTCS MapaAA€AbHO
PacCroAO>KEeHHbIe BbICOKOYACTOTHbIA M 3a3EMAEHHbIM  3AEKTPOAbI. IJKCMEPUMEHTbl MO CUHTE3y
NMPOBOAMAMCH MPU KOMHATHOM TEMMEPATYPE U CAEAYIOLMX YCAOBMSIX: AABAEHME B paboven kamepe
— 0,99 Topp; koHueHTpaums cMecu rasoB Ar (96%)+CH, (4%); AAMTEABHOCTb CHMHTE3a — 5 CeKYHA,;
npu MowHocTn paspgaa — 10 Bt. Yactota umnyabca naasmbl BY paspsiaa npu MoAyAMpoOBaHUM
BapbupoBanack ot 10 'y Ao 10 kl'u, Takke KOahpmumeHT 3anoAHeHns COCTaBAIA 50% AAS KaXKAOro
NPOBEAEHHOIO 3KCMEPUMEHTA. DKCMEPUMEHTAAbHbBIE HAOAIOAEHMS MOKa3aAM, YTO pa3mep HaHOo4acCTmL,
YIFAEPOAA BO3PACTAaET C YBEAMYEHMEM 4YaCTOTbl MMIYAbCHOTO CUrHaAa. Tak>ke ObIAO BbISIBAEHO,
YTO C MOMOLLBIO YaCTOTbl MOAYAMPOBAHHOIO MMMYAbCHOro BY curHana mnosiBAsSieTcs BO3MOXKHOCTb
KOHTPOAMPOBaTb pa3Mep YrAepOAHbIX HaHouyacTul, B aAmanasoHe 40-70 HM. CuHTe3MpoBaHHble
HaHOYaCTULbI COOMPAAMCH HEMOCPEACTBEHHO Ha MeAHOM ceTke AAs [19M  aHaAmsa, KoTopas
MOMELLLIAAACh Ha MOBEPXHOCTb HMXKHEr0 IAEKTPOoAd. AHaAM3 [1IM n3o6parkeHni nokasaAm ABa BMAA
HaHOYACTUL, OAMH M3 KOTOPbIX MPEACTABASIET COO0I arAOMepaT HaHOYaCTML, C aMOP(HON CTPYKTYPON,
a Apyrve — HaHOMEeTPOBOIO pa3mepa C KPUCTAAAMYECKMMM CTPYKTYpPaMM.

KAroueBble caoBa: yraepoaHble HaHo4YacTuubl, BY pa3spsa, nmnyabcHag BY naasma.

R.Ye. Zhumadilov'*, A.U. Utegenov', S.A. Orazbayev', D.G. Batryshev?

'Kazakh-British Technical University, Kazakhstan, Almaty
2Atyrau University named after Khalel Dosmukhamedov, Kazakhstan, Atyrau
*e-mail: rakimzhan@gmail.com

Obtaining of carbon nanoparticles in pulsed modulated
RF discharge plasma

Carbon nanoparticles were synthesized using a 13.56 MHz RF discharge plasma in pulsed mode
to control the size of the nanoparticles. An Ar/CH4 gas mixture was injected into the chamber to cre-
ate capacitive coupled plasma medium, the main part of which is an electrode connected to the RF
generator and a grounded electrode arranged in parallel. The synthesis experiments were carried out
at room temperature and under the following conditions: pressure in the working chamber 0.99 Torr;
concentration of Ar(96%)+CH,(4%) gas mixture; synthesis time 5 seconds; at discharge power 10 W.
The frequency of the RF discharge plasma pulse during modulation was varied from 10 Hz to 10 kHz,
also the duty-cycle was 50% for each performed experiment. Experimental observations have revealed
that the size of carbon nanoparticles increases with the frequency of the pulse signal. It has also been
determined that by using a frequency of the modulated pulsed RF signal it is possible to control the size
of carbon nanoparticles in the range of 40-70 nm. The synthesized nanoparticles were collected directly
on a copper mesh for TEM microscopy, which was placed on the surface of the bottom electrode. TEM
image analysis showed two types of nanoparticles, some of which are an agglomerate of nanoparticles
with an amorphous structure, while the others are nanometer-sized with crystalline structures.

Key words: carbon nanopartiocles, RF discharge, pulsed RF plasma.
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KemipTeri HaHoGOALLEKTEPIH MMNYALCTI
moAayAasiumsiaaHFad KK naasmaaa aay

KemipTeri HaHoOeALlekTepi >koFapbl >KMIAIKTI (OKXK) nAasmasa MMMOYAbCTI PeXXMMAl KOAAQHY
apKbIAbI, SFHM HAHOOBALLEKTEPAIH, OALLIEMAEPIH GacKapy apKblAbl cuHTe3AeAAl. Ar/CH4 razaapbiHbiH
KOCMachl CbIMbIMABIAbIKTbI 6aMAaHbIChI 6ap NMAa3MaAblK, OpPTaFa eHri3iAAl, OHbIH Herisri 6eAiri napasreAb
OPHAAACKaH >XOFapbl XXMIAIKTI XKoHe >kepre KOCbIAFaH 3AeKTPoATap. CMHTE3 60MbIHLIA SKCMIEPUMEHTTED
6eAME TemriepaTypacbiHAQ XXKOHE KEAECi XKarAaiAapAa XKYPris3iAAi: XKYMbIC KaMepacbiHAAFbl KbICbIM
0,99 Topp; ra3 KocnacbiHbiH, KOHUeHTpaumscbl Ar (96 %) + CH4 (4 %); cnHTe3 y3aKTbiFbl 5 CEKYHA,;
pa3psa kyatbl 10 BT. Moayasiuma kesiHae XKOK paspsia NMAa3MacbiHbIH MUMIYAbC >kuiairi 10 Tu-TeH
10 klu-ke AeriH e3repAi, COHbIMEH KaTap op 3KCMEPUMEHT YLIiH TOATbIpY KoadduumeHTi 50 %
GOAABI.  DKCMEPUMEHTTIK 0aKblAAyAap MMIMYAbCTIK CUIHAA >KMIAIFiHIH >KOFapbiAaybl KeMipTeri
HaHOOBALLEKTEPIHIH MOALLepi apTaTbiHAbIFbIH kepceTTi. CoHAam-aK, MOAYASILMSAAHFAH MMIYAbCTI
KK cnrHanbiHbiH XKuiairiMeH 40-70 HM AManasoOHbIHAAFbI KOMIPTEKTI HAHOOOALIEKTEPAIH MOALLIEPiH
6ackapy MYMKIHAIM nariaa 6GOAaTbIHAbIFbI aHbIKTaAAbl. CUMHTE3AEAreH HaHOOGOALLEKTEDP TOMEHTI
SAEKTPOATbIH OGeTiHE OpPHAAACTbIPbIAFAH TIKEAE MbIC TOPFa >KMHAAAbl. TDM KecKiHAEpiH Taapay
HaHOOBALLEKTEPAIH €Ki TYpPiH KepceTTi, oAapAbliH 6ipi aMoOpdTbl KypblAbIMbI 6ap HAaHOOOALLEKTEPAIH

araomepartbl, aA 6acKaAapbl KPUCTAAAbI KYPbIAbIMbI 6ap HAHOMETP BALIEMAT HAaHOGBALLEKTEep.
Ty#in ce3aep: kemipTeri HaHoGeALwekTepi, XK paspsa, nmnyabcTti XK naasma.

BBeaenue

Cpenn Bcex yIIEPOAHBIX HAHOMATEpHAJIOB,
yreponubie HaHodacTuIsl (YHY) okazanvch Ham-
Oosee uccnenyeMpIMu MarepuanaMu. Tak kak YHY
BBI3BIBAIOT 3HAYMTEIIBHBIM HMHTEpEC B IOCIEIHUE
TOo/IbI OJaroaps MX XOpoIIel TIOMUHECIICHIINH, BI-
COKOW XMMHYECKOH CTaOMIBHOCTH, MPOBOAUMOCTH
U IMIMPOKONOJIOCHOMY ONTHYECKOMY IOIIOLICHUIO
[1-3]. B nactosimee Bpems npuinoxenne Y HY ouens
o0IIMpHO, HampUMep, B OCHOBHOM IPHMEHSIOT-
Ci B XUMHUYECKOM aHaiu3e [4], onTOAIEKTPOHHBIX
ycTpoiicTBax [5,6], pa3paboTke Karaau3aropoB [7—
9], a Takxke mpH pa3paboTKe CynepruapoPoOHBIX
noBepxHocted [10,11] u gp. CBolicTBa yriiepogHbIX
HAHOYACTHUI[ B 3HAUYMUTENIHbHOMN CTETIeHH 3aBUCHUT OT
JIMaMeTpa, UX KOHLEHTpauuu, GopMbl, pacipesese-
HUS 110 pa3Mepy.

[Mnasma sBnsiercs 3QQPEKTUBHBIM HHCTPYMEH-
TOM Ui CHHTE3a YIICPOAHBIX HAHOMAaTepHAaOB,
BKJIIOYasl ajMasbl, HAHOYACTULBI, (yJUIEPEHBI, Ha-
HOTpYOKH, HAHOIJICHKH U rpadensl. B nocnennne
rOlbl UMITYJIBCHBIE TJIA3MEHHBIE Pa3psAbl IPEICTaB-
JISTIOT 3HAYMTENLHBIN HHTEpEC I 00paboTKH Marte-
pHAaJoB M3-3a UX OONBIINX MPEUMYIIECTB. JJaHHbIH
METO/ IIMPOKO HCIOJNB3YeTCs AN pEIIeHUs pas-
JIMYHBIX TEXHOJOIMYECKUX 3a[a4, B TOM YUCIE I
TUTa3MEHHOTO TPABJIEHUS MUKPOCTPYKTYp, JUIs Ha-
NBUICHUS TOHKUX (DYHKLIMOHAIBHBIX TOKPBITHH, IS
IPOU3BOACTBA HAHO- U MUKpodacTull U T.4. CuHTe3
HaHO- U MMKpPOYACTHIl MOXXHO OCYIIECTBUTH HpHU
Pa3IMYHBIX THIAX HU3KOTEMIEPaTypHOH IUIa3Mbl U

IIPU Pa3InYHBIX COCTABaX ra3oB, B TAKUX KaK, CUJIaH
[12-14], yrmeBomopoasr [15-20], dTopoyriepomast
[21,22] u T.1. Taxxke METOIOM HMMITYJIbCHOTO pa3-
psaa ecTh BOSMOXKHOCTh KOHTPOJIUPOBATH MPOIECC
(hopMupoBaHHST HAHOYACTHUI[ B IIa3MeE, PETYIHPYS
4acTOTy MOJYJIMPOBAHHOTO CHTHAJIA M KO3 UIH-
€HT 3allOJIHEHUS B JIONIOJTHEHHE K APYTUM Tapame-
TpaM, TaKUM Kak JIaBJICHWE W MOIIHOCTH pa3psAna.
Oto BaxHO s (PyHIAMEHTAIFHOTO MOHUMAaHUS
polecca pocTa HAHOYACTHUIL PU PA3THUYHBIX Iapa-
MeTpax UMITYJECHOTO pa3psia.

Bnusinue mMomynupoBaHHOrO curHana Ha ¢op-
MHpPOBaHUE HAHOYACTHUI] PaHEe paccMaTpUBAJIVChH
B HECKOJNBKHUX HcchenoBanmsx [23,24]. Verdeyen u
Jp. TIOKa3aJiv, YTO KOJMYECTBO MbLIe00pa30BaHNH B
miazme SiH4 ¢ uMITyIbCHON MOmymsield HaMHOTO
MEHBIIIE, YeM B IIIa3Me HENPEPHIBHOTO IEHCTBHA
[25]. Lloret u nmp. Wcmoabp30Bal MOLYTHPOBAHHBIN
BBICOKOYACTOTHBIN pa3psi Ui OCAXKIEHUS TOHKUX
TUIEHOK aMOpP(PHOT0 KpEeMHHUS U 0OHAPYKHJI, UTO Ya-
CTOTa MOAYJISILIMU OKAa3bIBa€T CUJIBHOE BIMSHUE HA
ITOPUCTOCTH U MIEPOXOBATOCTD IJIEHOK, M OOBICHWUIT
9T0 AP PeKTaMu MOAYISIMK Ha PopMUpOBaHUE Ha-
HouacTull B mazMe [26]. B BbICOKOUaCTOTHON MO-
nynupoBaHHOW masMe Howling m ap. mokazanm,
YTO IUIOTHOCTH OTPHUIIATENbHBIX MOHOB 3HAYUTEIb-
HO CHIYKAIOTCS TS 4acTOT MOAY/IsIuru okoio 1 k'
[27].

[Ipy UMIyNbCHBIX paspsiiax IUiasMa HNepuoIu-
YECKH «BKIIFOYAETC» HA KOPOTKOe Bpems (t ), a 3a-
TEM «BBIKJIIOYACTCS» HA ONPENIEIeHHOE Bpems (t ).
Asropbl pabotsl [28] mokasanu, 4Tto BO Bpems t .
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MOTYT HNPOHUCXOANTH OOBIYHBIE MPOLECCHI MOUME-
pU3alMK U3 YacTull, 00pasyromuxcs Bo Bpems t . B
9TOM CIly4dae MOTYT ObITh CHHTE3UPOBAHBI IIEPOXO-
BaTble TUIEHKH, 00pa30BaHHbIC U3 HAHOYACTHII.

Lensto manHOW pabOTHI OBLIO HWCCIIEIOBAHUE
BIIMSIHUE UMIIYJIILCHO MOIyaupoBaHHoro BU pasps-
Ja Ha (hOopMHUPOBaHKE U POCTA YIIEPOJHBIX HAHOYA-
CTHIL[ B CMECHU I'a30B aprOH-METaH, IIPU OCTOSHHON
MOIIIHOCTH U BPEMEHHU CHHTE3a.

IKCIepUMEHTAIbHAN YaCTh

HccnenoBanusi MpoOBOAMINCE HA SKCIIEPHMEH-
TabHON yCTaHOBKe, pabortaromieid Ha ocHoBe BY
eMKOCTHOTO paszpsna. Cxema sKcIepUMeHTaIbHON
YCTaHOBKH TIOKa3aHa Ha pucyHke 1. [Tna3ma 3axu-
rayics MeXay AByMsI TapayIeIbHBIMH IEKTPOIaMH
13 Heprkaserouleil cranu ¢ auamerpamu 100 MM u
paccrosauem 30 mM. Kpome Toro, ciemyer orme-
THTh, 9TO BEPXHUU EKTPON OBLT TOaKITIoYeH K BY
TeHEepaTopy, a HWKHHUHM SIIeKTpo] ObLT 3a3eMJICH.
BY moumHocTs ¢ wacrotoit 13,56 MI'y renepupoBa-
nack reaeparopom BU curnamoB Seren-R301. Otot
CHTHAJI MOIYJIHUPOBAJICS MUMIYJIBCAMH C MOMOIIBIO
(hyHKIIMHM MOAYISAIMU CHUTHANIA JAHHOTO TeHeparo-
pa. DKCIEepUMEHTHI TPOBOAWINCH TPH JaBICHUHU
raza 0,99 Topp. MouHocTh pa3psaa U BpeMs CUH-
Te3a 0CcTaBarCh mocTosHHBIME, 10 BT 11 5 cex (100
LMKJIOB), COOTBETCTBEHHO. YacToTa WMITYIbCHOTO
cursaia Bapeuposaiachk oT 1 I'm 1o 10 xI', B TO
BpeMsl KakK KOX(Q(UIMEHT 3allOJHEHUS HMITYIbC-
HOTO curHama Ol (pukcupoBanubiM, 50%. Ilepen
KaXIbIM SKCIIEPUMEHTOM KaMepa OTKauuBasach 10
BbICOKOTO Bakyyma 10° Topp. B xauecTBe mommox-
KU WCTIONB30BAIINCH KPEMHHH, CTEKIIO U CETKH IS
[I3OM. ITonpobHoe onmcaHue YKCIEPUMEHTAIBHON
YCTaHOBKH OIMHCaHo B pabdote [29].

B mammHoit paboTe CHHTE3MpOBaHHBIC YTIIEPOI-
Hbl€ HAHOYACTHUIIBl OCAXKAAIUCH HAa KPEMHHEBBIC
MOJIOKKH, KOTOPBIE OYMIIANUCH 3TAHOJIOM U Cy-
IIMINCh YWCTBIM WHEPTHBIM Ta3oM. B Kkadectse
UCTOYHUKA yriiepoza ucnonb3osanu metan (CH)),
KOTOPBII MMoJaBajii B KaMepy Kak CMECh ra3oB ap-
TOH M M€TaH ¢ KoHuenrpamuen Ar(96%)+CH (4%)
¢ (ukcupoBaHHOH ckopocThio 15 scem. KonTpois
MIOTOKA ra3a ocyuecTniusgercs pacxogomepom MFC
Bronkhorst. Bce axciepuMeHTHI POBOIUINCH ITPH
KOMHAaTHOM TeMIiepaType.

Pe3yabTarthl 1 00CykKIeHUE

anepoz[HLIe HaHO4YaCTHIIBI ObLIH AHAJIU3UPO-
BaHbl C IIOMOINBIO CKAaHHPYIOMIETO 3JICKTPOHHOI'O
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mukpockona COM (Crossbeam 540). Beun momy-
YeHBI HECKOJIBKO MHKpodoTorpaduii ¢ pasHBIMH
KPaTHOCTSIMH YBEJIMYEHHUs B HECKOJIBKHX MeECTax
noanoxku. Ha xaxxngom COM m3o00pakeHnn ObuH
OlpeneNieHbl pa3Mepbl HAHOYACTUI W OBLIM IO-
CTPOCHBI TpaQUKH pachpeieeHUs] M0 pa3Mepam.
Ha pucysnke 2 npexncrasinensl COM n3o0paxeHnue u
rpaduK pacrupeneseHus 10 pasMepaM yIIepOIHbIX
HAHOYACTHUI[ CHUHTE3UPOBAHHBIX MPH PA3IUIHBIX
yacToTax umnynbcHoro BY paspsiga: 2a — 100 I',
26 — 1 x['m, 2B — 10 x['m u 2r — 6€3 MOAYJISALINH.
B pesynbrare aHanusa pacnpeneneHns 4acTHHIL 1O
pasMepam ObLIN HOTy4YeHBI CIEAYIOINE JaHHbIe: 42
+ 0,5 um npu gactore moxyisimuu 100 I'm; mpm 1
k[ — 52 £2,5 um; npu 10 k['u — 61+ 7,7 um; u Oe3
Monyasiuuu — 67 + § HM.

Pucynox 1 — Cxema 3xcnnepuMeHTaIbHOM ycTanoBkH BU
€MKOCTHOI'0 pa3psia.

JluHamuKa HyKJealuy HaHOYaCTHUI] B 3TOM THUIIE
paspsia HeraBHO ObLIa M3yuYeHa ¢ IOMOUIBIO MOJIe-
muposanus [30]. Ilpn uMnynbcHBIX paspsgax Bpe-
Msl «BKJIFOUEHUS» (1 ) M BpEMS «BBIKIIOIEHUsD (t )
TUIa3Mbl 3aBUCHT OT KOX(QQHIMEHTa 3aroIHCHUS
W 4acToThl MoxynupoBaHHoro curtaia f. Yacrora
omnpenenseTcs Mo cieayoeil Gopmyne:

1

f=ra (M

rm+ruﬂ-
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a) 100 I'm; 6) 1 x['; B) 10 k['1; r) 6e3 Moy LMK

PucyHnok 2 — COM uzo0paxeHue u pacrpezeieHue yIIepoaHbIX HAHOUACTHUI]
10 pasMepaM, CUHTE3UPOBAaHHBIX ITPH PA3JIMYHBIX 3HAYECHUAX YaCTOTHI MOAYJIALIUNA

bruto 0OHapykeHO, YTO C yBEIMYCHHEM 4Ya-
CTOTBI MOIYJIMPOBAHHOTO CUTHAJa, YBEINIHBACTCS
JIMaMeTp CUHTE3UPYEMbIX HAHOYACTHIl. ODTO 0O0b-
SICHACTCS TEM, YTO HU3KHE YaCTOThl MOMYJSIHH
MIPUBOAAT K 3aMEJIEHUIO YacCTHIl IJIa3Mbl H, Cie-
JIOBATEIbHO, K UX JOKAJIHHOMY HAKOIUICHUIO. JTOT
pe3ynbTar OOBACHSAETCS OOpaTHBIM BIIUSHUEM pas-
JIMYHBIX YaCTOT MOIYJISALMK Ha 3HAYCHMSI IUIOTHO-
CTH, KOTJla HaOJIIOJaeTCs YBEIMYCHUE IIOTHOCTU
YaCTHII IJIa3Mbl TP YMEHBIIEHUH YaCTOTHI MOJY-
nsmuu [31]. Bonee TOro, MOXKHO TPENITOIOKHUTH,
YTO YBEIMYCHHE YaCTOThI MOIYJSIMU BIIUSCT HA
POCT KOHIIEHTPAINU PaINKAIOB, KOTOPEIE SBISIOT-
Cs OCHOBHBIMH COCTABJISIOIIUMH CHHTE3UPYEMBIX
HaHovactull. OJHAKO, TPUMEYATEIILHO TO, YTO KOH-
HEHTpaIus paJuKalioB yIIIepoaa YMEHBIIaeTCs BO
Bpems t .. OTO CBA3aHO C TEM, YTO, PaguKaibl d¢-
(hEeKTUBHO TEPSIOTCS HAa CTEHKAaX peakTopa MpH OT-
KJIFOUEHHOM COCTOSIHUM T1a3mbl [30].

st TIOM ananm3a yriepogHble HAHOYACTHIIHI
OBUIM CHHTE3UPOBAHBI HAa CIICIUAJIBHBIC MEIHBIC

cetku. Ha pucynke 3 npencrasnenst [I9M n3o6pa-
JKEHUS YIVIEPOIHBIX HAHOYACTHULl CHHTE3UPOBAHHBIE
IIpY pa3iIu4HbIX 4acTOTax UMIyiascHoro BY pasps-
na: pucyHok 3a coorBerctyer 100 I';; 36 — 1 x['m;
38 — 10 kI'tr; 3r — cuHTE3y 03 MOIYIISAIINH.

W3 pucyHnka 3 BUHO, UTO YaCTHIIBI aIJIOMEPH-
pOBaHBI APYT € APYroM, HO popma Ka>kqoi JacTH-
bl cepuaeckas. U3BeCTHO, UTO YaCTHIIBI B I1J1a3-
M€ 3apsDKaroTCsl OTPULATENBHO H3-3a OONBLION
SHEPTrUU IIEKTPOHOB B Iasme. OTpuLaTenbHO
3apsoKEHHBIE YaCTHUIBI 00JaJaroT dJIEKTPOCTATH-
YECKHUM OTTAJKMBAaHUEM, U ariOMepallii YacTHI
MOXET He npous3oiTH. OmHAKO 3apsig Ha YaCTH-
ax BOJHM3U DJIEKTPOJOB MOXKET OTOPBATHCS OT
MIOBEPXHOCTHU YAaCTHUI[bl, TEM CAMBIM MEHSS 3apsj
YacTHI] B IIOJIOKHUTEIBHYIO CTOPOHY, TO €CTh IIPHU-
BOAMT K (uIyKTyauuu 3apsja. BeaeacTBue storo
YacTUILBI MOTYT arjlOMEPUPOBATH APYT C IPYTroM
[32]. YrnepomHble HAHOYACTHIIHI, KOTOPHIC OBLIH
CHUHTE3UPOBaHbI 0€3 MOIYINPOBAHHOTO CHUTHAJA,
YTO MOKa3aJlyd KPUCTAUIMUECKYIO CTPYKTYypYy, IO-
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Ka3aHHYI Ha u300paxenun [IOM kak BcTaBka ¢
BBICOKHM pa3pemeHneM (PpUCYHOK 3T). ABTOPHI
paboThl [24] BHISBUIIM, YTO 3apSXKCHHBIC YACTHUIIBI
MOTYT BIUATH Ha KPUCTAJUIMYECKYIO CTPYKTYPY

YaCTHII. HOCKOJ’ILKy OonpIIne qacTHIbI COCTOAT
n3 0oliee MEJIKHX YacTHIl, 5TO YKa3bIBa€T Ha TO,
yto OOJbIIas qacTula ABJIACTCA arjioMeparomMm
MCIIKHUX YaCTHII.

a) 100 I'y; 6) 1 k['m; B) 10 x['w; ) 63 Momynsmn

Pucynok 3 — [1OM n3o0pakeHHs yIICpOAHBIX HAHOYACTHI], CHHTE3UPOBAHHBIX
IPU PA3IUIHBIX YACTOTAX MOMYIISIIAU

3aKkiIroueHue
3KCHepI/IMeHTBI, HpOBeHeHHLIe B I/IMHy.HBCHOM

paspslie aproH-MeTaH, MOKa3bIBalOT, YTO 4YacTOTa
MOJYTMPOBAaHHOTO WMITYJLCHOTO CHTHaja CyIie-
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CTBEHHO BIUSET HA POCT U JOPMHUPOBAHUS YIIIEPO-
HbIX HaHoyacTull. IlocpeactBom umnynscHoro BYU
curhana ¢ yactoramu 100 I'r no 10 xI' mosiBisgeT-
€ BO3MOYKHOCTb KOHTPOJISI Pa3MepoB YIIIEPOJHBIX
gactull B auanazoHe 40-70 uMm. Ilo pesymbraram



P.E. XKymanuinos u ap.

9KCTIEPUMEHTAUIbHBIX paboT U aHammza COM u
[IT9M MuKpOCKOTHH OBIIIO BSBIICHO, YTO MOMYJIH-
poBaHHbld BU curHan, B OCHOBHOM, BIIMSIIOT Ha
npouecc GpopmMupoBaHus U pocTa HaHOYacTUll. Tak
KaK OCHOBHBIMHM COCTABJIAIOIIMMH CHUHTE3UpYE-
MBIX YIJIEPOJHBIX HAHOYACTHUIL ABJISIFOTCS pPaJuKaIbl
YIIIEBOAOPOA, AaHHBIN 3()(eKT, B KOHEUHOM HTOTE,
BIUSIET HAa KOHLEHTPALMIO PagUKaJOB YIJIEpona,
KOTOpasi BO3pacTaeT ¢ yBEIMYEHHEM YacTOThl. Ta-

KHM 00pa3oM, UX YHCICHHOCTh YBEITUYHUBAETCS BO
BpEMS IMITYJIbCa M OCTAETCS HEM3MEHHOM BO BPEeMS
OTCYTCTBUS UMITYJIbCA.
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3AKOHOMEPHOCTHN HAKONAEHUA U PACITPEAEAEHUE BOAOPOAA
B NMOKPbITUAX TMTAHA, COOPMUPOBAHHbIX
HA CTAAbHOU NMOAAOXKE KATOAHO-AYTOBbIM METOAOM

OCHOBHbIM HarpaBAeHMEM B 00OAACTM MCMOAb30BAHUSI YIAEBOAOPOAHbBIX PECYPCOB SBASETCS
CO3AaHME METAAAOTMAPUAHOIO aKKyMyASITOpa BOAOPOAA. [MAPUABI — TBEPAbBIE HEAETYUME BELLECTB,
KOTOpble 06PasyoTCs NPU COEAMHEHUIN HEKOTOPbIX METAAAOB C BOAOPOAOM. MMPUHLMM MCNOAb30BaHMS
T’MAPUAOB B KQueCTBe CPeAbl AAS XPAHEHUS BOAOPOAA MPOCT: MOA AABAEHMEM METAAA 3axBaTbiBaeT
BOAOPOA, KOTOPbI PACTBOPSIETCS B METaAAE, 06pa3ysl HOBOE XMMMUECKOE BELLECTBO, a MPY HarpeBaHmm
rMAPMAQ ra3 OTAAETCS 06paTHO. METAAAOTMAPUAHBIA METOA aKKyMyAMPOBAHUS BOAOPOAA OCHOBaH
Ha CMOCOBHOCTM psiaa UHTEPMETAAAMYECKMX COEAMHEHWI, METAAAOB, CMAABOB M KOMMO3ULIMOHHbIX
mMarepraroB 06BpPaTHMO M CEAEKTMBHO MOTAOLWATH BOAOPOA. OOGbLEKTOM MCCAEAOBAHUS SIBASIOTCS
TUTAHOBbIE MOKPbITUS, CCHOPMMPOBaHHbIE Ha o6pasLax 13 HepxkasetoLlen ctaan 12X18H10T katoaHo-
AYroBbIM MeTOAOM. B mpouecce wuccaepOBaHMS NPOBOAMAOCH MOHHO-MAA3MEHHOE OCaXKAeHue
NOKPbITUIA. Tak>Ke NMPOBOAMAACH CKAHUPYIOLLAsS SAEKTPOHHAs MMKpockonust. OueHnBaAMCb (ha3oBbin
COCTaB U CTPYKTYpa MOKPbITUS TUTaHA B UCXOAHOM M HaBOAOPOXXEHHOM COCTOSHMU. OCYLLLECTBASIAOCH
rasoasHoe HABOAOPOXKMBAHME C MOCAEAYIOWENA OLIEHKOM BAMSHUS BOAOPOAQ Ha CTPYKTYpYy
cnaaBa. OCyLeCTBASIAOCh OCaKAEHME TUTAHA KaTOAHO-AYrOBbIM MeTOAOM. OcaXKaeHue MOKPbITUI
TUTaHa OCYLLECTBASAOCb Ha ycTaHoBKe «Paayra-CnekTp», aHaAM3 MUKPOCTPYKTYpbl MPOBOAMAOCH
Ha COM c mcnoab3oBaHuem mumkpockona Hitachi TM—2800 rasodyasHoe HacbileHUS BOAOPOAOM C
MCMOAb30BaHMEM aBTOMaTM3UpOoBaHHOro komrnaekca Gas Reaction Controller, ancdpaktomerp Shimad-
zu XRD-7000S, MeToA NMAABAEHUS B CPEAE MHEPTHOIO ra3a C MCMOAb30BaHMEM aHaAM3aTopa BOAOPOAA
RHEN 602 dumpmbl LECO.

KAtoueBbie cAOBa: CKOPOCTb COPOLIMM, KOHLLEHTPALIMS BOAOPOAR, HarbIAEHUE, METOA ra30(hasHoro
HaBOAOPO>KMBaHMS, TUTAHOBbIN CMAAB.

A.V. Kopyrina *, A.S. Abdyr

National Research Tomsk Polytechnic University, Russia, Tomsk
*e-mail: nastya.kopyrina.nk@gmail.com

Regularities of hydrogen accumulation and distribution
in titanium coatings formed on a steel substrate by the cathode-arc method

The main direction in the field of the use of hydrocarbon resources is the creation of a metal hydride
hydrogen battery. Hydrides are solid non-volatile substances that are formed when certain metals are
combined with hydrogen. The principle of using hydrides as a medium for storing hydrogen is simple:
under pressure, the metal captures hydrogen, which dissolves in the metal, forming a new chemical,
and when the hydride is heated, the gas is given back. The metal hydride method of hydrogen storage
is based on the ability of a number of intermetallic compounds, metals, alloys and composite materials
to reversibly and selectively absorb hydrogen. The object of the study is titanium coatings formed on
samples of 12X18H10T stainless steel by the cathode-arc method. In the course of the study, ion-plasma
deposition of coatings was carried out. Scanning electron microscopy was also performed. The phase
composition and structure of the titanium coating in the initial and submerged state were evaluated.
Gas-phase hydrogenation was carried out, followed by an assessment of the effect of hydrogen on the
alloy structure. Titanium was deposited by the cathode-arc method. Deposition of titanium coatings was
carried out on the Raduga-Spektr installation, microstructure analysis was carried out on SEM using a Hi-
tachi TM—-2800 gas-phase hydrogen saturation microscope using an automated Gas Reaction Controller
complex, a Shimadzu XRD-7000S diffractometer, and an inert gas melting method using a LECO RHEN
602 hydrogen analyzer.

Key words: sorption rate, hydrogen concentration, sputtering, gas-phase hydrogenation method,
titanium alloy.
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KaTtoATbIK-AOFaAbIK, dAicneH 60oAaT cyOcTpaTTa KaAbINTacKaH
TUTAH XKaObIHABIAAPbIHAA CYTEKTiH, )XMHAKTAAY )KoHe TapaAy 3aHAbIAbIKTapPbI

KemipcyTek pecypcTapbiH MaiAaAaHy CaAacblHAAFbl HEri3ri OaFblT CYTEKTiH METaAA TMAPUATI
aKKYMYASTOPbIH XKacay 60AbIN TabblAaAbl. [MAPUATED — Kenbip MeTaAAap CyTeriMeH GaMAaHbICKAH KE3AE
naaa 60AaTbIH KaTTbl YILMAATbIH 3aTTap. [MAPUATEPAI CyTeKTi cakTay opTachl PeTiHAE MariAaAaHy
NPUHUMNI KapananbIM: KbICbIMMEH METAaAA METaAAQ EPUTIH CYTEKTI yCTar, XXaHa XMMMUSIABIK 3aT Ty3eAl,
aA TMAPUATI 16 KbI3AbIpFaHAQ ra3 KamTaaaH Oepineai. CyTekTi )KMHaAKTayAblH METAAA TMAPUATI SAICI
GipkaTap MHTEPMETAAA KOCBIABICTAPAbIH, METAAAAPAbIH, KOPbITMAAAPAbIH >KOHE KOMMO3MULMSABIK,
MaTepraAAaPAbIH CYTEKTI KaMTbIMAbI )KOHE CEAEKTUBTI CiHipy KabiAeTiHe HerisAeAreH. 3epTTey HbiCaHbl
12X18H10T TOT 6acnanTbiH 60AQTTaH >KaCaAFaH YATIAEPAE KaTOATbIK-AOFAAbIK, SAICMEH KAAbINTaCKaH
TUTaH >kabbIHAAPbI GOAbIN TabblAaAbl. 3epTTey 6apbiCbiHAA >KabbIHAAPAbBI MOHABI-NIAA3MAAbIK, TYHALIPY
Kypriziaai. CoHbIMeH KaTap, CKaHepAeyLli SAeKTPOHAbI MMKPOCKOMNUS Ad XKYPri3iaai. bactankpl xeHe
MY3AATbIAFaH KYMAETi TUTaH >KabblHbIHbIH, (DA3aAbIK, KyPamMbl MEH KYPbIAbIMbI OaFaraHAbI. [a3odasanblk,
YAEYAIH CYyTeK KOCMaCbIHbIH KYPbIAbIMbIHA 8cepi 6araraHAbl. TUTaHAbI KATOATbIK, AOFa dAICIMEH TYHABIPY
XKYPriziaai. TuTtaH xabbiHAApbIH TYHAbIPY «Paayra-CrnekTp» KOHABIPFbICBIHAA >KY3€re acbIpbIAAbI.
MuKpOKypbIAbIMABI TaaAay YiwiH CIM-cypettepi Hitachi TM—2800 MUMKPOCKOMbI apKbIAbl aHbIKTAAAbI.
CyTterimMeH ras pasanbik KaHbIKTbIpy gas Reaction Controller aBToMaTTaHAbIPbIAFaH KELIEHIH NaiAaAaHy
apKbIAbI XKYpriziaai. Shimadzu XRD-7000S amndpaktomeTpi meH LECO cupmacbiHbii RHEN 602 cyTeri

aHAAM3aTOPbIH MaiAaAaHa OTbIPbIN MHEPTTI ra3 opTacbiHAA GAAKbBITY SAICI MaMAAAAHBIAADI.
Tyiin ce3aep: copOUMS >KbIAAAMADBIFbI, CyTEK KOHLEHTPAUMSChl, TO3aHAAHABIPY, ra3 drasasbik,

TacbIMaAAQY 8AICI, TUTaH KOPbITMNACHI.
BBenenne

B HacTos1ee Bpemsl UCIIOIb30BaHUE YIJIEBOMO-
pOOHBIX pecypcoB (HedTh, Ta3, au3enb, OCH3NH) B
Ka4yecTBE TOIJIMBA CTAHOBHUTCSI BCE MEHEE BBITOA-
HbIM. [laHHBIE pecypchl SIBISIFOTCS HE BO30OHOBIIS-
€MBbIMH HCTOYHMKAMHU SHEPTUH, NPOU3BOJICTBO M
UCIIOJIb30BaHUE KOTOPBIX IPUBOIUT K 3KOJIOTHYE-
ckuM npobsiemam. [IpuopureToM coBpeMeHHOH Ha-
VKM B TOMCKE AIbTEPHATHBHBIX BO300HOBIISIEMBIX
U DIKOJOIMYECKH YUCTBIX MCTOYHHUKOB SIBIIIETCS
o0ecrieueHne 4eI0BeUeCKO IHepriuel Ha OimKaii-
IIMe HECKOJBbKO coTeH yeT. OnHuM u3 Hanbomee
BEPOSITHBIX 3aMEHHUTENel OpPraHnYeckoro TOTUINBA
JUISL TPAHCTIOPTa U DHEPTeTHKH SIBISIETCS BOJOPO.
Hcnonp3oBaHue BOAOpOAa Ul BHIPAOOTKH 3HEp-
THH TIPUBOJIUT K PE3KOMY CHIDKCHHIO 3arpsi3HEHHS
okpyxaromeit cpensl [1]. Ha mytn x BogopoaHoH
SHEPreTHKE CTOUT PsLI MPodIIeM:

e [lpobnema modydeHHS W XPaHEHHS BOIO-
pona;

e JIpoGnema HaKOIUIEHHUS BOAOPOJA Ha OCHO-
BE TWJIPUITHBIX MATEPHAIIOB;

e JIpobnema pa3pabOTKH aBTOMOOMJIBHBIX
JBUraTese Ha BOAOPOIHOM TOIUIUBE.

BopoponHast sHepreTuka — 3TO HalpaBlleHHE
MPOM3BOJCTBA M TMOTPEONCHUST 3HEPTHH, KOTOPOE
OCHOBAHO Ha UCIIOJIb30BaHUU BOJOPOAA B KAYECTBE
CpeACTBa HAKOIUICHHS, TPAHCIOPTHPOBKH. [Ipo-
OnemMa akKyMyJTHUPOBaHHUSI BOJOPOJA MIIM XpaHEHUS

BOJIOpPOJIa SIBJISIETCSI OJTHOM W3 TJIABHBIX TPOOIJIEM
pa3BUTHS BOJAOPOJHON 3HepreTuku [2]. OcHOBHOE
HaIpaBJieHHe HACTOSIIET0 HCCIIeI0OBaHMS TIOCBAIIE-
HO pa3paboTKe 3P (PEKTUBHBIX MATEPUAJIOB HAKOITH-
TeJIsE BOJOPOAA.

Bomopoa, mOrIomeHHbI MeTaaioM, MOXET
NPUCYTCTBOBATh B HEM B PA3IMYHBIX COCTOSHHSIX:
¢ oOpa3oBaHHEM TBEPABIX PacTBOPOB; CHOPMHPO-
BBIBAaTh CETPETANMI0 Ha HECOBEPIICHCTBAX KpH-
CTaJUIMYECKOW CTPYKTYpBI; alcopOHpyeTcst Ha MO-
BEPXHOCTH MHKPOYACTHUI] U YaCTHI] BTOPOii (a3l
HaKaIUIMBAaeTCd B MHKPOIIOpPaxX B MOJEKYJISPHOM
(hopme; 0OpazyeT ruApUIbl C OCHOBHBIM METAJIJIOM;
B3aMMO/ICHCTBYET C JICTHPYIOIIUMHU dJIEMEHTAMH U
BTOpBIMH (hazamu [3].

Hamnuue paxxe manblx mnpumeceil Bogopozaa
MIPUBOJUT K TIOHM)KEHHOW IJIACTUYHOCTH, YBEIHYE-
HUIO CKIIOHHOCTH K 00pa30BaHHUIO TPEIINH, BEICOKON
YyBCTBHUTEIBHOCTH K KOHLIEHTPALXSM HanpsHKeHUN
B TEXHUYECKOM THUTaHE U O-cIiaBax. (o+f3)-criaBsl
MPU TIOJOKUTENBHBIX PE3yJIbTaTaXx CTaHJAPTHBIX
WCIIBITAHUI MEXaHUYECKUX CBOWCTB HA Pa3phbiB HE
BBIIEP)KUBAIOT JIEHCTBUS DKCILTyaTAI[MOHHBIX Ha-
rpy30k [4]. COBOKYITHOCTh SBIICHHM, CBS3aHHBIX C
BpEIHBIM BIMSHUEM BOJOPOJAa HA MEXaHHMYECKHE U
TEXHOJIOTHYECKHE CBOWCTBA TUTAHA M €TO CILIABOB,
00BEIMHSCTCSI TEPMHUHOM «BOJIOPOJTHAS XPYIIKOCTh
TUTaHAY.

[IpoGiiema momydeHus] BOJOPO/a BHICOKOW UH-
CTOTBI, B TOM 4YHCJe M M3 OCOHBIX 10 BOJOPOAY
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ra3oBBIX CMeceH, MOXKeT OBITh pellieHa CO3JaHHEeM
a0COpOITMOHHBIX YCTAHOBOK, B KOTOPBIX Macca JIHC-
MIEPCHOTO MOPOIIKA MM KOMIIAKTHOTO MaTrepuaja
Ha €ro OCHOBE, COJICPKAIIEro OPraHUYEeCKOe WIIH
METAITMYECKOe CBSA3YIOIIEe, MOCIeA0BATEIHO pa-
0oTaer B pexxume copOrur—necopouun. [Ipu sTom
ra3oBasi CMECh MOXET COJIepKaTh OYSHb MaJIO BOJIO-
poma— g0 10— 15 06. % [5, 6, 7].

3Hast SHEPTHIO CBI3U BOJIOpOJA B MeTailie (Uc-
monk3yst Metosi TDS), MOXHO OIICHHTH, B KaKOM
COCTOSIHMM WJIM B KakOM JedeKTe HaXOIWICS BO-
nopoj. Tak, B HEKOTOpBIX paboTax [6, 7] ObLIO M0-
Ka3aHo, YTO 3HEPTHUs CBI3U BOAOpOJa B ¢opMe TH-
JIPUIOB HAXONIUTCS B JMara3oHe 3HavueHwii oT 100
kJIx / monb o 110 x[x / MOJb, 4TO 3aBHCUT OT
cnocoba BKIIIOUEHHS Bojopona , st kpaeBoii muc-
JIOKAIIUX DHEPTUS CBSI3M COCTABIISIET MpUMeEpHO 60
k/JI / MOJIb, ¥ Takasi JHEPTHUS CBSA3U OYIET BEPXHUM
TIpeIesioM JIJIsl OOpaTUMBIX JIOBYIIIEK [8, 9].

3KCHepHMEHTaJII>HaH YCTaHOBKAa M METO/IU-
Ka MPpOBEACHUS IKCIIEPUMEHTOB

B kauecTBe Marepuaina nMccleIOBaHHUS UCIOIb-
30BaJIOCh TUIOCKHE KBaJpaTHbIE 00pa3Ilbl pa3MepoM
20x20x1 MM u3 HeprkaBeromieii cramu 12X181810T.
[Nepex n3mepeHUAMU MPOBOJUIOCH MOATOTOBKA 00-
Pa3IoB, BKIIOYAs CIIEAyIOIuUe 3Tamnbl: 1 — numdos-
Ka ¥ TIOJTUPOBKA 00pa3LioB C MCIIOIb30BaHUEM Kap-
OMIOKPEeMHUEBON NUTH(POBAIEHON OyMaru ¢ MapKu-
poBkamu 1o ISO ot 160 go 4000, 2 — npoMbIBKa B
yIBTPa3BYKOBOWM BaHHE C alleTOHOM B TeueHue 20
MHUHYT, 3 — IOTIOJHUTENbHAS IPOMBIBKA B allCTOHE
HEMOCPEICTBEHHO TIepe/l TIOMEIIeHnEM 00pa3IloB B
KaMepy yCTaHOBKY «Pamyra—crnexTp» Iis mpoBese-
HUS HOHHO— IIJIAa3MEHHOTO TIOKPBITHS.

Pacmipenenenue s1eMeHTOB B 00pa3ax TUTaHO-
BOTO CIUIaBa MCCIEA0BAIOCH METOJIOM ONTUYECKON
CIEKTPOMETPUHU PAZUOYaCTOTHOTO TICIOLIETO pas-
psana [10]. DToT MeTox MO3BOJIAET OBICTPO aHAIH-
3UPOBaTh MOBEPXHOCTH M MPO(UIb TITyOUHBI pac-
MpeIeNieHNs] 3JIEMEHTOB IOKPBITHS TOJIIMHOW OT
HECKOJIbKIX MUKPOMETPOB J0 HECKOJIBKIX HAHOME-
TpPOB.

Ocaxnenne nokpeituii TutaHa (Ti) ocymiect-
BIISUTOCH Ha yctaHoBKe «Pamyra-Crnextp» oTaene-
HUS DKCIIEPUMEHTATIBHON Qu3nKH TOMCKOTro Mmoju-
TEXHUYECKOTo yHuBepcutera. OcaxIeHHe MOKpHI-
THUH OCYIIECTBISIIOCH KAaTOTHO-AYTOBBIM METOJIOM
(dpusuueckuit merox) [11, 12]. [punnun merona
3aKJIIOYAETCs] B KOHACHCAIIMU HA TOIOKKY (U31e-
JIue) MaTtepualia MOKPHITHS W3 TUIA3MEHHBIX ITOTO-
KOB, T€HEpHPYEMBIX Ha KaToJe B KaTOIHOM IISITHE
BaKyyMHOH JYTH CHIIBHOTOYHOTO HU3KOBOIETHOTO
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paspsina. [lyis peann3anuu KaToMHO-IyTOBOTO METO-
Jla UCTIOJIb30BAJICS] BAKYYMHO-/IyTOBOH MCIIAPUTENb
C THTaHOBBIM KaToJOM. VICHoyb30BaHKE TYrOBOTO
paspsima obecrednBaeT (HOPMHUPOBAHUE METAIIIH-
YeCKO#l IIa3MBl C BBICOKOH CTENEHbIO MOHHU3ALNU
(cBbime 90%). CpenHee 3apsiioBO€ COCTOSIHHE HO-
HOB TUTaHa COCTaBIIAIO ~ 2. B kauecTBe kaTozaa uc-
noJb3oBaics Tutad Mapku BT1-0 (99,95%).

PesyabTathl

OcaxxieHne TuTaHa KaTOAHO-TyTOBBIM METOIOM
Ha 00pa3isl U3 Hepkaperome cramu 12X18HI10T
MIPY Pa3IMnYHBIX apaMeTpax Mo3BoJsieT chopMHUpO-
BaTh MOPHUCTHIE W TUIOTHBIE TIOKPBHITHS C TONIIUHA-
mu 20 u 80 MkM. OcaKIeHHBIE TTOKPBITUS COAEPKAT
100% o-¢a3el THTAaHa C TeKCArOHAIBHOW IJIOTHO-
YIIaKOBaHHOHW pemieTkoi. Bo Bcex oOpasmax Ha-
OmroiaeTcs XapakTepHasi TeKCTypa B HalpaBICHUH
(002), oOycnoBieHHast pe>KUMaMH HaIbUICHUS TO-
KpbITUN. B 0CaX/IEHHBIX OKPBHITUSIX TUTAHA COJIEP-
aHHe Bojiopoja He mpesbimaeT 3HadyeHus 0,0013
Macc. %, MOKPBITHE PABHOMEPHOE, TIEPEXO1 TOKPHI-
THE-TIOJIO’KKA YETKO BBIPaXKEH.

[To nMHEHHBIM Yy4YacTKaM KpPUBBIX COPOIMHU
ObUTH OTpesieNieHbl 3HAYeHHsI CKOPOCTH COpOIUU
BOJZIOpOAA ISl KaXKJI0W Cepuu 00pasIoB Ui Kax-
JI0i TemIiepaTypbl HaBoAopoxuBaHua. Kpome toro,
OBUTO OTpefeNieH0 MaKCHMalbHOe 3HaueHHe KOH-
HEHTpPaMi BOAOPOAA, KOTOPOE HAKAIJIMBAeTCS B
oOpasue. JlaHHOe 3HayeHHE KOHLIEHTpAIUU BOJIO-
polla ompeAenseTcss BOIIOMETPHYECKAM CITOCO-
00M TpY MOMOIIM CHENHAIBFHOTO MPOrpaMMHOIO
oOecrieyeHns] aBTOMAaTHU3UPOBAHHOTO KOMILIEKCA
GasReactionController. HM3mepenune coaepxanus
BOJIOpPOZa JIBYMSI CIOCOOaMHU IO3BOJIET B IIEJIOM
MOBBICUTh TOYHOCTH ONpPEACICHUS KOHLEHTpalun
BOJIOPO/A.

O6pazupl | cepun, MOKPHITUS TUTaHA TOJIIH-
Hoit 20 MxM HakamnuBaroT 3,96 macc. % Bomopona
[IpY HAaBOJOPOXKMBaHUM Ipu Temrepatype 450 °C
(puc. 1). YBenuueHnue teMrepatrypbl HaBOAOPOKH-
Banus 10 500 °C nNpuBOAUT K CHUKEHUIO EMKOCTH
mo 3,24 macc.%. JlanpHelilee yBeIHYEHHE TEM-
neparypsl 10 550 °C npuBoIUT K eile 00bIIeMy
CHIDKEHHUIO0 eMKocTH 10 2,84 macc.%. O6pasusr 11
CcepHH, TOKPHITHS THTaHA TOMMHUHON 80 MKM Haka-
mBaroT 3,98 macc. % BozopoJia mpyU HABOAOPOXKH-
BaHuM 1ipu temmneparype 450 °C (puc. 2). YBenu-
YeHHE TeMITepaTypsl HaBogopoxkuBanus 10 S00 °C
MPUBOJNUT K CHIKEHUIO eMKocTH a0 1,29 macc.%.
HanpHelmee yBenuueHue teMmeparypsl 1o 550 °C
MIPUBOJINT K €1lie OOJIbIIeMy CHIKEHHIO €eMKOCTH 710
0,78 macc.%.
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Pucynoxk 1 — Kpussle copbuun Boxopoa IpH pa3iInaHbIX Pucynok 2 — Kpussle copOuuy Boxopo/a npH pa3IndHbIX
TeMIIepaTypax HaBOJOPOXKHUBAHUS 00pa3oB TeMIIepaTypax HaBOJOPOXKUBAHUS 00pa3IoB
u3 I cepuu ¢ nokpeITHeM TONIMHON 20 MKM u3 II cepuu ¢ nokpeitueM TomuuHoOu 80 MKM
3akiiouenue (1)21301301"0 COCTOsITHUA HOKpLITI/Iﬁ THUTaHa I10CJIC HaBO-

JIOPOKUBAHUS KOPPEIUPYIOT C 3aKOHOMEPHOCTSIMH
YcTaHOBNIEHBI 3aKOHOMEPHOCTH HAKOIUIGHWSI  Mpoliecca HaBOMOpPOKMBaHUsA. [l Bcex cepuil 00-
W pacrpeneNeHs] BOAOPOJa B MOKPHITUAX THTaHa,  Pas3lioB ()a30BbIi COCTaB 3aBUCHT OT KOHIICHTPAIUH
c(OPMHUPOBAHHBIX Ha CTAIBHOM TOMJIOKKE KaTOA-  BOAOPOJA: yeM OOMbIe KOHIICHTpAIUs BOJIOPOJA,
HO—IyroBBIM MeToIoM. OCOOEHHOCTH CTPYKTYPHO-  TEM BbIllle 00bEMHAs J10JIsl TUAPH/IOB B IIOKPHITHH.
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UCCAEAOBAHUE ONMTUYECKUX CBOUCTB
PEKOHAEHCATOB CCL,, TOAYYEHHbIX METOAOM
KPUOMATPMYHOUN U3OAALNMN.

MHpakpacHas CrekTpoCKomnms MOAEKYASIPHbIX COEAMHEHWI MPEACTABASET COBOM aKTyaAbHYIO
METOAMKY AAS MU3YUEHMSI HU3KOTEMMEPATYPHbIX 06bekTOB B COAHEUHOM CUCTEME U 32 ee MPEAEAaMMU.
B Hay4HOM MCCAepAOBAaTEAbCKOM CpeAe  MPEACTABAEHO LEeAOe  HarpaBAEHWE  MCCAeAOBaHWM
HU3KOTEMMEePATYPHbIX, aMOPMHbBIX M KPUCTAAAMYECKMX COCTOSHMI (ha3, MAEHTUPULMPOBAHHBIX B
MAAQHeTapHO HayuHbix pabotax. CylecTBYeT MOAE3HbIA CUMOMO3 MEXAY Pe3yAbTaTamu AAHHbIX,
MOAYYEHHbIX B XOAE aHAAM3a KOCMUYECKMX annapaToB U MOAEAbHbIX 3KCMEPUMEHTAAbHbIX YCTaHOBKaX
B 3EMHbIX YCAOBMSIX MX BbINOAHEHMS. B AaHHOM paboTe npeACTaBAeHbl PE3yAbTaTbl MCCAEAOBAHMS
OMNTUYECKMX CBOMCTB M METOAMKM KPUMOMATPUUHOM M3oAadumm KpunokoHaercatos CCl, B kauectse
MaTPUYHOrO rasa MCMoAb30BaAuChb a30T N, 1 aproH Ar (uncrtotoinr 99,99%), npeacTasags co6oit
onTnyeckn npo3payHbii B MK AManasoHe MCCAEAOBAHMI MATPWMYHbINA ra3. AManasoH OMNTUYECKMX
nccaepoBanHuin — 400-4200 cm’!, TemnepaTypHblA MHTEPBAA CyLLECTBOBAHUS KPWOKOHAEHCATOB —
T=16 — 120 K. M3yueHbl onTiyeckmne xapakTepucTukm pekoHaencatos CCL, B npouecce cy6aMMaLmm
MaTpPMYHOro rasa rnpu TEPMOLMKAMPOBAHMM 0OPasLOB PEKOHAEHCATOB C MOBEPXHOCTU KOHAEHCaWM.
OKCneprMeHTaAbHO OOHapY>KEHO U MOATBEPXKAEHO AAs KpuokoHaeHcatos CCl, cyulectBoBaHue
CTabMALHOIO CTPYKTYPHOrO COCTOSIHMSI B MHTEPBAAE HU3KMX Temrepatyp. AaHHblii hakT MOXKeT
MCMOAb30BaTbCsl B METOAMKE AAS M3YUYeHUs! CTabUAM3aLMM  MOAEKYASPHbIX COEAMHEHWIA Mpw
COKOHAEHCALIMM Ha OXAAXKAEHHble MOBEPXHOCTU B BbICOKOM BaKyyme. B kauecTBe kpuomatpuupbl B
uHTepaae Temnepatyp T=16 — 80 K MoxHo ncnoabsosatb CCl,

KatoueBble caoBa: KprokoHAeHcaT, MK-cnekTp, pekoHAEHCAT, MOAAOXKKA, aproH.
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Research of optical properties of recondensats
CCl4 received method of cryomatrix isolation

Infrared spectroscopy of molecular compounds represents the most relevant method for studying
low-temperature objects in the solar system and beyond. The whole research area represents the study
of low-temperature, amorphous and crystalline states of phases, identified in planetary scientific work.
There is a useful symbiosis between the results obtained in the course of the analysis of spacecraft and
model experimental installations in their terrestrial conditions. This work presents the results of the
study of optical properties and methods of cryomatric isolation of CCl,. Argon Ar and nitrogen N, (pure
99.99%) was used as the matrix gas, representing its optically transparent in the IR range of matrix gas
studies. Range of optical studies 400-4200 cm™', temperature range of cryocondensates T = 16 — 120 K.
The optical characteristics of CCL, condensates have been studied in the process of sublimation of matrix
gas during thermocycling of condensate samples with condensation surface. Experimentally discovered
and confirmed for cryocondensates CCl, the existence of a stable structural state in the low temperature
range. This fact can be used in the method of studying the stabilization of molecular compounds during
condensation on cooled surfaces in high vacuum. As a cryomatrix in the temperature range T = 16 — 80
K can use CCl,.

Key words: Cryocondensate, IR-spectrum, recondensate, substrate, argon.
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HCCHGZ[OB&HI/IS OITHYECKHUX CBOMCTB PEKOHCHCATOB CC14, MOJY4YE€HHBIX METOAOM KpHOManHLIHOﬁ HU30JIALUA.
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KpuomaTpuuaHbl oKLayAay apKbiAbl aAbIHFaH
CCl, pekoHAeHCaTTapbIHbIH, ONTHKAAbIK KacHMeTTepiH 3epTTey

MoaekyAaAbIK, KOCbIABICTapAbIH, MH(PPaKbI3blA cniekTpockonusicbl KyH >KyieciHaeri >keHe oaaH
ThIC >KEPAEPAE TOMEH TemrepaTypaAbl HblICAHAAPAbI 3epTTeyAiH 63eKTi 8Aici 6oAbIN TabblAaAbI.
TemeH TemnepaTypanbl, aMmopdThl XKaHe KPUCTaAAbl (Da3aAbIK, KYMAEPAI 3epTTeyAiH OyKia GarbITTapbl
KONnTereH fblAbIMM €HOEKTEPAE YCbiHbIAFAH. fapbilw annapartapbiH Taaady 6apbICbiHAQ aAbIHFaH
HOTMXKEAEP MEH OAapAbl iCKe acblipyAbIH XXepAEri >KaFaaiAapAa AarbIHAAAFAH MOAEABAIK KOHABIPFbI
TypAepi apacblHAa naraanbl cum61os 6ap ekeni 6eariai. bya sxymbicta CCl, KprokoHAeHCaTTapbiHbIH,
ONTMKAAbIK, KaCMeTTepi MeH KPUOKOHAEHCATTbI OKLLAYAQy SAICIHIH 3epTTey HOTUXeAepi KeATIpIiAreH.
MaTpuuaabik, ras peTiHAe asoT N, neH aproH Ar (TazanbiFbl 99,99%) nanaaAaHbiApbl. MHQpakbI3biA
3epTTey AManasoHbIHAQ OAApP OMTUKAAbIK, MOAAID MATPULAABIK, ra3 GOAbIN TabblAaabl. ONTUKAABIK,
3epTTey amanasoHbl 400-4200 cMm™', KPUOKOHAEHCATTApAbIH OMIP CYPY KabbIAETiIHIH, TemnepaTypanbik,
apaabliibl T = 16-120 K. KoHaeHcaums 6eTiHeH peKOHAEHCATTap YATIAEpPiH TEPMOLMKAAEY Ke3iHAE
MaTpuuanblk, rasabl - cybammaumsiaay npoueciHaeri  CCl, pekoHAeHCATTapblHbIH — OMTMKAAbIK,
cvnatTamanapbl 3eptreaai. CCl, KprokoHAeHcaTTapbl VLIH TeMeH Temnepatypa AMarna3oHblHAQ
TYPaKTbl KYPbIABIMABIK, KYMAIH OOAYbl 3KCMEPUMEHTAAABI TYPAE aHbIKTaAAbl XKOHE pacTaAAbl. bya
(hakTiHi JKOFapbl BaKyyMAAFbl CAAKbIHAATbIAFAH GeTTepre COKOHAEHCALMSIAQY KE3iHAE MOAEKYAAAbIK,
KOCbBIABICTApPAbIH TYPAKTaHYbIH 3€pTTEyre apHaAFaH aaicTeMeAepAe KoAaaaHyFa 6oaaabl. T = 16-80 K

TemrepaTypa apasbirbiHAa kpromatpuua petiHae CCl, koaaaHyra 6oAaAbl.
Ty#iH ce3aep: KprokoHAeHcaT, MK-cnekTp, peKoHAEeHCaT, Tecemlle, aproH.

BBenenue

CoBpeMEHHBIC HCCIIC/IOBAHUs, HAIlpaBJICHHBIC
Ha UJICHTU(PUKAIMIO MOJICKYJI I MHOTOATOMHBIX HO-
HOB B TUIAHETHBIX U MEX3BE3HBIX CPENax B OCHOB-
HOM TIOJIararoTcs Ha J1a00paTOPHBIC Pe3yIIbTaThl XH-
MUYECKUX U (PU3NYECKUX CBONCTB, B OCOOCHHOCTH
Ha CIIeKTpoCKonmUeckue AaHHble [1]. AKTyabHON
3a/jaueil SBISICTCS YCTAHOBJICHHUE 3aKOHOMEPHO-
CTell 00pa3oBaHMsI M CYIIECTBOBAHUS CTPYKTYPHBIX
TpaHcopMaluii B KPHUOKOHIEHCATax MIMPOKOTO
cnekTpa coeaunenuit [2-4]. Takum oOpaszom cyiie-
CTBYEeT IIOOANBHBI CHMOMO3 MEXOYy TeopeTHye-
CKMMHU HUCCIICAOBAHUAMHU U SKCHCPUMEHTAJIbHBIMU
paboTamMu ¢ XOPOIIO KOHTPOJIUPYEMBIMH YCIIOBUSI-
MU UX TIPOBE/ICHUSI.

B 3TOM CcMBbICIIE METOJI KpUOMATPUUHOM H30JIf-
MU TIPH COBMECTHOM KOHJCHCAIMU OOpasIoB Je-
MOHCTPHUPYET YHUKAIBHYIO BO3MOKHOCTH TMOJydYe-
HUS Pa3IMYHOTO POja COCTOSHUN CTPYKTYp 00Opas-
[IOB IIMPOKOTO CIIEKTpa BEUISCTB, IMyTeM razodas-
HOHM KOHAEHCAIlMW Ha KPUOTEHHBIX IMOBEPXHOCTSX.
[Ipu 3TOM OCHOBHBIC MapaMeTPbl KPHOOCAKICHUS,
Takhe Kak TeMIepaTypa IMOJUIOKKH, aBJICHHE ra-
30BOM (pa3bl M €€ KOHIIEHTPAIHI MOTYT OBITh U3Me-
PEHBI U TOIAEPKUBACMBI ¢ HEOOXOIUMO BBICOKOU
TOYHOCTBIO [5].

OOmmpHBIC UCCICTOBAHUS BEAYTCS B KPYITHBIX
MHpPOBBIX IIEHTpax B paMKax OOIel MporpaMMbl
OTIpeNeICHNs BEIECTB U aHAJIN3¢ CBOMCTB MpH 00-
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pa3oBaHUM KPHOKOH/ICHCATOB HA O0BEKTaX OTKPHI-
TOro KocMoca [6-9].

MHOX€eCTBO SKCIIEPUMEHTANBHBIX 3a7a4 U TeX-
HUYECKHUX YCJIOBUH, KOTOPBIE MOXKHO PEIIHTh C UC-
MOJIb30BAaHMEM METOAa KPUOMATPUYHON W3OIISIUH,
B KOTOpBIE BXOIUT YCTAaHOBJICHHE CBSI3U MEXKIY
CTPYKTYpOH KOHJCHCHPYEMBIX MOJICKYJ M YCIIOBH-
SIMH WX KPUOOCKACHUS C OJHON CTOPOHBI, M CBOH-
CcTBaMH 00pa3yIOUINXCS MIPH HU3KUX TeMIIeparypax
TUICHOK, TAKMX KaK CTENeHb CTa0MIBHOCTH, C JpY-
roil CTOpOHBL. B 4WacTHOCTH, pedb MOXET HITH O
MIPOBEPKE POIH MOJIEKYISIPHOTO CTPOSHHS H CKOPO-
CTH OCKACHUS MCCIEAYEMBIX BEILIECTB B Mpolecce
00pa3oBaHUsl HEYMOPSAIOYSHHBIX COCTOSHUI U TI0-
CIIEAYIONINX TEPMOCTHUMYIHUPOBAHHBIX TpaHC(Op-
Maruii B oopasuax [10].

UK-criekTrpomMeTpuueckie UCCIeOBaHUS, B
CBOIO OYepellb, MOTYT MPEeNOCTaBUTh HHOpMA-
U0 00 WHIWBHIYaJIbHBIX KOJICOAHUSX MOJICKY-
Bl TETPAXJIOPMETaHA M HX PEaKIUsAX Ha TepMO-
CTUMYJIMPOBaHHBIC TIPEBPAICHUSI B HCCIIETyEeMbIX
o0Opasiax.

HccnenoBanus mporieccoB KPHOKOHICHCAITNH H
CBOMCTB TOHKHX IUICHOK BaKyyMHBIX KOHZICHCATOB
MOATBEPAIIN (DaKT O TOM, YTO METON (PU3NIESCKOTO
CYXOTr0 BaKyyMHOTO OCaKAEHHWs sBisieTcs dddex-
TUBHBIM CIIOCOOOM TMOJYYEHHUS CTEKI00Opa3HbBIX
aMOp(HBIX COCTOSTHUN MPOCTEHINNX Ta30B. ITO SB-
JSeTCS TMPUINHONW WHTEHCHBHOTO FWCIIONE30BAHUS
3TOTO METOJa B MOCIIEAHUE HECKOJIBKO JIET AJIS U3-
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YUEHHsI HIMPOKOTO CIEKTPa CTEKI000pa3yIoIuX Be-
mects [11-15].

[TonBo/Ist UTOT BBINMIEU3IOKEHHOMY, HAMU OBLIH
npoBeaeHbl  MK-cnexkrpomeTrpudeckue uccieno-
BaHUS TIPOIECCOB O0pa3oBaHUs M CTPYKTYPHBIX
TpaHchopMalii B KPHOBAKYyMHBIX KOHJEHCATax
KproMarpu4Ho usonuposannoro CCl,, B apro-
He. OCHOBHBIM (DaKTOPOM IS TIPOBEICHHUS TaKHX
HCCIICIOBAHUM COCTOUT eme W B ToMm, uTto MK-
CIIEKTPOMETPUYECKHE HCCIECOBaHUS MOTYT JaTh
nHQOpPMAHMIO 00 OTIAEIHHBIX KOJICOAHUSIX MOJICKY-
Tl TETPaxXJIOPOMETaHa, UX PEaKUUH Ha TEPMOCTH-
MYJIMPOBAaHHBIE MPEBPALICHHUS B UCCIEAYEMBIX 00-
pasmax.

BKCHepHMeHTaJIbHaﬂ YCTaHOBKAa U METOAM-
Ka NPOBEACHUA IKCIICPUMEHTOB

B nmanHOW pabore mpeanararoTcs pe3yNbTaThl
NK-crekTpoMeTprUueCcKuX HUCCAEIOBAaHUNA TOHKHUX
IJIEHOK KpHuoBakyyMHbIX Konjencaros CCl,, oGpa-
30BaHHBIX HA METAJLTUICCKOH MOJJIOKKE B UHTEPBA-
ne Temreparyp ot 16 no 100 K u gaBienuii razoBoi
¢assr P=10° Top. Kak umssectHo [15], momexyna
TeTpaxJopoMeTaHa SBJISIETCS CPEPUUECKH CHMMeE-
TPUIHOW MOJICKYIIOH, Y KOTOpOH, (IT0 aHAJIOTHH C
BOJIOPOJIOM B MOJIEKYJIe METaHa) MOJIEKYJIbI XJIOpa
pacronararorcs 1o yrjiam paBHOCTOPOHHETO TeTpa-
3Ipa, a yIIIepo PacloIokKeH B IIEHTPE ITOTO TeTpa-
371pa. B COOTBETCTBUHU C TETPAAPUUECKON MOACIIBIO
B MH(PaKpaCHOW YacTH CIIEKTpa MPOSBISIOTCS B
OCHOBHOM JIBE CHJIbHBIE TIOJIOCHI TIOTJIONICHNS — Ha
yactote 305 cM! 1 Iy6IIeT B OKPECTHOCTSIX YaCTOTHI
v,= 775 cM’! ¢ MakCHMyMaMH TIOIJIONIEHHS Ha 4a-
crorax 768 cm! u 797 cm!. PaciieruieHue moiochl
cBsa3aHO ¢ pe3oHaHcoM Pepmu. Ilonoca Ha yacTo-
Te 305 cM! HaxomuTcs BHE paboyero auamnazoHa
criekrpomerpa MKC-29, Takum oOpa3om, B TaHHOI
paboTe MBI aHAIM3UPYEM TOJIOKEHHUE U aMIUTUTYILY
MOIVIOIIEHHS yKa3aHHOTO y0rera.

OKcIleprMeHTalbHas YCTAaHOBKA M METO/NKA
MPOBECHUSI U3MEPEHUH ObllIa HAMH paHee MoIpoo-
HO onmcaHa [16], Tak 4TO OrpaHMYUMCS KpaTKOH
nH(opManme 00 OCHOBHBIX ITapaMeTpax yYCTaHOB-
KA U 0COOCGHHOCTSIX PadOTHI C TETPaxJIOpPOMETaHa.
Hunuenpryeckas BakyyMHas KaMepa TUAMETPOM
1 BBICOTON 450 MM M3rOTOBJICHA M3 HEP KaBEIOMIECH
cramu. Ee oTkauka ocymiectBisieTcsi TypOoMmorie-
KyIsipHBIM HacocoM Turbo-V-301 mo mpenensHOTO
Bakyyma 10 Top. JlaBneHre B KaMepe U3MeEPSET-
csi mpeobpazosarenieM FRG-700 ¢ koHTpomiepom
AGC-100. B neHrpe kaMepsl pacrloloXeHa MOoJ-
JOKKa (Menb, TIOKPHITas clioeM cepebpa), 3akpe-
TUIEHHAs Ha BEpXHEM (IaHIe KpHOTEHHOM CHCTEMBI

I'npdpopna-MaxMarona. I[lpenenvHas Temmnepary-
pa oxnaxnaenus kpuocrara T=12 K. HN3mepenue
TEMIIEPATYPHI OCYLIECTBIISETCS IIJTaTUHOBBIM TEP-
MOPE3UCTOPOM C TIOMOIIBIO TEPMOKOHTPOJIEpa
M335/20c. Peructpammsi CHEKTPOB IOTJIOMICHUS
mpoBoamiack ¢ momombio MK-cnexkrpomerpa MKC-
29 B untepaie yactot 400-4200 cm'. M3mepenus
CKOPOCTH KOHJIEHCAITMU U Kod(duimeHTa mpeaom-
JICHUS! TUIEHKU OCYIECTBISUIOCH C TIOMOIIBIO JIBYX-
JTy4eBOro Ja3epHoro uurepdepomerpa. nuna Boi-
HbI Ja3epoB cocTapisia 420 am. Yucrtora Terpax-
nopomeTana cocrasisuia 99,2%. HenmocpenctBenHo
repe]; U3MEePeHUSIMHA TPOBOAMIIACH JieTasalus, Co-
cyn ¢ CCl, orkaunsaics 10 nasienus 0,1 Top.

Taxum 00pazom, MOPSIIOK MPOBEACHHS IKCTIEPH-
MEHTOB ObLI ciienyromuM. Kamepa oTkaunBanach 110
nasienns 10%Top, mocie Yero momIokKKa OXiraxa-
nachk 1o Temmeparypel T=16 K. Jlanee ¢ momorisio
HaTeKaTessl, COSAMHEHHOTO C CHCTEMOW MpoOomoa-
roroku razoB N,, Ar u CCl,, ocymecteisics Ha-
IIYCK CMECH ra3a B KaMepy JI0 IOCTIDKSHUS paboyero
nasienus kpuokoraencanuu (104-10° Top). C mo-
MOIIBIO JIA3ePHBIX MHTEP(HEPOMETPOB PErHCTPUPO-
BaJIUCh HHTEp(dEpOrpaMMBbl POCTA ISl ABYX Pa3iiny-
HBIX yIJIOB TajieHrs. Ha OCHOBaHMY THX JAHHBIX IO
anayoruu ¢ [17,18] paccunThiBaImch KOAPHHUIHCH-
ThI IPEJIOMJICHUA, CKOPOCTh KOHACHCAIUU WU TOJIIIU-
Ha TUIeHKH. Jlanee HalycK rasa MmpeKpaiaics U Mmpu
(bmKCHpPOBaHHON TONIIMHE TUIEHKH W TEMIIepaType
MOMJIOXKKHN U3MEPAJICA CHEKTP IOITIOIICHUA IJIICHKH
KPHUOKOH/IGHCATOB, TOCTIE YEro CHEKTPOMETP yCTa-
HaBJIMBAJICS HA BRIOPAHHOW YaCTOTEC HAOIONCHUS U
U3MEpSUICS CUTHAJl CTIEKTPOMETPa Ha TAaHHOW 4acTo-
TE B XOJIc U3MEHEHUS TEMITePaTyphl 00pasia.

Pe3y.111>TaT1>1 u 06cy)lc)1elme

TakuM 00pa3oM B pe3yabTare HCCICIOBAHHMA
ONTUYECKUX CBOWCTB kpuokoHaeHcaroB CCl . ObLI1a
TaKk)ke 0TpaboTaHa METOUKA KPUOMATPUIHOH U30-
nsaun. B xauecTBe MaTpUYHOTO Tasza HMCIIONB30Ba-
JUCH JIBa MHEPTHBIX Trasa, a30T W aproH. B cucre-
M€ MPOOOIONTOTOBKHA Ta30B AKCHEPUMEHTAIBLHOM
YCTaHOBKHM Haryckanuch 1o odepenu CCl, u omun
13 UHEPTHBIX ra30B B koHIeHTpauu 50/50 %.

Janee Tak Ha3piBaeMas CMECh HAITyCKalach B
BaKyyMHYIO KaMepy 10 JaBJICHUS KOHICHCAIH Ha/T
nomnokkoi mopsiaka P=10° Topp. TommuHe! 1mre-
HOK KPHOKOHICHCATOB CMeCH cocTaBistm d=2,5
MKM. M3mepenust UK crieKTpockonuu npoBOAUIUCH
npu Temneparypax oT T=16K u BIuioTs 10 Temme-
parypsl cyonuManu oopasios. TeM caMbIM TONY-
4geHBI CIIeKTPHI TpH T=16K 1 mocie oTKura miIeHKA
T=94K. Ha pucynke 1 mpencraBieHbl XapakTepHbIe
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KkpuBble noj0c noromenus cvecu CCl, u aprona
IIpH JAHHBIX TEMIepaTypax.

Kax BuHO U3 MpeacTaBIeHHBIX JaHHBIX HA PU-
cyHke 1 B mpoliecce oTorpeBa IIeHKH KPUOKOHIEH-

CaToB CYILECTBYET U3MEHEHHE MOJI0C MOMVIAIEHHS B
WHTEpBaje XapaKTepUCTHUYECKUX KOJIeOaHUH MoJie-
kyn CCl,. bornee HarmsHOE N3MEHEHHE TOJIOCHI HA
gactote 804 cM! moKka3aHbl HAa PUCYHKE 2.

Pucynox 1 — MK cnekrper CCl, B cMecH ¢ MaTpHYHBIM ra30M AProHn

Pucynok 2 — Otorpes nnenku kpuokonaencaros CCl, +Ar na yactore 804 cm™!

W3 mpencraBleHHBIX AAaHHBIX XOPOIIO BHIHO
HU3MCHCHUC aMIUIUTYAbI XapaKTepHCTH‘leCKOﬁ qa-
CTOTHI B IIpoliecce TepMmoBapuanuii. Kak yxe co-
oOmianocs paHee B paboTe Ipu TeMmIepaTrype Io-
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psaaka T=85K mponcxomut cTpyKTypHBIH Tepexoi
B IJICHKe oOpa3ia KprokoHaeHcara. Ha pucynke 3
MIPEICTABIIEH TONHBIN LUK TEPMOTPaMM OTOrpPEBa
TUIEHKH KPHOKOH/IEHCATOB C XapaKTePHUCTHIECKIMHU
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3HAUEHUSIMU JaBJICHUN B Mpoliecce otorpepa. Kak
BHAJHO W3 PHUCYHKa 3 B TMOJYYEHHOTo Habope naH-
HBIX MOXHO BBIJICJIMTH JIBA 3Tala: MO MMOKA3aHHSIM
JaBJICHUI B JAMAaNa30HE TEeMIepaTyp MPOUCXOAUT
BBIXOJ] OCTAaTOYHOTO aproHa W3 CMeCH IUIeHKH. B
uHTepBaie temmneparyp 85-90 K u3 mienku xpuo-
KOHJICHCATa BBIXOJIUT OCTABLIMICS aproH B IPO-
1eCce CTPYKTYPHBIX mepectpoenni monekyn CCl,
JanHbIl akT 0OBSICHAETCS HA JOBOJBHO OOJIBIIOM
MIPOLICHTHOM COOTHOILICHUU KOHIICHTPALUU CMECHU

00pasoB, TeM cambIM momy4aercs, uro cam CCl,
JONTO€ BpeMs CIYXHUT B KauyecTBE MaTpULbl VIS
Mmonekyn aprona. Otorpes mienku Boimie 100 K co-
MIPOBOXKAAETCA M3MEHEHHUEM IOJOCHI MOMIOUIEHUS
Ha yactore 804cM™! BILIOTH /10 TEMIIEpATyphI CyOIIH-
Maru Beero oopasma T=130K.

Ha pucynke 4 mpencrasnensl pesynsratel UK
CIIEKTPOMETPUUECKUX HMCCIIEIOBAaHUN MaTpUIHOU
cmecu raszoB CCl, u asor N, B IPOLEHTHOM COOT-
nowmenuu 50/50 %.

Pucynok 3 — Ororpes mnenku CCl, +Ar Ha yactore 804 cm!
C MPHUBEIEHHBIMU 3HAYEHUSAMH IS IaBJICHUS B BAaKyyMHOH Kamepe

Pucynok 4 — K crnexrpsr CCl4 B cMecH ¢ MaTpUIHBIM Ta30M a30T
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UK cnexkrpockonnyeckue NaHHbIE MOKA3bIBAIOT
HM3MEHEHHUE TI0JIOCH! NOIVIOIIEHHS IPH TePMOBapHa-
nui obpasia.

Ha pucynke 5 mpencraBieH MOJHBIA LUKI TEp-
MOTPaMM OTOTPEBa IUIEHKH KPUOKOHJEHCATOB C Xa-
PaKTEepUCTHUYECKUMHU 3HAYCHUAMH JaBJICHUH B MPO-
Lecce OTOrpeBa.

Kak BuIHO U3 pUCYHKa B IOJIy4EeHHOrO Habope
JTAaHHBIX MOYKHO BBIJIENIMTH JBa 3Tara: Mo IMokasa-
HUSIM JaBJICHWH B JHUAana3oHe TEMIEparyp IpoHc-
XOIUT BBIXOJl OCTaTOYHOI'O a30Ta U3 CMECH IIJICHKH.

B untepBane temneparyp 78-80 K u3 mieHku kpu-
OKOH/ICHCATa BBIXOJUT OCTABIIMKCA aproH B TPO-
1IeCCe CTPYKTYPHBIX nepectpoenuii monekyn CCl,
Janneiii ¢pakT 0OBsICHACTCS Ha JOBOJIBHO OOJIBIIOM
IPOLICHTHOM COOTHOIIEHMHM KOHLEHTPAalUU CMECU
00pasios, TeM caMbiM Tony4aercsi, yto cam CCl,
JIONITOE€ BpPEMs CIYXKMT B KadeCTBE MAaTpHIIbl IS
Morekyn azorta. Ororpes miueHku Beie 100 K co-
MIPOBOXKAAETCS M3MEHEHHEM TOJOCHI TOIVIONIEHUS
Ha yactote 804cM™! BILIOTH 10 TeMIepaTypsl Cyou-
Manuu Bcero oopasma T=130K.

Pucynok 5 — Ororpes menxn CCl, +N, na yactore 804 cm!
C MPHUBEACHHBIMY 3HAYCHUSMH JIJIs IABIICHHS B BAKYYMHO# Kamepe

3akioueHue

[TomydeHsl 3KCIIEpUMEHTANBHBIE PE3YIBTATHI
OTpaXaTeIbHBIX XapaKTEPUCTUK TOHKUX IIJICHOK
kpuokonaencaros CCL, B Marpuiie a30Ta ¥ Marpu-
Ile aproHa B WHTepBaje temmeparyp T=16-120K.
HccenenoBaHbl TEpMOCTUMYITHPOBAHHBIE IIPEBpaIlie-
HUS Ha yactote HaOmroaenust 804 cm'. M3 monmyueH-
HBIX JIAHHBIX CIIENYET, 4T0 Kprokonaencarsl CCl, B
JTAHHOM WHTEPBAJIC TEMIIEPaTyp CIOCOOHBI K KPUO-
3axBaTy MOJIEKYJ] APYTHX Ta30B, TEM CaMbIM Jema-
€TCsl BBIBOJI O BO3MOXKHOCTH MPHUMEHEHUS TIEPBOTO
B Ka4E€CTBE CaMOT'0 3JIE€MEHTa MaTPHIIBI IPU UCCIIe-
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noBaHMHM 00pa3oBaHMs M (OPMUPOBAHUS MOJIEKY-
JSIPHBIX COEIMHEHWH IPU HU3KHUX TEMIIEpaTypax u
BBICOKOM BaKyyMe.

Baarogapuoctu

HccnenoBaHus BHIIONHEHB! IPU (QUHAHCOBON
nozaziepxke MuHHCcTEepCcTBa 00pa30BaHUS U HAYKH
Pecniyonuku Kazaxcran. I'pant Ne AP08052736
— «HccnenoBanue BIMSHUS KPUOKOHACHCALMOH-
HOTO M3JIyYCHHs Ha ONITHYECKNE XapaKTePUCTHKHU
pabouux MOBEPXHOCTEH KPUOTEHHOrO 000pyHo-
BaHU.
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THE ROLE OF NEW INFORMATION AND
COMMUNICATION TECHNOLOGIES
IN MODERN EDUCATION

The technological advances of the last 15 years have made a huge contribution to modern society,
transforming education and training. Computers and the Internet allow teachers and students to work,
learn, and receive information in ways that were once unthinkable. One of the latest and yet most ex-
citing technological developments in education is the use of virtual reality (VR) and augmented reality
(AR) to enhance learning opportunities. Virtual reality and augmented reality allow users to interact with
computer environments, real or imagined. VR also allows users to receive visual, auditory, tactile, smell,
and taste inputs in three-dimensional space.

As a result, the authors implemented a virtual laboratory with the possibility of conducting a virtual
experiment, which includes practical and theoretical tasks in high school physics, as well as a set of ani-
mations. When developing the virtual electronic laboratory, agile software development methodologies,
computer modeling methods, and object-oriented programming were used. As a virtual reality device,
the Leap Motion motion controller was chosen, designed to track the movements of hands and fingers in
space and used for human-computer interaction. The article provides UML activity diagrams for working
and interacting with the application. The cross-platform Unity 3D environment, which implements the
WORA (write once, run anywhere) principle, was chosen as the development platform. Thanks to this
principle, a once-written application can be built for personal computers, mobile devices, mixed reality
helmets, and many other platforms. The application functionality was written in the C# programming
language. Graphic models were created using Substance Painter. The developed application can be used
by students of senior classes of secondary and specialized schools, students of technical majors of higher
educational institutions, as well as any interested users.

Key words: virtual laboratory, augmented reality, virtual reality, 3D modeling, Unity3D, C# (CSharp).
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3amanaym 6irim Gepyaeri
»KaHa MHPOKOMMYHUKALIMSIAbIK, TEXHOAOTUSIAQPADIH, POAI

CoHfbl 15 XbIAAAFbl TEXHOAOTMSIABIK, XXETICTIKTEP BiAIM 6epy MeH KaApAapAbl AasipAayAbl KanTa
KYPY apKbIAbl Ka3ipri KoFamFa YAKEH yAeC KocTbl. KomnbioTepaep MeH MHTepHET MyFaAiMAEp MeH
CTYAEHTTEpre XKYMbIC iCTeyre, oKyfa >kxaHe 6ip ke3aepi MyMKiH eMec akrnapar aAyFa MyMKIiHAIK Gepeai.
biAim Gepy canacbliHAAFbl COHfbl )KOHE COHbIMEH Oipre eH KbI3bIKTbl TEXHOAOTMSIABIK, ©3ipAEMEAEPAIH
6ipi — GiAIM 6epy MYMKIHAIKTEPIH KEHENTY YLiH BUPTyaAAbl WbIHALIKTbI (VR) XK8HEe TOAbIKTbIPbIAFaH
LWbIHABIKTbI (AR) marnaasaHy 60AbIn TabbiAaabl. BUPTYyaAAbl LLbIHABIK, )KOHE TOAbIKTbIPbIAFAH LUbIHAbIK,
namAaAaHylIblAQpPFa HakKTbl Hemece KMSIAAAFbl KOMIMbIOTEPAIK OpTaAapMeH e3apa epekeTTecyre
MYMKiHAIK Oepeai. CoHaari-ak, VR nmaraaAaHyllbiAapFa Yl ©ALIEMAI KEHICTIKTe BM3YyaAAbl, €cCTy,
TaKTUAbAI, MiC NeH ABM KipiCTepiH aAyFa MyMKIHAIK Oepea;.

HaTuxxeciHAe aBTOpPAAp BUPTYaAAbI SKCMIEPUMEHT XKYPri3y MyMKIHAIM 6ap BUPTYaAAbl 3epTXaHaHbl
iCKe acbIpAbl, OFaH OpTa MeKTen 6arAapAamacbiHbiH (M3MKaChl 6OMbIHLLA MPAKTUKAABIK, XKOHE TEOPUSIAbIK,
TancblpMaAap, COHAAM-aK, aHMMaLMSIAQP >KMbIHTbIFbI €HTi3iAAI. BUPTYyaAAbl SAEKTPOHADIK, 3epTXaHaHbI
a3ipAey KesiHAe OaFAapAaManblkK, KaMTaMachl3 eTyAi 93ipAeyAiH MKEMAT dAiCHaMaChl, KOMIbIOTEPAIK
MOAEAbAEY KaHe 00bekTire GarbITTaAraH barAapAamManay SAICTEPI KOAAAHBIAAbL. BUPTyaAAb! LbIHABIK,
KYPbIAFbICbI PETIHAE KEHICTIKTeri KOA MeH caycak, KMMbIAAAPbIH GaKbiAdyFa apHAAFaH >KOHE aAam-
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KOMIMbIOTEPAIK ©3apa epeKkeTTecy YLiH KOAAAHbIAATbIH Leap Motion K03FaAbIC KOHTPOAAEpPI TaHAAAADI.
Makarapsa UML KocCbIMLLaMEH >KYMbIC iCTeyre »KoHe e3apa apekeTTecyre apHaAfaH apekeTTep KecTeci
6epiareH. O3ipaey naatdopmacs petinae WORA (write once, run anywhere) >kyMbIC MpUHLMIIH XXy3ere
acbipaTbit Unity 3D kpocc-naatgopmanbik, opTackl TaHAaAAbL. OCbl KaFMAATTbIH, apKacbiHAa 6ip peT
asblAFaH KOChIMLLIAHbI Aep6ec KOMMbIOTEPAEP, MOBUAbAI KYPbIAFbIAAP, apaAac LbIHABIK, LWUAEMAEPI
>koHe 6acka Aa KenTereH naatgopmanap yiliH xuHayra 6oAaabl. Leap Motion K03FaAbIC KOHTPOAAEPI
BMPTYaAAb! LUbIHABIK, KYPBIAFBICHI PeTiHAE NarAaAaHbiaAbl. KocbiMLaHbiH dyHKUMOHaAAbIFbI C #
GaraapAamManay TiAIHAE KasbiAAbl. [padukanbik MoaeAbaep Substance Painter kemerimeH >kacaaAbi.
O3ipAEHreH KOCbIMLLIAHbI OpTa >X8He MaMaHAAHABIPbIAFAH MEKTENTEPAIH, X)KOFapbl CbIHbIM OKYLUbIAAPbI,
>KOFapbl OKY OPbIHAAPbIHbIH, TEXHMKAABIK, MaMaHAbBIKTapbIHbIH, CTYAEHTTEPi, COHAAM-aK, Ke3 KeAreH
MYAAEAI NMarAaAaHyLIbIAGp ManAdAaHa anaAbl.

TyiiiH ce3aep: BMPTyaAAbl 3epTXaHa, TOAbIKTbIPbIAFAH LWbIHABIK, BUPTyaAAbl LWbIHABIK, 3D
moaeabaey, Unity3D, C# (CSharp).
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PoAb HOBbIX MH(POKOMMYHHUKALIMOHHbBIX TEXHOAOIMH
B COBpEeMeHHOM 00pa3oBaHuM

TexHOAOTMYUECKME AOCTMXKEHWMS MOCAEAHMX 15 AeT BHECAM OrpoOMHbIA BKAAA B COBPEMEHHOE
o6u1ecTBo, npeobpazoBaB obpasoBaHMe U MOATOTOBKY KaapoB. KomnbioTepbl v MHTEPHET NMO3BOASIOT
YUUTEASIM M CTYAEHTaM paboTaThb, yUUTbCS M MOAYyYaTh MH(OPMALIMIO TaKMM 06Pa30oM, KOTOPbIN KOTrAd-
TO 6bIA HEMbICAUM. OAHUM M3 MOCAEAHUX U B TO K€ BPEMSI CaMbIX 3aXBaTbIBAIOLLMX TEXHOAOTMUECKMX
pa3paboTok B 06AaCTM 06pA30BaHMs SIBASIETCS MCMOAb30BaHWE BMPTyaAbHOW peaabHocTU (VR)
AOTOAHEHHOM pearbHOCTH (AR) AASI paclumMpeHmnst BO3MOXXHOCTEN 00yueHus. BupTyaabHas peaabHOCTb
M AOMOAHEHHasl PEeaAbHOCTb MO3BOASIOT MOAb30BATEASIM B3aMMOAEMCTBOBATb C KOMMbIOTEPHbIMM
cpeAamu, peaAbHbIMM MAM  BooOpaxkaembiMu. VR Takke MO3BOASIET MOAb30BATEASM MOAyYaTb
BM3YaAbHble, CAYXOBble, TaKTUAbHbIE, 3aMaxoBble 1 BKYCOBblE BXOAbI B TPEXMEPHOM NMPOCTPAHCTBE.

B pe3syAbTaTe aBTOpamu peaAm3oBaHa BUPTYaAbHas AAbOpaToOpms C BO3MOXKHOCTbIO MPOBEAEHMS
BMPTYaAbHOI 0 3KCMEPUMEHTA, BKOTOPYIO0 BKAIOYEHbI TPAKTUUYECKME M TEOPETUYECKME 3aAaHWS MO PU3NKe
NpPOrpamMmbl CPEAHEN LLIKOAbI, @ Tak>ke Habop aHnMaumi. Mpu pa3paboTke BUPTYaAbHOM IAEKTPOHHOM
AabopaTopun  MPUMEHSIAUCL  TMOKME METOAOAOTUM  Pa3paboTKM NPOrpamMmHOro obecrieveHus,
METOAbl KOMMbIOTEPHOIO MOAEAMPOBAHUS M OOBEKTHO-OPUEHTUPOBAHHOIO MPOrpamMmupoBaHms. B
KauyecTBe YCTPOMCTBA BMPTYAaAbHOM pPeaAbHOCTM OblA BbiOpaH KOHTPOAAEp ABuxeHusi Leap Motion,
npeAHa3HaYeHHbIN AAS OTCAEXMBAHUS ABVXKEHWMIA PYK M MAAbLLEB B MPOCTPAHCTBE M UCTMIOAb3YEMbIA AAS
YEAOBEKO-KOMIMbIOTEPHOIrO B3aMMOAENCTBUS. B cTaTbe mpuBeaeHbl UML Aparpammbl AeSTEAbHOCTU
AAS paboTbl 1 B3aMMOAENCTBUS C MPUAOXKeHeM. B kauecTBe naaTcopmbl pazpaboTku Gbira BbibpaHa
KpoccraaThopmeHHas cpeaa Unity 3D, koTopast ocyliectBaser npuHumn pabotbl WORA (write
once, run anywhere). baaroaaps 3ToMy NpUHUMNY EAMHOXKAbI HaNMCaHHOE MPUAOXKEHUE MOXKET BbITb
cobpaHO AASI MEPCOHAAbHbIX KOMMbIOTEPOB, MOOMABHbBIX YCTPOMCTB, LIAEMOB CMELLIAHHON PEaAbHOCTU
U MHOTMX APYrux naatchopm. DYHKUMOHAA MPUAOXKEHMUS BbIA HAaNMCaH Ha S3blKe MPOrPaMMMpPOBaHMs
C#. Tpacdmueckme mopeAn ObiAM CO3AaHBI C MCMOAb30BaHWeM Substance Painter. PaspaboTtaHHoe
MPUAOKEHME MOXKET BbITh MCMOAb30BAHO YUYEHMKAMM CTAPLLIMX KAQCCOB CPEAHMX U CTIELLMAAM3UPOBAHHbIX
LIKOA, CTYAEHTaMM TEXHUUECKMX CreuMaAbHOCTEN BbICLIMX YUeOHbIX 3aBEAEHWI, a TakXKe A0ObIMM
3aMHTEPEeCOBAHHbIMM MOAb30BATEASIMM.

KatoueBble cAoBa: BUpTyaabHas Aaboparopus,
peaAbHOCTb, 3D-MoaeAnpoBanue, Unity3D, C# (CSharp).

AOMOAHEHHad pPeaAbHOCTb, BUWPTYaAbHa4d

Introduction

In the age of information technology, modern
society is faced with their continuous penetration
into all spheres of its life. Industry, medicine, en-
tertainment, services, and others are influenced by
the rapidly developing modern technologies, which
in turn is due to the continuous progress in the field
of ICT (information and communication technolo-

gies). Development of new means and technologies
of communication, robotics, sensor technologies,
computer vision, software and hardware for mod-
ern computers, artificial intelligence, etc. on the one
hand, makes it easier for a person to fulfill his pro-
fessional tasks, but on the other hand, sets more and
more ambitious goals for him.

Modern education is no exception. Information
technology also has a huge impact on this area. And
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it includes not only the computerization of all busi-
ness processes of higher and secondary educational
institutions, as well as any organizations, but also
the introduction of new methods and teaching aids
based on modern technologies. In the latter direc-
tion, a prominent place is occupied by computer
training systems, for example, such as virtual labo-
ratories.

Computer modeling within the framework of
virtual laboratories allows you to thoroughly in-
vestigate the studied phenomena, processes, or
substances at minimal cost, without exposing the
students to any danger. Three-dimensional visual-
ization helps to observe the process or phenomenon
in space, it is also possible to look inside the studied
phenomenon, which is not always possible in real-
ity. The undoubted advantage of virtual experiments
is that they can be repeated many times without ad-
ditional financial costs, which certainly increases
the effectiveness of such training. Physics is one of
those courses for which experiments can be simu-
lated on a computer.

In the development of this field in Kazakhstan,
the authors have achieved certain success. A virtual
physics laboratory (PVL) was developed with a set
of three-dimensional physical experiments from a
course in general physics for students of technical
universities. It has been successfully introduced into
the educational process of teaching physics at the
International Information Technology University
and other universities in Kazakhstan [1, 2].

However, not only higher, but also secondary
educational institutions need such educational tools.
Moreover, at this level of education, the task is not
only to represent visually the process or phenom-
enon being studied, but also to present the material
in an interesting, exciting way in order to captivate
schoolchildren, who, unlike students, are not always
motivated due to their age and lack of understanding
of the importance of learning.

Nowadays, learners’ perception can be improved
with new visualization elements and gestures that
modern digital technologies offer. Thus, with the
technologies of augmented (AR — Augmented Real-
ity) and virtual (VR — Virtual Reality) reality, new
ways of learning come to the fore, which make it
possible to reveal the student’s interest in the subject
being studied, stimulate positive emotions, speed up
the learning process and help better assimilation.
AR and VR bring a game element to the learning
process, which certainly has a positive effect on the
results of students.

This article is devoted to the development of a
virtual electronic laboratory with a set of practical
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and theoretical tasks, as well as animations with ele-
ments of augmented and virtual reality technologies
for the study of physics in secondary educational
institutions.

Materials and methods

Fundamentals of augmented and virtual real-
ity technologies

Augmented reality is one of the newest and most
promising technologies of the 21st century, which
can also be used to develop virtual laboratories. Its
applications are very broad: from game develop-
ment to medicine. Augmented reality allows you to
embed virtual objects in the three-dimensional field
of human perception in real time, while the added
objects are perceived as elements of real life. Thus,
reality is supplemented by the introduction of virtual
information into it [3]. Interactivity, accessibility,
realism and innovativeness are some of the reasons
for the increasing popularity and demand for aug-
mented reality technology.

Several methods are used to generate virtual
content using augmented reality technology. The
first way to display virtual information is through a
head mounted display (HMD). In this case, the user
sees virtual information on the display screen, and
the real environment through it [4]. Another way to
work with augmented reality technology involves
using a device with a camera (for example, a smart-
phone, tablet, or smart glasses) and special software.
When you point the camera at an object, the program
recognizes it using computer vision technology.
Next, the device downloads the virtual information
associated with this object and overlays it directly
on the object in 3D. Thus, it turns out that the user
sees both real and virtual information. The recog-
nized objects are usually images with QR (quick re-
sponse) codes, which are called markers. When the
user moves or rotates the marker, the virtual image
also moves and rotates. Unnecessary information
disappears, and new information appears [5].

The development of augmented reality technol-
ogy plays an important role in many areas of activ-
ity. Examples of the use of this technology in medi-
cine [6, 7], industry [8, 9], tourism [10, 11] can be
found.

Virtual reality (VR) is a simulation that creates a
virtual yet realistic world using computer graphics.
Moreover, the reproduced surrounding world is not
static, but reacts to the user’s input stream (gestures,
verbal commands, etc.) [12]. Real-time interactivity
is one of the essential distinguishing characteristics
of virtual reality. This assumes that the computer is
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able to detect the incoming stream from the user,
interpret it and immediately change the virtual en-
vironment.

Virtual reality technology requires 3D head-
mounted displays (virtual reality glasses), as well
as stereoscopic hand and body tracking technolo-
gies and binaural sound. Thus, this technology can
be defined as multisensory. Virtual environments,
microworlds or virtual worlds are other equivalent
names for VR technology.

Virtual reality is also increasingly used in such
areas as scientific visualization, architecture, pilot
training, medicine, entertainment [13, 14].

Technological basis

The virtual lab implementation is based on the
Unity Game Engine [15]. Unity Game Engine is a
cross-platform computer game development envi-
ronment from Unity Technologies. It allows you to
create virtual reality applications that run on per-
sonal computers, mobile devices with iOS and An-
droid operating systems, and Internet applications.
The Unity editor has a simple Drag&Drop interface,
which is easy to configure, consisting of various
windows, so you can debug the game directly in the
editor. The engine supports two scripting languages:
C# and JavaScript. Physical calculations are per-
formed by the PhysX physics engine from NVIDIA.

The Vuforia library was chosen as a library for
the implementation of augmented reality functions
due to such qualities as cross-platform compatibil-
ity, the ability to work for free, tracking 3D objects,
and visual search.

The Vuforia library makes it easy to scan targets
with the built-in Vuforia Object Scanner. It is also
possible to enable virtual buttons and map additional
elements using OpenGL. Cross-platform allows you
to work on different platforms, which means a wider
audience coverage and ease of use of the program.

As a virtual reality device, the Leap Motion
controller was chosen, designed to track the move-
ments of hands and fingers in space and used for
human-computer interaction. The device includes
three infrared LEDs and two cameras, and its track-
ing principle is stereoscopy (the reflected light from
the LEDs is visible from two different points of
view, and the distance from the sensor is calculat-
ed accordingly). Thanks to the SDK libraries, you
can get information about tracking both hands in
the space above the device at a height of 15-60 cm.
The library’s routines can recognize both hands and
transmit information about the location of each bone
segment.

Results and discussion

Development of virtual laboratory work

When developing the virtual electronic labora-
tory, agile software development methodologies,
computer modeling methods, and object-oriented
programming were used.

A virtual electronic laboratory was developed,
which includes practical and theoretical tasks from
the high school physics curriculum, as well as a set
of animations. Practical tasks are implemented in
the form of separate applications that provide access
to three-dimensional visualization of the studied
processes using augmented and virtual reality tech-
nologies, as well as solutions to problems. A set of
3D animations is presented in the form of an elec-
tronic textbook.

Figure 1 shows a component diagram that de-
scribes the internal structure of the application.
The start/input point label is highlighted in red,
the main program components are highlighted in
green, and the auxiliary modules are highlighted
in yellow.

The starting point is the launch of the applica-
tion itself. It consists of four main components:
visualized practical tasks, visualized theoretical
tasks implemented in the form of laboratory works,
animation of physical processes, and test questions.
There are also auxiliary modules that ensure the
operation of the main ones. These are folders with
shared three-dimensional models, program code,
and prefabs — special elements that can be reused
in different scenes, while allowing you to provide a
single interface and logic. In addition, there are sep-
arate folders in which there are elements required in
a separate task or laboratory work. Another module
is a module for the operation of the Leap Motion
controller, which allows you to control the virtual
laboratory work and its elements with your own
hands inside the virtual space.

Figure 2 shows the class diagram of the elec-
tronic virtual laboratory. It demonstrates the logic
that ensures the operation and interaction during the
execution of the application. The diagram presents
the classes in the application and their relationships.
The main components are the laboratory itself, the
user interface, and the control controller inside
the laboratory. According to these elements, there
are the classes: UlContoller, ProblemController,
LeapHandModelController, Leap HandModel Base,
and Leap Hand Model. All of them are derived from
MonoBehaviour, the base class in Unity. Three
classes belong to Leap Motion and provide its logic
and control.
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Figure 1 — Component Diagram

Figure 2 — Class diagram
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Figure 3 — Action Diagram

Figure 3 shows an action diagram. It reflects a
user and the system as actors, with ellipses show-
ing possible actions. So, the diagram shows the user
who can launch the application, change settings,
send feedback, learn about the development team,
and exit the application. After launching the app, the
user can choose to run a virtual lab, test, tutorial,
animation, or task. Within each of these modules,
certain possible actions are available, which can
also be seen in the diagram.

Figure 4 shows the activity diagram, which re-
flects the logical relationship between the actions
that the user performs inside the application.

As a result, the application provides the user
with all the necessary information within the frame-
work of the presented material, is completely safe,
and demonstrates complex physical phenomena and
concepts.

Conclusion

Thus, the use of new information and communi-
cation technologies in modern education opens new

opportunities and prospects for creating learning re-
sources and tools at a qualitatively different level,
especially in the current circumstances of the forced
transition to distance learning.

This article provides an example of developing a
software application for a virtual electronic labora-
tory with elements of augmented and virtual reality
technologies, which includes a set of practical and
theoretical tasks in physics in the form of laboratory
works, as well as animations, and tests. All compo-
nents of the virtual electronic laboratory are made in
the form of separate modules with three-dimensional
visualization of the studied processes and phenom-
ena. The user documentation and the description of
each laboratory work and the entire system are also
provided by the authors. The developed virtual labo-
ratory has been tested in the educational process.

The authors believe that the created virtual labo-
ratory for the physics course meets the requirements
of modernity and is effective in the study of this
subject. Currently, we are constantly working on the
development of new practical tasks and laboratory
works for their integration into the laboratory.
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Figure 4 — Activity Diagram
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