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3a 3KpaHHpOBaTh I'PABUTAIIMOHHOE I0JIE 3€MJIM CIOXHas 3anada. OOneryaer ee
ypaBHeHre OTO. Onucan Gu3NUeCKUidl CMBICII METPUUYECKOTO0 TEH30pa HEOECHBIX
Ten. OH COCTOUT BO BpalllEHUH U TOCTYNATEIbHOM JIBUKEHUU YacTUIl BakyyMma. [Ipu
3TOM METPUYECKUN TEH30p MPOMOPIMOHAIECH KBaJpaTy TpPaJUEHTa CKOPOCTHU
4yacTUIl BaKyymMa, M 4YacTh KBajpara TIpajJueHTa CKOPOCTH NEPEXOIUT B
NOTEHIMAIBHYIO SHEpruro. Ha OCHOBaHMU 3TOM MOJAEIM MOJYYEHO pEIICHUE
[Bapummmibaa. Eciam co3gaTe CUIBHOE 3JIEKTPUYECKOE IOJIE, TO BpallaTesbHbIE
TPACKTOPHUHU YACTUI] BAKYyMa pacHpsMATCS, U METPUUYECKUN TEH30p MPEBPATUTCS B
ten3zop [anues, T.e. 6e3 rpaButanioHHoro nois. Ho B atmocdepe 3emnu takoi
OpolecC  HEBO3MOXKEH,  MPOM30iMAeT  MNpoOOoil  DIEKTPUYECKOTO  MOJIs

OKPAaHUPOBAHHOT'O OT I'PaBUTALIUU TCJIA.

OO0mass Teopusi OTHOCUTEIBHOCTH TIOCTPOCHA I MAaKpOTes, SBISIOLIUXCS
COBOKYITHOCTBIO YaCTHI] BaKyyMa, U OHU BpalJalOTCSI C MHUMOW CKOpPOCTBIO H
NOCTYIATENbHO JBHXKYTCS C JIEUCTBUTEIBHOM CKOpPOCThIO. OmpenenuMm KBaJpar
KOMILIEKCHON KOOPJIMHATHI MATEPHAIIBHBIX YACTHUL, U3 KOTOPBIX COCTOUT BAKYYM,

JBUTAIOIIMXCS C TOCTyNaTelIbHOM CKOpocThiO V. ,S=1,...3,¢ HOMEp YaCTHIIBI.

sa?
[Tpu 5TOM "acTHIlBI BaKyyMa OyIyT BpaliaThCs C IEPEMEHHOW MHUMON CKOPOCTHIO
Iw,, (t,X;,..,X3) . CunraeM, 9YTO CKOpPOCTH YacTHI[ BaKyymMa paBHOMEPHO
pacnpeneneHsl B MajaoM oOBeMe, TMpHYEeM CKOPOCTh BpalleHUs paBHA
W, =W, (t,X;,...,.X3) ¥ HUMeeTcsi CKOPOCTb MOCTYNATEIbHOTO JBHXKCHUS

Vs =Vsp (), mocrymartensHOE ABUKEHUE MAJIOro 00beMa IMPSMOJIMHEHHO U 3aBUCHT

TOJIBKO OT BpCMCHHA
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Imojydyacm (I)OpMy.Hy HWHBAPHAHTHOT'O MHTCPBAJIa O6IIICﬁ TCOPHUHN OTHOCUTCIIbHOCTU
B CHCTCMC KOOpAWHAT, I'IC CPCAHAA JTOKAJIbHAA CKOPOCTH YaCTUIl BAKyyMa paBHaA

HYJTIO.
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I/IMGGM, HCIIOJIb3YsAd KHHCTHYCCKYIO M KHMHCTHYCCKYIO DHCPIrUIO, IMCPCXOAAINYIO B

MNOTCHOHUAJIBHYIO DQHCPIrUuiO CUCTCMbI
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I'me M, macca yacTuiibl, co3/iaroniel rpaBuTaiioHHoe nosie. [IpocTpaHCTBEHHYIO
4acTh METPUYECKOI0 TEH30pa CO3JA0T Bpaljaroliuecs 4dacTuilbl Bakyyma. [lpu
ATOM MNOTEHLMAJ TPAaBUTALIMOHHOIO MOJIS CO3[aeTCsl 3a CUET BpalICHUs YacTHULl
Bakyyma cM. Qopmyiny (4). IlosTtomy npu NpuIOKEHUH BBICOKOTO HANPSKEHUS
BpallleHUE YacTUL BaKyyMa IpEKpallaeTcss U MNOTEeHIMan paBeH Hymto. Ocraercs

MEeTpHUUYECKUM TeH30p ["anuies.

Tak Kak TMOTEHUMA] TPABUTAIMOHHOTO  OMNPEACISETCS  OTHOLICHUEM
IPaBUTALIMOHHOTO  paJMyca K pAcCTOSIHUIO JO LIEHTpa, OO0pa3yroliero
IPAaBUTALlMOHHOE MOJE€ W 3HAYUT Maj, IJOTHOCTh YAaCTHI[ BaKyymMa B KOCMOCE
NOCTOSIHHAsA. MeTpuyecKuil TeH30p 00pa3yeTcs 3a CUeT pa3HON CKOPOCTH BpallleHUs
YacTUI[ BaKyymMa I@IpU TIOCTOSIHHOM IUIOTHOCTH. MOXHO cKa3zaTh, 4TO
IPaBUTAIIMOHHOE TIOJie o0Opa3yeTcs 3a CuUeT THAPOJAMHAMHYECKOTO JIBHKCHUS
YacTHUIl BaKyymMa C INOCTOSIHHOM IUIOTHOCTHIO. [Ipu pa3HOM IpaineHTe CKOPOCTH
BpallleHWsI YacTHIl BaKyyma oOpa3yeTcs Tepemaj AaBJICHUs, KOTOPBIM CO37aeT
IpaBUTAUOHHYIO cuity. CUTyalusi aHaJlOTMYHa HaXOXKJIEHUIO MOJBOJHOWU JIOAKHU
noa Bojoil. TONMBKO TUIOTHOCTH CPENbl MEHBINE, a CKOpOCTh dactull Oombire. K
COXAJIEHUIO, HEBO3MOXHO CO3/1aTh INIOTHOCTH TEJId, MEHBIIE INIOTHOCTU BaKyyMa.
B03MOXHO JIBHKEHHME C HCHOJIB30BAHUEM KPbUIbEB. [IIIOTHOCTH Cpeanl mana, npu
OOMNBIION CKOPOCTH YaCTHUIl Bakyyma. K coskajeHuto, mpu Malioil MJIOTHOCTH H
CPaBHUTENBHO OOJIBIIONW CKOPOCTH YACTHII, MOJIETHI B CTpatoc(hepe HEBO3ZMOKHBI.
[lonpemHass cuna ompeaensiercss MPOU3BEIEHUEM IUIOTHOCTH CpEIbl, KBaJpara
CKOPOCTH TeJla Ha KOA((PHUITMEHT MObEeMHON CHIIBI, KOTOPBIA 3aBUCHUT OT CBOMCTB

Kpbuta. Jlaxke mpu JABUKEHUU OOBEKTa CO CKOPOCThIO CBETa, B CHIIy Majoi
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IJIOTHOCTH CPeJibl Mo IbeMHasi cuia Mana. Ho penstuBucTckuil 3 HexT npuBOAUT K
YMEHBIICHUIO IUIOTHOCTH Tena cM. [1]§133, W BO3MOXXHOMY TOSIBICHHUIO
BBITAJIKMBaKOIIeH cuwibl. Ho B ciiyyae ynapHBIX BOJIH IIPU JBUKEHHUHM CaMOJIETA,
TOE UMEETCA BBITAJKUBAIOIIAS CUJIA, TAK KAK INIOTHOCTH TEJla YMEHbBIIAETCI U3-3a
PENSITUBUCTCKOIO 3HaMeHartenss ¢ (pa3oBOMl CKOpPOCThbIO 3ByKa. JleTuwku ee He
3amMey4aroT B CJIEACTBUM MAJIOM IUIOTHOCTH Bo3ayxa. Ho B ciiydae Bakyyma cuia

NPUTSKEHUS IPEKPATUTCA U OyJIeT 3aMeHeHa BhITAJIKUBAIOIIEH CHIION.

[lepenan npaBnenust omnpenensiercs o ¢Gopmyse Apz—pcz(;ﬂ)zms, rie
X

I'paduCHT CKOPOCTH MAJI B CUJTY BPAILICHUA YdCTHUIl BAKyyMa CO CpCI[HCﬁ CKOpPOCThIO,

paBHOI1 ckopocTH cBeTa. COrjaacHO MOCTPOCHHOMY aJrOPUTMY UMEEM PABEHCTBO
ow r
(o)At ==, 4)
OX r

r7le UCTOJB3yeTCs OTHOIICHWE TPAaBUTAIMOHHOTO paguyca K PacCTOSHUIO 0
iaHeTsl. Ho TIOTHOCTH YacTHIl BakyymMa B MAaTE€pPHAIBHBIX TellaX BEJIHMKA, YTO
oOecnieunBaeT OOJBINON Tepenaa MaBlIeHUS BHYTPH MaTepHAIBHBIX Tel. JTa
(GopMysia COOTBETCTBYET YPaBHEHHIO COCTOSIHHS B BaKyymMe Ap =-Wpc’;w<1 CM.
[2]3.2.4, HO moGaBasieTCS HOBBIA MHOKHTEb. YacTHIBI BaKyyma, 0Opasyroliue
IPaBUTAI[MOHHOE TIOJIE, PEarvupyroT Ha TPABUTAIIMOHHOE IIOJIE, WX PEaKIus Ha
aNieKTpuyeckoe moje Mama cMm. [3]. I'pamueHT mojst mo Mepe NPHOIMKCHHS K
MPUTITUBAIONIEMY TETTy PACTET U MOTEHIIMAJI [0 MOJIYJIIO pacTeT. | paBUTAlIMOHHOE
0JIe OTPAaHUYCHO MAKCUMATBHON CKOPOCTBIO CBETA, TPAANEHT CKOPOCTH HE MOYKET
pacTu 10 OECKOHEYHOCTH. BhIpaskaeTcss 3TO B CO3JaHHOM 4YacTUIAMU BaKyyma
MeTpudeckoM TeH30pe. OCOOCHHOCTHIO TIIOTHOCTH YaCTHII BaKkyyma OO0JaJaroT

YEPHBIE JBIPBHI.

Ha camom pene maeanbHbIe YacTHUIIbI, OMMCHIBAIOIIME TPABUTALMOHHOE T0OJIE
B [3] - 310 Mos ommOKa. S uCroab30Ball MacCy AJIEKTPOHA, a HAJ0 UCIOJIb30BaTh
Maccy IInanka. Torma B pazaeneHHbIx Ha KopeHb U3 137 eqununax [lnanka umeem

Gm, /e* =1 W TOCTPOCHHBIC WJCAIbHBIC YACTHIIBI BaKyyma, Kak s IpeJIojiaral,
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OTBETCTBEHHBIE 33 I'PABUTALIMOHHBIE CHJIbI, UMEIOT MHOXHUTENb paBHBIM 1. DTO
JIeNaeT UX COBMHAJAIOIIMMHM C YaCTULAMH BaKyyma, MOCTPOCHHBIMU C MOMOILBIO
MUpPOBBIX KOHCTaHT [4]. Torma co3gaB CHIIBHOE SJIEKTPOMArHUTHOE IOJIE Ha
JanbHEH rpaHule Tea pacIpsIMUM IPaIMEHT CKOPOCTHU BPALIEHUS YACTHUL BAaKyyMma,
U Tello OyAeT BBITAJIKMBATHCS M3 T'PABUTALMOHHOrO MOJs. MeTpuyeckuid TeH30p
OyzeT paBeH TeH3opy ['anuies, u rpaBuTalus cBeAeTcs K Hylo. Eciu umeeM Teno
B ¢opme chepbl, TO HEOOXOAUMO, YTOOBI €ro MOTEHIMAJ PABHSJICS MOTEHLUATY
IPaBUTALMOHHOTO Tea, T.e. GMM /R =q*/r, TJ¢ UCIOIB3YETCS PACCTOSTHHE MEXKTY
NPUTATUBAIONIMM LIEHTPOM U OOBEKTOM R, Macca NPUTITHUBAIOIIEr0 Tena M,
3apsAll (, YHUYTOXKAIOIIUKA TpaBUTALMIO. 3apsii JUIsl NPEOJOJICHUS MPUTSKEHUS

3emuu TEJIOM paguyca 1 MeTpa paBeH

q=+/mgRZr /R =+/10°980-6.3-10%"% = 7.86-10°e0.CI'C . TIpu 3apsine 3emiu 3-10%e0.CI'C

HpI/I 9TOM HaIIPSKCHUC Ha IMMOBCPXHOCTH TCJAa pPaBHO

E =6.17-10"e0.CI'C = 2.06-10"" B/ m , 9TO BBI30BET IIP0o0Oii B aTMochepe 3emitu.

Ho mpo6iemsl Ha 3TOM He KOHYaOTCs. Hamo BBIIPSAMUTH BpallleHHEe YacTHUII
BaKyyMa BHYTpPHU JIETATCJIBHOIO alrapara, MHaue BHYTPH HEro OyaeT HMEThCs
IPAaBUTAI[HOHHOC MPUTATHBAIOIIEEe I0JIe. B CHIy BBICOKOIO HAIPSKECHHUS
AJICKTPUYECKOT0 TOJII HAaXOJAUTHCSA BHYTPHU amrmapara JIIOJISM HEBO3MOXHO. ITO
OecnuaoTHBIN 00beKT. HO MIOTHOCTH YacTHI] BaKyyMa BHYTPH MaTepHAIbHBIX TEJ
BEJIMKA, MMO3TOMY BO3MOXKHO CHH)KCHHME HAIPSHKEHHOCTH DJICKTPHYCCKOTO ITOJIS
BHYTpH 0OBeKTa. BBICOKOC HANpsIKECHUE SJIEKTPUYCCKOTO TOJS COOTBETCTBYET
BaKyyMy, a BHYTPH MaTE€pHUaJIbHBIX TE€JI OHO MEHbIIE. Belb MOKEH U3MCHHUTHCS
KBaJpaT TpajdeHTa CKOPOCTH YaCTHI[ BaKyyMa, YMHOXKCHHBIH Ha ILJIOTHOCTb.
BryTpH Tea HAIPSHKCHHOCTh MOJKET PaBHATHCS BEJINYHHE
E =206-10"-10/0.0045B/ m=4.5-10"B/m, 4YTO SABIAETCI OYE€Hb MajoOH
BEJUYMHOMN, HO OHA JIOJDKHA MIPUCYTCTBOBATH. | /1e HAIPSHKEHHOCTH MOJIS B BAKyyMe

YMHOXHWJIN Ha OTHOHICHHUC IINIOTHOCTHU BaKyyMa K INIOTHOCTH aTOMa.
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DKCIIEPUMEHT MO MPOBEPKU JaHHOW MU YMEHBIIECHUS TPABHUTALMOHHOTO
MPUTSDKEHUS CIIETyeT MPOBECTH B BaKyyMHOW Kamepe, 4ToObl HE ObLIO paspsia
HanpsokeHust Tena. CregyeT mpoaymarh Kak 3apshkaTh JaHHOE TeIo |

MOAIEP/KUBATh €r0 B BAKYYMHOU KaMmepe.

Takke MOXKHO HCIIOJB30BaTh MPUTSIKEHHE 3€MIICIO0 AJIEMEHTApPHBIX YaCTHII,
OKPY>KEHHBIX BakKyyMoM. Torma 3apsii paBeH 3apsiiy 3JeMEHTApHOW YaCTHIIBI.

PaCCMOTpI/IM QJICKTPOH B aTOMC, H€O6XOI[HM]':>II>1 3apiaa Ha HTOBCPXHOCTHU 3emin

paBeH  q=.mgR’r/R =+10%980-6.3-10'%%0.5 =1.75-10 ?e0.CI'C  mpu  3apsize
DJIEMEHTApHON 4YacTHIbl (=4.8-10"e0.CI'C. DTOT 3apsj C 3amacoM JOJHKCH
AKPaHUPOBATH TPABUTALMOHHOE I0JE€. AHAJIOTMYHAs CHUTyalMsi C MPOTOHOM.
Hanumo nporuBopeune c skcrnepumeHToM. Ho HEoOX0aMMO TOYHOE 3HAYEHHE
AJIEKTPUYECKOTO TIOJIS BHYTPU DJEKTPOHA, Uil YHUYTOXEHUS MPUTSIKEHUS
BHYTPEHHOCTH DJIEKTPOHA, W HANpaBJIE€HHOE Ha BHEIIHOCTh JJEKTPOHA.
Pacnipenenenue 3apsiia BHyTpU JIEMEHTAPHOM YacTUIIbI HeM3BeCcTHO. Ho cornmacHo
KOMIUIEKCHOMY PaJycCy AJIEKTPOHA OHO KOJIEOJIeTCs ¢ aMIUTUTY0 MHUMOW YacTH
pamuyca snektpoHa cm. [4]. KomeGmercss u smektpoH B arome. Tak dro
AJIEMEHTApPHbIE YaCTUIbl HEJb3sl MCIOJIb30BaTh JUISI IIPOBEPKU SKpaHUPOBKU. X
CUJla TPUTSHKEHHUS TPABUTALMOHHBIM IIOJIEM YMEHBIIAETCS 3a CYET HaIUu4us
AJEKTPUYECKOr0 TM0JII, HO HE JMUKBUAUpYETCS. MHTEpecHO BBIYMCINUTH MaccCy
AJIEMEHTapHOMN YacTUIlbl 0€3 ydeTa 3JeKTPOMAarHUTHOTO Toyisi. HeWTpoH comepkut
3apsKCHHBIE KBapKU W HE ABJSIETCS HE 3apsDKEHHOM yactuiled. MHepTHas macca u
rpaBUTAIMOHHAS coBHagarT. HO HUKTO HE Mepuil TpaBUTALMOHHYIO MaccCy
3JIEMEHTAPHBIX YaCTHUIl, OHA Maja [0 CPAaBHEHUIO C JJIEKTPUYECKUMHU 3apslamMu B
OJIMHAKOBBIX €IMHUIAX. TaK 4TO rpaBUTALIMOHHAsI MAcCa 3JIEMEHTAPHBIX YACTHULL HE
u3BecTHA. Macca 2JIeMeHTapHON YacCTHIIBl MPUOJIMKCHHO paBHSACTCS m=e’/c’r |
oOyCIIOBNIEHA DJEKTPUYECKUMU cuiaMu. [Ipudem pasmep dJIeKTpoHa M JTHO00M
3apsHKEHHOM AJNEKTPUYECKOM YacTHIbl, MHUMBIA CM. [4], MHAaue HE yCcTpaHHMas
CUHTYJIIPHOCTb, T.€. OOYCIIOBJIEH HE YCTPAHUMBIMHU B MHKPOMHUPE KOJIEOAHUSMHU

YaCTHI[ BaKyyMa. VYMeHbIlIEHHE MNPUTAKCHUA TCJIAa 3a CUCT JICKTPUICCKOI'O I10JIA
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cyry00o Makpockonmuueckuil 3(@ext, Tak Kak OOJBIIOE 3IEKTPUYECKOE MOJIe

pacupsMIISIET KoJieOaHUE U BpallleHWEe YacTHUI] BaKyyMa.
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