I'paBuTAlIMOHHBIC AYEHKHU U TPABUTALIMOHHbIE CTPYHBI.
[Hosyyenue HOBBIX (pu3YecCKUX GOPMYJI U PACYETHI 10 HUM
rPAaBUTALUOHHON MOCTOAHHOM, MACChI JJIEKTPOHA, MACCHI ATOMA
BOJA0POJAa, JHEPIrUH I'PABUTOHA, JJIUHBI H YaCTOThI
rPAaBUTALUOHHBIX BOJIH, PACCTOSAHUSA AeHCTBUS I'PABUTALMOHHbIX
CHJI U AP.

ABTOp AHapel YepHoB

Coaepxanue

1. ArHOTanms, KJIHOYEBEIE CIOBA — 2-3 CTP.
2. Berymnenune — 3 c1p.

3. Metoapl — 3-26 cTp.

4. Pesynbratsl — 26-27 cTp.

5. 3akmouenue — 27-28 cTp.

6. Jexnaparus — 28 ctp.



AHHOTaNMS.

B aTOM HCClie10BaHNN BBOIATCS TAKUE HAYUYHBIE IIOHATHS, KaK
I'PaBUTALIMOHHBIE TYEUKN U I'PAaBUTALIMOHHBIE CTPYHBI. DTO HOBOBBEJICHHE
MO3BOJIMJIO NEPEUTH OT OOLIUX MPEICTABICHHUI O TPaBUTALIMOHHOM
B3aMMOJICHCTBHH K OoJiee TITyOOKOMY U I€TaJIbHOMY IOHUMAHHUIO ATOTO
¢duznyecKoro mpoiiecca, a TakKe MOJIy4YUTh 3HAYUTEIbHBIE HAyUYHbIE PE3YIbTaThI.
K 3TuM pesynbraram OTHOCATCS: MOIy4eHUE (GOpMYIIbl TPABUTAIMOHHON
IIOCTOSTHHOM, oTpesiesieHue GUKCUPOBAHHOM 3HEPTUU I'PaBUTOHA, MOJIyUYEHUE
JUIMHBI U YaCTOThI IPaBUTALIMOHHBIX BOJIH, MOJIy4eHHUE (POPMYJIBI MacChl JIEKTPOHA
1 (popMyJIbl MacChl aTOMa BOJ0po/ia yepe3 pyHaaMeHTaIbHble (PU3NUECKUE
KOHCTaHThI, oay4yeHue (opMys MUHUMAJIbHOTO U MaKCUMAJIbHOTO PACCTOSIHUS
JEUCTBUS TPABUTALMOHHBIX CHJI, TOJIy4YE€HUE HOBOW PENSITUBUCTCKON (DOPMYJIBI
CKOPOCTH Teja B TPaBUTALMOHHOM M0J€ U Ap. [Ipon3BeeHHbIE IO HOBBIM
dbopMynaM pacu€Thl HOJHOCTHIO COBIAIM C U3BECTHBIMU HAYYHBIMU U
HKCIIEPUMEHTAIbHBIMH JIaHHBIMHU.

B aT10i1 paboTe Obuta ycneniHo npuMeHeHa noctostuias [lnanka k
I'PaBUTALIMOHHOMY MO0 (C €€ MOMOIIBIO OBLIO ONPEAEICHO MUHUMAIILHOE
pPacCTOSIHUE IEVCTBUS IPABUTALIMOHHBIX CHJI, PACCYMTAaHA MAacca aTOMa BOJOPOJA C
ToYHOCTHIO 10 1077, onpe/eneHa 4acToTa U JUIMHA TPABUTALIMOHHBIX BOJIH U JIp).

Yepes cuHTE3 TEOPUH IPABUTALIMOHHBIX SUEEK U PENIATUBUCTKON (POPMYJIBI
MOJIHOM PHEpruu DUHINTEHHA OblIa TIOJTydeHa HOBast popMyIia CKOPOCTH Telia B

rpaBUTAlIMOHHOM II0JIC, KOTOPYIO y,Z[O6HO IMPUMCHATDb JJIA paC‘-IéTOB.



OTIMYUTENBLHON 0COOEHHOCTBIO TOTO MCCJIEIOBAHUS SBIISICTCS TO
00CTOATENIBCTBO, UTO B HOBBIX (DOPMYJIaX MPUCYTCTBYIOT TOJBKO
byHIaMeHTAIbHBIE (PU3UYECKUE TTOCTOSTHHBIE.

KiroueBbie ciioBa. UépHas 1pIpa, TpaBUTAIMOHHAS STUCHKa,
rPaBUTALMOHHAS CTPYHA, TPABUTALIMOHHBINA KBAHT, TPABUTOH, JIJIMHA U 4aCTOTa
TPaBUTALIMOHHON BOJIHBI, (POpPMYIIa rpaBUTALIMOHHON OCTOSTHHOMU, hopMyIia
Macchl 3JIEKTpOHa, (hopMyJia Macchl aToMa BOAOPOAa, dJIEMEHTapHBIN 3apsif,
dbopmyna paauyca llBapimumnbaa, mocrosaHas [1nanka, koinedaTenpbHas CKOPOCTh
IPAaBUTALMOHHOM CTPYHBI, MUHUMAJIBbHOE PACCTOSTHUS JICUCTBUS TPAaBUTALIMOHHBIX
cui, crta Kasumupa, aJIeKTpoMarHuTHas CTpyHa, pelsTUBUCTCKas hopmyia
CKOpPOCTH B I'PaBUTALIMOHHOM T0JIE, MAKCUMAJIbHBIN MPEIEI IEUCTBUS
TPaBUTALMOHHBIX CHII.

Beryniienue.

B sToM ucciieqoBanuy mpou30nuio BCTpPauBaHUE B KOHICTIIIAIO
I'PaBUTAIIMOHHOTO TOJIS TAKUX (DU3UYECKHUX IMOHATHH, KaK TPaBUTAIMOHHBIC
STYCHKHU U TPABUTAIIMOHHBIC CTPYHBI. ITO MO3BOJIUIIO MIEPEUTH OT OOIIMX
MPEACTaBICHUH O TPAaBUTAIIMOHHOM B3aMMOJICCTBUH TEJI B IPOCTPAHCTBE K OoJtee
JIeTaIbHOMY TTOHUMAHUIO 3TOT0 (PU3MUECKOTO MPOIIEcca U MOJTYUYUTh PeaJIbHbIE,

HO}ITBep)KlICHHBIG Ha6J'IIO)IeHI/I$[MI/I Hay‘{HBIe pe?;y.]'IBTaTBI.
MeToabl.

I'paBuTanIMOHHOE TTOJIC JIFOOOTO Tejla HeIb3sl pacCMaTPUBATh OTICIBHO 0€3

y4€Ta B3aMMOJEHCTBHS ITOTO Tea C IPYIMM TEJIOM B IpocTpaHcTse. Ilpu aTom



BEJIMYMHA TPABUTAIIMOHHOTO MOJISI 3aBUCUT HE TOJIBKO OT KOJIMYECTBA BEILIECTBA
(Macchl), HO U OT CTPYKTYPbI B3aUMOJICUCTBYIOIMUX TeN. B 3Ty CTpyKTYpy BXOAST
I'PaBUTAIIMOHHBIC TYCHKU. DT SUEUKU UMEIOT 3apsiJl, YUCIECHHO PaBHBINA B IBYM
AJIEMEHTapHBIM 3apsifaam 2q u Maccy m. Kaxnasi rpaBuTalilnoHHas siueiika m
o0Opa3yeT BOKpYT ce0si B IPOCTPAHCTBE MHOKECTBO TOYEHHBIX I'PABUTALIMOHHBIX

oJIeH Yn, HAIPAXKCHHOCTh KOTOPBIX 3aBUCUT OT paCCTOAHUA 1, OO 3TOH TOYKH, TO

2q
€CTb g, = r—z OTH MHOTOYHCJICHHBIC TOUCYHBIC MOJIS A0 OMpCACICHHOIO MOMCHTA

n

SBJISIFOTCSL CKPBITHIMH NMOTEHINAJIBHBIMH MOJISIMHU U MOTYT IIPOSIBUTH CEOsI
TOJIBKO MPU KOHTAKTE C TPABUTALIMOHHBIMHU slY€iiKamMu Apyrux tei. [losTomy npu
MOMNaJaHUU B 3TOT Y4aCTOK MPOCTPAHCTBA APYroro teja Maccoin My (Toxe
COCTOSIIIETO U3 MHOYKECTBA IPABUTAIIMOHHBIX TYECK C 3apsiIoM 2¢q ) B TOUKE

KOHTAKTa JBYX A4YCCK BOSHUKACT TCIICPh YKC PC€AJbHOC I'PABUTAIIMOHHOC

k2q-k2q k?aq?

noje: g = = =— B pesynbTaTe nosie g cooOmaeT rpaBUTAlMOHHOM

k24q 2

s4eiike Tena My yckopenue g = ———. Takas ke CUTyanus IPOUCXOIUT C
r

JOPYTHMU TPAaBUTAMOHHBIMU siueriKaMu Tena M 4. BenencrBue Toro, 4ro Teno
M cOCTOWT U3 OIPOMHOTO YKCJIa TAKHUX SYEEK C 3apsAioM 2¢q , a pa3MepsI Tena
HAMHOTO MEHbIIE paccTossHus T Mexxay M u M4, To Bc€ Teno M4 0ynaer

HCIBITBIBATb HAa 9TOM Yy4aCTKE ITPOCTPaHCTBA YCKOPCHHUEC, PABHOC BCIIMYNHC

. . . k?aq?
YCKOPEHHUSI OJHOU I'PaBUTALIMOHHOM YECHKHU, TO €CTh g = —Zq . (Ory curyanuro
Tr

MOJXHO CpaBHUTH C OAMHAKOBBIM YCKOPCHHBIM JIBUJKCHHCM MHOKCCTBA



a0COTIOTHO OJTMHAKOBBIX 3aPSKEHHBIX YACTHI] B JIEKTPUUECKOM I0JI€ OOJIBIIIOTO
AIEKTPUUECKOTO 3apsiia).

Teneps nepeliném Kk ocHOBHBIM (opmystaMm. Teno Mmaccoit M cOCTOUT U3
. M

OTPOMHOTO KOJINYECTBA M I'PABUTALIMOHHBIX TYEEK Maccold m, rae 1 = — .OTu
m

SYEUKU B COBOKYITHOCTH 00pa3yroT oOiiiee rpaButanriontoe nojie E = g -n. B
pe3yJIbTaTe BCETrO BBILIEU3I0KEHHOTO (POopMyJia rpaBUTALIMIOHHOTO OISl Teja
Maccol M npu B3aMMOJEMCTBUH 3TOW MACCHI C Ipyror Macco M| BBITIISAIUT
CJIEYIOIIUM 00pa3oM:

E:g-n:kne (1'1)

3I=

£
p. 12
rae E — rpaBuTanmonHoe nosne tena M, m/c?,
g — BEIMYMHA 11071 OJIHOM TPaBUTALIMOHHOMN sueliku Tena M, m/c?.
N — KOJIMYECTBO I'PaBUTALIMOHHBIX siueeK B macce M.

€ — DHEeprusi rpaBUTAMOHHON CTpYHBI. [1on€eBOe B3auMOaEHCTBHUE IBYX
I'PABUTALIMOHHBIX SYEEK B IIPOCTPAHCTBE MOXKHO paccMaTpuBaTh, Kak
MPOTSHKEHHYIO CHJIOBYIO CTPYHY. DHEPIrHUs TAKOM TPaBUTALlMOHHON CTPYHBI paBHA
e = k?4q ?Ix. I'ne k — koo DUIMEHT BBIXOA YHEPTHH U3 3apSIO0B

TPaBUTAIIMOHHON sSYeKU (MM KO3(PGUIIUEHT MPOMOPITMOHATIBHOCTH), JIx/Kit.

m — Macca rpaBUTAallMOHHOM siueliku Tena M, Kr.

 — BENMYMHA 2EMEHTApHOTO 3apsna, rae q = 1,60217733 - 10719 K.



k. cp. — KOdbdunmenT nepesosa eaUHUIL U3MEPEHUH, T Ko, = 1 M/kr (JTOT
ko3 duneHT BBOAUTCS B GOpMYITy JJIsl TOTO, YTOOBI HE Hapyliagach

Pa3MEpPHOCTh €IMHHI] U3MEPEHUI).

e
Ecimn B popmyie (1-1) Bepaxenne Ky, — 0003HAaUNTh Kak G, TO MOTYy4YUM

M

KJIacCH4ecKyto (popmyiry rpaButanmmontoro nois: E = G Z-

UToOBI SICHO MOHATH (PU3UKY IPOIIECCa HEOOXOUMO MPEKIE PACCMOTPETh
CJIy4ail TPaBUTAIMOHHOTO B3aUMOJICMCTBUS JIByX CBEPXIIJIOTHBIX MaccC,
HAa3bIBAEMBIX YEPHBIMU JIbIpaMHu. MTak, nMeeM B CBEPXIUIOTHBIE Macchl M 1
M (1, HaxXOOAIKMXCS HA PACCTOSIHUU T IPYT OT Apyra. OTU ABE MaCChl
IPEJICTaBISIIOT U3 ce0sl OTHOPOJAHOE BEIIECTBO, COCTOAIIEE U3 MHOYKECTBA
CBEPXIUIOTHBIX IYEEK MAaCCOM Mg U 3apsS0M, PABHBIM BEJIMYMHE JBYX
AJIEMEHTAPHBIX 3apsiioB — 2 . Takue rpaBUTAIIMOHHbBIC TYECHKU 00pa30BAIHUCH
IIOCJIE YPE3BbIYANHO IUIOTHOTO CXKATHS BEIIECTBA, B PE3YJIBTATE YErO MOJIEKYJIBI U
aTOMBI [IPEBPATUIIMCh B OJMHAKOBBIC TPABUTALIMOHHBIE TYCUKH, COCTOSIIUE U3
JIBYX MPOTUBOTONOXKHBIX 3apsioB. (Macca Takoi siueiiku oJKHA ObITh MEHBIIIE
CyMMapHOM Macchl CBOOOAHOTO MPOTOHA U CBOOOHOTO AJIEKTPOHA HA BEIUYHUHY
A m 3a cuéT 0cBOGOKIEHHS SHEPTUN NIPU CHKATHH BemecTsa, rae Am = E/c?).
dopmyna rpaBuTalMOHHOrO nouist E cBepxXIioTHoro tena maccont M mipu ero

B3aMMOJICHCTBUU C APYTUM CBEPXIIOTHBIM TeJIoM M ¢4 BBITJISIUT, Kak hopmyia

(1-1):



E =Ky, 22 20 (1-2)

nep. .2 mg

€ — DHEprus TPaBUTAMMOHHOMN CTPYHBI MEXKTYy IBYMS STUCUKAMU, €y =
k34q?=1,026789 - 10737 Ix. I'ne ky — K0>QPHUIMEHT BEIX0/1a SHEPTHH H3
3aps0B IPABUTAMOHHON SYCUKH (MM KOA(D(PHUIIMEHT PONOPIIMOHATFHOCTH ), TIe

ko = 1, JLx/Kin.

mg — Macca rpaBUTAllMOHHON STYEUKH, KT.

q — »neMeHTapHEI 3apaz, 1,60217733 - 10712 Kn.

B cBepXIJIOTHOM COCTOSIHMM BellecTBa KO3(P(ULIHUEHT BBIX01a SHEPTUU U3
3apsI0B TPABUTAMOHHOM stueiiku ko = 1. ([l cpaBHEHUS: TPU B3aMMOICHCTBHH
MEKTPUUECKUX 3apsaaoB B Bakyyme K = 9 - 10°). [IpuunHa Takoro 60JIbIIOTO
PACXO0XKICHUSA 3aKIII0YAETCS B TOM, YTO BEILIECTBO YEPHOU JIBIPbI HACTOIBKO
CUJIBHO CKAaTO, YTO IIOYTH BCE CUJIOBBIC JIMHUU JJIEMEHTAPHBIX
3aps 0B 3aMBIKAIOTCS BHYTPH I'PABUTALIMOHHBIX sTUeeK. M TOJIBKO Ype3BbIUAHO
MaJjias 4aCcTh CHJIOBBIX JIMHUM BBIXOJHUT HAPYXKYy, CO37aBasi BO BHEIIHEM
IPOCTPAaHCTBE I'PaBUTALMOHHOE M0Je. BeneacTBue 3Toro 06CTosTeNbCTBRA,
kodddumment kg 3a npenenamMu rpaBUTALMOHHON STYEHKH CHUXKAETCS 0 CBOETO
MUHHAMAJIBHOTO ITOPOTa, TO €CTh POBHO 10 1. IIpy 3TOM OCHOBHOE CHIJIOBOE TOJIE C
koddpunuentom K = 9 - 102, ocTaéres 3aMKHYTBIM MEXK/LY dIE€MEHTAPHBIMU

3apsaMy BHYTPH TPaBUTAIMOHHON STUEHKH M TIOOTOMY HUKaK ce0sl HE TPOSBIISET.



e o o
B dopmyie (1-2) —% noKa3bIBaeT BCJIMYMHY I'PaBUTALIMOHHOU ITOCTOSIHHOU,
my

e
rac GO = m_(:) . HOBTOMY CCJIM IIPUHATD YCJIOBHUC, YTO I'paBUTAllMOHHAA ITOCTOAHHAA

B 007acTn 48pHOii AbIpHI G paBHA KIaccuuecKoi Benmuunne G = 6,6743 - 10711,

TO IIOJIyYUM:

10-37
my =0 =12270 20 _ _ 153842210727 kr (1-3)
Go 6,6743-10

Ho Takoii pe3yapTaT mg HEIb3sl CYUUTATh OKOHYATEIbHBIM, IOTOMY YTO
rpaBUTALMOHHAS MOCTOSIHHASA G B SKCTPEMAJIbHBIX YCIOBUSIX YEPHOU JBIPHI
MOXET UMETh Ipyroe 3HayeHue. [103Tomy B LENIAX YUCTOTHI UCCIIETOBAHUS
TIOJTYYEeHHYIO BenunHy My = 1,538422 - 10727kr cnemyeT NpoBepUTh Yepes
IpYTryro (GopMyiy, CBI3aHHYIO C TIOHATHEM «4YEpHas Abipa». Takoi MpoBEpOYHO

dbopmyioii Oyaet ¢popmyna paguyca IIBapmmmibaa.

__2Gyg

R = M

c2
rae R — rpaBUTallMOHHBIN paanyc YEPHOU AbIPbI, M, Gy — rpaBUTALIMOHHAS
ITIOCTOSIHHASL B TIOJIE YEPHOM AbIpbl, M — Macca YEPHOM ABIPHI, KT, € — CKOPOCTh

cBeTa, M/C.

B atoit popmyne ocoOblil MHTEpEC NPEACTABISET BEIPAKEHNE 2% 310
pMYyJ peC NPEACTABIL p 2
R
BBIPKEHUE PABHO - , H3MEPACTCA B «M/KI» U SIBISIETCS YEIbHBIM MOKa3aTeIeM

2G
CIOJIIUHBD> U «MAaCCBhI». HpI/I YMHOXCHNHA C_ZO Ha MacCcCy TCjia M OMnpCaCIIACTCA

IPaBUTALMOHHBIN paanyc 4€pHOMN AbIpbl. HO B 0O4HOMEPHOM IPOCTPAHCTBE YEPHOU

JBIPBI TAKOW (PU3MYECKON BEJIUUMHBI, KaK JJIMHA HE CYIIECTBYET, IO3TOMY



R
MoKa3aTeNb - B «M/KI» HaJ10 BOCIPUHUMAaTh, KAK MUHUMAJIBHYIO CTPYKTYPHYIO

CMHMUILY BEIIeCTBA YEPHOU JIBIPHI, TO €CTh MACCy TPaBUTALIMOHHON SIYSHKHU M.

2Gy o e
OTcroma ciaemyeT, 94To My = — C yuérom Toro, uto coriacHo ¢. (1-5) my = G—O,
0
.2Go __ e
MOITYIHM CIICAYIONICE YPABHEHHE: —~ =
¢ 0

PemM 3T0 ypaBHEHNE U TIOTYYHM:
Go=vV2qc=6,7927- 10711 (1-4)
my = @ =1,511593- 10727 xkr (1-5)

Kax BuguM, Macca rpaBUTAIIMOHHON STYEHKH YEPHOU JBIPHI
coctaBisser my = 1,511593 - 10727 kr, ane 1,538422 - 10727 kr, kak ObLIO
BBIYHCIICHO BhINIe. HO B TO K€ BpeMs 3TH O4YeHb OJIM3KHE PE3YNIbTAThI, KOTOPHIC
OBLIIM MOJYy4YEHBI Pa3HBIMU ITYTSMH, CBUJIETEILCTBYIOT O MPABUIIBHOCTH THIIOTE3bI
IpaBUTAIIMOHHBIX stueek. [Ipu BEIOOpE Mex My ABYMS 3HaYEHUSIMU My OyeT
MIpaBUJIbHEH OCTAHOBUTHCS HA BEIMUWHE, TIOJIYICHHON C TPUMEHEHUEM (OPMYJIBI
[IBapumunsaa, To ecth My = 1,511593 - 10727 kr. (D10 OyIeT MoATBEPKIACHO
pacuy€Tamu B 3TOM CTaThe IIPH OMPEICIICHUH MaCcChl aTOMa BOJIOPO/IA).

Pacxoxnaenue mexny Go = 6,7927 - 10°11y6=6,6743- 10711
cocrasisieT Bcero 1,7 %. Oto HeOobIas pa3HUIla CBS3aHa CO CTPYKTYPHBIMU
W3MEHEHUSIMU CBEPXTUIOTHBIX TPABUTAIIMOHHBIX STYCEK.

Teneps paccMOTpHUM TPaBUTALIMOHHOE B3aUMOJICHCTBHE «OOBIYHOTO)» Tela
Maccoit M ¢ npyroit «o0saHON» Maccorr M 1. @opmyna rpaBUTaliOHHOTO 1101 E

Terna M corimacHO OCHOBHOUM (opMyiibl (1-2) BRITISAUT TaK:

9



E=k,

3I=

(1-6)

e
p- 2
e — JHeprus TPaBUTALOHHON CTPYHBI MEXIy sueiikam, e = k?4q 2 =
1,108293 - 10_37I[>K. ['ne k — ko3¢ duimeHT BpIX0/1a SHEPTUHU U3 3aPsI0B

TPaBUTALMOHHOMN STYEUKH (MM KO (PHUIIMEHT MpONOpIHOHaIBHOCTH), TAe kK =

1,038931 /K.

M — Macca TPaBUTAIIMOHHOM sueiikn, Tie m = 1,660539 - 10 27kr.

k. cp. — KOdbduLMEnT nepesosa eqMHUI U3MEPEHUH, T1e Ko, = 1 M/KT.

C yuérom Toro, uto Ky, = 1, u3 Gopmyisl (1-6) nomydnm Knaccuaeckyro

dbopmyiTy rpaBUTAIMOHHOTO TMOJIS:

E=GZ e 6=2=6,6743- 10711 (1-7)
r

==
Teneps 00bsicHuM BenmudyuHbl kK 1 m. [{7s1 3TOr0 npejacTaBuM, 4To U3
CBEPXIUJIOTHOTO BEIIECTBA YEPHOM JBIpbl 00pa30BajIoch OOBIYHOE BElIeCTBO. B
ATOM CJIy4ae Ka)<Jasi CBEpXIUIOTHAS TPABUTALMOHHAS SYEWKa, BCICACTBUE
MOCTYIUICHUS SHEprun E, yBeIuUnT CBOIO Maccy Mg 10 MacChl M Ha BEJIUYUHY
Am (rpe A m = E/c?). B pe3ynbTare U3 CBEpXILIOTHOTO BElleCTBa 06pasyercs
m1a3Ma, u3 KOTOPOH 3aTeéM MOTYT 00pa30BBIBATHCS T'a3000pa3HbIe, KUIKHUE U
TBEPJIbIC BEIIECTBA. BCe UeThIpe COCTOSTHUS BENIECTBA SIBJISIFOTCS HEUTPaIbHBIMU,
TO €CTh UMEIOT CYMMAapHBIN DJIEKTPUUYECKUHN 3apsi]l paBHbIM HYI10. Benencreue

ATOTO 0OCTOSITENHCTBA, 000 «OOBIYHOE) BEIIECTBO MOKHO MPEICTABUTh, KaK

OI'POMHOEC€ MHOKECTBO I'PaBUTALIMOHHBIX AYCCK. OTH SYESUKU COCTOAT U3 IIPpOTOHA U

10



AJIEKTPOHA ¢ OOITUM 3apsIoM 2 ¢, a TaK)Ke U3 HEHTPOHOB, KOTOPBIE TOXKE
IPEJICTaBIISIIOT COOOI0 Mapy U3 MPOTOHA U AJIEKTPOHA ¢ 00IIUM 3apsiioM 2 q.
Takum oOpa3om, Macca rpaBUTALIMOHHON sueiiky M 11000T0 BeriecTsa (1asma,
ras, >KHJIKO€ UM TBEPAOE BEIIECTBO) C BBICOKOW CTEMEHbIO TOYHOCTHIO OYIET
paBHa 1 a. e. M. mmum = 1,660539 - 10~27kr.

B ycnoBmsix cranmaptHOU miotHOCTH BemectBa k = 1,038931, To ecthb
k > ko = 1. D10 ouenb manoe orinune Mexay k u kg MOXKHO OOBSICHUTH TEM,
4TO, B OTJINYME OT IPABUTALMOHHON YEHKHU YEPHOU JBIPBI, II€ JIEMEHTAPHbIE
3apsAbl A0COIIOTHO IUIOTHO MPHUJIETAIOT IPYT K APYTY, B OOBIYHOM sTUEHKE MEXKIY
JBYMSI SJIEMEHTApHBIMU 3apsA/IaMUd UMEETCA KaKOe-TO YIbTPAMHUKPOCKOIMYECKOE
paccrosinue. BeaeacTBue 3Toro 00CTosSTENhCTBA U3 OOBIYHON STUYEHKH BBIXOJIUT
4qyTh OOJIbILIE CHIIOBBIX JIMHUN HApyKy, YEM U3 CBEPXIIOTHOM slUEHKH, BCIEACTBUE
yero k > k.

['paBuTalIMOHHOE B3aUMOJICUCTBUE «OOBIYHOTO» Tejia Maccoil M u
CBEPXIUJIOTHOTO Tejia Maccoit My ornipenensiercs o0mie BeIMUYnHON e =
kky4q? =1,066763 - 10737 ]Ik u pasHBIMH MaccaMy IPAaBUTAIMOHHBIX SUeeK
m = 1,660539- 10 2’kr umy = 1,511593 - 10~27kr. Orcrona nonyunm
cienyromye (GopMyIibl TPaBUTAIIMOHHBIX TOJIEH:

['paBuTaniMOHHOE T0JIE «OOBIYHOTO» Tenla M.

E=k, & g wmE = G %,rgea=e—1=6,4242- 10~

mep. .2 m

['paBUTanIMOHHOE MOJIE CBEPXIIOTHOTO Tena M:

11



€1
nep. ,.2

Mo nimE = G M—g, rne G = e B 7,0572- 10~ 11

my r my

E=k

BxiroueHne B KOHIENIIUIO TPABUTALMOHHOTO TOJIS TPABUTALMOHHBIX STYEEK
Y TPABUTALMOHHBIX CTPYH, IMO3BOJIWIIO MOJIYYUTh IPYTUE 3HAUYNTEIbHbBIC
pe3ynbTaThl. TakuMu pe3ysbTaTaMu SBISIOTCS MOJydeHue PopMyIibl U pacy€T 1o
HEel Macchl aTOMa BOJOPO/Ia, & TAKXKe MOJIyYeHHEe (POPMYJIbl MACChI AJIEKTPOHA
BHYTPH BEILIECTBA.

B ycnoBusx 4€pHOM ABIPHI, KOTIa BENIECTBO MAKCUMAJIBHO CKATo,
TPaBUTALIMOHHOE I10JIE MEXKY ABYMS CBEPXIUIOTHBIMU I'PABUTALIHOHHBIMH
AYEUKaMH COKPAILAETCS HACTOIBKO, YTO IPEBPAILAETCS B TOYCUHYIO
I'PaBUTALMOHHYIO CTPYHY, TO €CTh B TOUKY. B 3T0i1 cutyauuu popmyna
I'PAaBUTALMOHHOTIO TOJIS yKe He paboTaeT, a BMECTO He€ AecTByeT popMyiia
[1nanka:

eo=hy (1-8)
I7I€ €y — DHEPTHs TOYEYHOM IPaBUTALlMOHHOU CTPYHBI YEPHOU ABIPHL, € =
1,026789 - 10737 Ix. (cm. ¢.1-2).

h — nocrostanas [Tnanka, 6,62607 - 10734 Ik - c.

Y - 4acroTa, rac y = %0 =1,549620 - 1074, ¢~ 1. (y sBAsieTCs MOCTOSHHOU

BEJIMYMHON M HE 3aBUCHT OT cucTeMbl nu3Mepenns CU wim CI'CD).
YacToTa y cBsi3aHa C COOTHOILIEHHEM OTPHUIIATENIbHBIX U MOJI0KUTEIbHBIX

3apsI0B B TPABUTAIIMOHHOM KBaHTE CJICIYIOIEH (OPMYIIOii:

1 2e, 1 e,

(1-9)

T4 2eqp _Z €ip
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IZle €_, — BeJIMYMHA SHEPTUU OTPULATEIBHOrO 3apsia BHYTpHU sueiiku, [x.
€.p — BEIMYUHA DHEPTHH MOJIOKHUTETHLHOTO 3apsia BHYTPHU suehku, JIK.
e
Takum obpazom, sy = ;0, MOJIYYHM (POPMYILY:

e_e 4eg

(1-10)

e+p h
OHpeHeHeHI/Ie QHEPIruA OTpULATCIBHOI'O U ITOJOKUTCIIBHOI'O 3apsAada»
BBCICHO IMOTOMY, YTO BHYTPU I'PABUTALMOHHBIX AYCCK U I'PABUTAITMOHHBIX

KBAHTOB 3JICKTPOHBI U IIPOTOHBI HE ABJIAIOTCA CaMOCTOATCIbHBIMHA YaCTHUIAMU.
1 - o
Hp06b Z 00BIACHICTCS TCEM, 4YTO B O6paSOBaHI/II/I TOYCYHOMU I'PaAaBUTATMOHHOHN

CTPYHBI (WJIM CTATUYHOTO IPaBUTALIMOHHOIO KBAaHTA) yYaCTBYIOT YEThIpE 3apsijia.
JInst cpaBHEHMS: B 00pa30BaHUM KBaHTA 3JEKTPOMATHUTHOTO MOJIS, y4aCTBYET
TOJIKO OJIMH 3apsia B Buje JekTpoHa. (IIpaBuibHOCTh hopmyn (1-8) u (1-9)
OyJeT MOJATBEpkKACHA HUXKE COBIIAJIEHUEM PAcU€TOB MO 3TUM (opMyJiaM ¢
DKCIIEPUMEHTAIbHBIMH JTaHHBIMHU ).

Ha ocHoBaHuM BhIIECTOAIUX (POPMYIT U € YYETOM TOTO, YTO OOLIas
SHEprys IPaBUTALMOHHOM SUeHKH COCTaBIAET MyC2 = e.p + e_,, noayunm

dhopMyITy SHEPTHH OTPUIIATEIIFHOTO 3apsiJia BHYTPU CBEPXIUIOTHOMN SYCHKHU:

__ 4egmyc

2
e = e @1

y _ \/gq _ 4 2
YMTBIBASL, YTO Mg = —— U €9 = 4 q°, OIy4HUM BEININHY €_p 1epe3

dbopmyiy ¢ Tpems pyHIaMEHTaTbHBIMU TOCTOSTHHBIMU

_ 32v2q3c

—e = “h+16q%) = 8,415740 - 10 M kr (1-12)
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Kax BumumM, e_, mouTH coBmasia ¢ 3Heprueil CBOOOTHOTO AIIEKTPOHA, T/Ie
e =8,187111-1014 JIx. Pacxoxnenue cocrabiset 2,7 %. (Hamo 3ameTHTsh,
YTO MOJIHOT'O COBITAJICHUS 3/1eCh OBITh HE JIOJDKHO, IIOTOMY YTO OTPHIIATCIIBHBIN
3apsil BHYTPH IPABUTAIMOHHON STYCHKHM M CBOOOTHBIN 3JIEKTPOH — 3TO Pa3HBIC
buznyecKre BETMYUHBI).

Bennunna OHCPTUHU ITOJOXKUTCIIbHOTO 3apsad B sTYelKe COCTABHUT: e+p =
myc?—e_,=1,511593- 10727 - ¢* — 8,415740 -1071* = 13,577104 -
1011 Ix.

CoOTHOIIIEHUE MEXAY SHEPTUSIMHU 3apPSAI0B B CBEPXIIIOTHOM SIYEUKE COCTABIIACT:

e_, 4 eg

== 6,19848 - 10~*

€ip
N3 orpoMHOTr0 MHOKECTBA TAKUX IJIOTHO COJIMIKEHHBIX CBEPXILIOTHBIX

SYEEK COCTOUT TEJIO YEPHOU IbIphl. Tenepb pacCMOTPUM MPOIecC 00pa30BaHUS

aTOMOB BOJOPOJIa U3 TPABUTAIIMOHHBIX sA4eeK. J[JI1 3TOro B KaXKIyt0 SUYECUKY

AOJDKHA ITOCTYIINTb BHCIITHSAA SHCPI'HA. B PE3YJIbTAaTC IOCTYINNICHUA B OHCPIUU B

AYEHKY, NOJIOKUTENBHBIA 3apsn B suekike e, = 13,577 104 - 10~ I
YBEJIMYUBAETCS POBHO Ha Benmuuny A ey, = 1,455 672 - 10~ I, T0 ecth
BIUIOTb /IO BETMYMHBI SHEPIHH [TOKOSI TIPOTOHA: €, = mpc2 =1,6726219-

10727 - ¢2 = 15,032776 - 10_11[[3(. (bombIie 3TOM BETUYUHBI MOJIOKUTECIHHBIN
3apsiz B STYCHKE yBETUUUTHCS He MokeT!). TakuMm oOpazom, oOmiast SHEprust

TPAaBUTAIIMOHHOMW SIYEHKH BO3pacTacT Ha A e, U CTAHOBUTCSI PABHOU:
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e=e_,te, = 8415740 - 10~1* + 15,032776- 10711 =
15,041191 - 10~ 11 Ix

Kak BuauM, BeIUKCICHHAS BenurHa e = 15,041191 - 10~ 11 x
MPAKTUIECKHA a0COJIFOTHO COBITAJA C AKCIEPUMEHTATBHON BETMIYMHON SHEPTHH
aToMa BoJopoja, rae e , = 1,6735575- 10727 - ¢ = 15,041185- 10~ 11 Txx.
VY IbTpaMuKpocKonuueckoe pacxoxkaenue 6 - 10717 [l MoskHO cMerno crucaTh Ha
JOMYCTUMYIO MOTPEIIHOCTh pacu€ToB. Ho B TO e BpeMsi 3TO 0YEHb MaJioe
PACXO0KJICHUE MOXKET ObITh CIIEJICTBUEM BBIJCICHUS YACTULl HEUTPUHO MPHU
o6pazoBanuy atoMa Bojopoza (e = 15,041191 - 10711 xx > e, =15,041185 -
10711 /Ix). [TosTOoMy yunTBIBas 3Ty BEPOATHOCTD, 3aIUIIEM HOTydEHHBIH
pe3yabTar ciaeaytomeid Gopmynoil:

e, = 32/2¢% ¢
h = " (h+1642)

e,— e, (1-13)
IJIe e j, — PHeprus aToma Bojopona, 15,041185 - 10_11I[>1<.

e, — dHEprus Moxos nporona, 15,032776 1011 k.

Y e, — 00mas sHEprys HeHTpuHO, Y. e, = 6 - 10717 JIx.

q, h, c — bynnamenTanbpabie PU3NYECKUE TOCTOSIHHBIC.

C yuéroM, uto E = m ¢? , nomyunm GpopMyay Macchl aTOMa BOIOPOJIA:

32v2 ¢3

m, = C(quz) +my, — >m, (1-14)

e My — Macca aToma Bojoposa, 1,6735575 - 10727 kr.

m,, — macca ipoTona, 1,6726219 - 10727 kr.

p

Y m, — obmas mMacca HeiitpuHo, Y, m, = 7 - 1073% kr.
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q, h, c — bynnamenTtanpabie PU3NYECKUE TOCTOSIHHBIC.
Y4uThIBas, 4TO BEJIHYMHA Y, MM, HUYTOXKHO MaJjia 10 OTHOIIEHHIO K Macce

atroMa Bojiopoaa (Bcero 0,00004 %), popmyny (1-14) moxHO 3anmcaTh B BHJIE:

_ 32v24°
h — c (h+16q2)

+ m, (1-15)

Takum 00pa3om, Mpor3BeIEHHBIN pacuéT MacChl aTOMa BOJIOPOJIa
MPAKTHYECKH a0COTIOTHO COBIAN C AKCIIEPUMEHTAILHOW MAacCoi aToMa BOAOPO/Ia.
DT0 MpsAMO MOATBEPKAAET MPAaBMIILHOCTH opmyi (1-8), (1-9), a Takxke
MOJIYYEHHYIO ¢ MOMOIIbI0 (hopMyibl paguyca [IBapiimmibaa BETUIUHY My =

V84
c

=1,511593 - 10727 xr. I'1aBHBII pe3yJbTaT BLINIENPHBEAEHHOTO

A0KAa3aTeJbLCTBA COCTOMT B TOM, UTO IOJIHOE COBIAaJeHHEe BLIYMCIEHHOM 110
dopmyiJie 1 IKCIIEPUMEHTAIBLHOM MacChl aTOMAa BOJA0OPO/IA NMOATBEPkKIAET

CYIIeCTBOBAHUEC I'PABUTAIIMOHHLIX AYCCK U CTPYH.

[TpuBeném emig ogHO AOKA3aTEIbCTBO CYIIECTBOBAHUS IPABUTALIMOHHBIX
SYEEK U CTPYH. 7151 3TOTO paccMOTpUM B3aUMOJICUCTBUE JBYX 3€PKATBHO
OoTHLIM(GOBAHHBIX IJIACTUH, HAXOASAIIMXCS Ha OYCHD OJTM3KOM paccTosHUU d apyT
OT Jpyra (Takoi OnbIT MPOBOAMIICA NpHU U3ydyeHuu 3pdexra Kazumupa). B atom
Cly4yae rpaBUTAIIMOHHBIC STYEHKU (aTOMBI) TPOTUBOTMOJIOKHBIX TEJl OyIyT Yepes
IpaBUTALIMOHHBIE CTPYHBI B3aUMOJICICTBOBATH APYT ¢ ApyroM. Hamuiem Ha
ocHoBe hopmyi (1-6) u (1-7) popmyty rpaBUTAIIMOHHOTO OJIS IS Cydast, Koraa

JABC I'PAaBUTAIMOHHEIC STYCHKH M HaxoOsATCAa APYyTr IPOTUB ApyTra:
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E=G= or E=k,. . —

i wop 5 (1-16)
rae E — HanpsykéHHOCTh TPaBUTALMOHHOTO MO, M/C2,
e — >Heprus rpaBUTAIUOHHOM cTpyHsl, 1,108293 - 10737 k. (cm. f.1-6)
M — Macca IrpaBUTalMOHHOM sueiiky, 1,660539 - 10727kr. (cM. f.1-6)
d — paccTosiHEE MEKTy IPaBUTAIIMOHHBIMH sTYCHKAMH, M.
Kyep. — K02 duuMeHT nepepoaa eqUHUL U3MepeHuid, Ky, = 1 m/kr  (cm. f.1-6)
Taxoke Kak B IpebIAyIIeM A0Ka3aTeabcTBe (T ObLIH MOTydeHbI (OPMYJIbI
MacChl 3JICKTPOHA U MacChl aTOMa BoJI0pojia) mpuMeHuM popmyity [Tnanka k
I'PaBUTAIIMOHHOMN CTPYHE MEXKTY STUCHKAMMU:
e=hy (1-17)
rae h — nocrosiaHas [nanka.

e 110829310737 _ 4 1
¥ — HacToTa CTPYHBL, [N Y = 1 = ~~ oy = 1,672466-10"* c

YacToTa rpaBUTallMOHHOMN CTPYHBI Y SIBISETCS OCTOSTHHOW BEJIMYUHOM,
HO COCTOUT M3 JIBYX MEPEMEHHBIX BEIUYUH V U d.:
Y = Kkyepvd®* (1-18)
r7ie ¥ — KojebarenbHas CKOPOCTh TPAaBUTALIMOHHOM CTPYHBI, M/C.

k;cp. — KOO puuMenT s nepeBoaa eqMHUIL M3MEPEHUH, rae Ky, =1 M3

Orcrona cienyer, uto v = y/d* u d = \/y/v

Takum 00pa3om, CKOPOCTh KOJIeOaHU ¥ TpaBUTAIIMOHHON CTPYHBI 00OpaTHO

IPOIIOPIIMOHANIbHA KBaapaTy e€ nauHbl d. KojebarenbHas CKOpOCTh CTPYHBI V
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MMeEET BEPXHUI MPeeN, KOTOPbId paBEH CKOPOCTH PacHpOCTpaHEHUs CBETA B
BAKYYME, TO €CTb Vppq, = €. OTCIOAA CIENYET, UTO JTOJKHO CYIIECTBOBATh
MUHUMAaJIbHOE PAcCTOSTHUE d iy, HA KOTOPOM TPABUTAIIMOHHAS CTPYHA

«oOpsIBaeTcs. OnpeaenuM 3To pacCTOsIHUE:

1,672 466 104
doin =VV/C= \/ . = 0,747 mxm (1-19)

Nwmenno ¢ atoro paccrosiaus d,,;, = 0,747 MKM TpaBUTAIlMOHHOE
B3aMMOJICUCTBHE MEX]TY sSTUeiKaMu (aATOMaMM) MPEKPaIAETCsl U IEPEXOIUT B
IPSAMOE B3aUMOJIEMCTBUE AJIEMEHTAPHBIX 3apsiioB. [Ipu 3TOM OCHOBHBIE CUIIOBBIE
JIMHHH 3IeMeHTapHBIX 3apanoB (K = 9 - 10%), koTopsle paHbIle OBLTH 3aKIFOYEHBI
BHYTPH TPaBUTAIIMOHHBIX S4YeeK (aTOMOB), TeIepb BEICBOOOXKIat0TCs. B
pe3yabpTaTe BO3HUKAET HOBOE CUIIBHOE B3aUMOJEHCTBUE, HA3bIBAEMOE CUIION
Kasumupa. Ha ero ¢usndeckoii mpupojie OCTaHaBIMBATHCS HE OyeM, TOTOMY UTO
ATO HE BXOJHT B 3ajauy uccienoBanus. Ceiiuac Ba:KHO MOAYEPKHYTH TO Ba)KHOE
00CTOATENBCTBO, YTO PACCTOSIHUE «OOPbIBA» IPABUTALMOHHON CTPYHBI
dnin = 0,747 MKM TOYHO COBIAJIO ¢ MOsIBJIeHHEeM cHiIbl Kazumupa.

DTa yapTpaMUKPOCKONIMYECKAs TPaHUIIA IEPEX0/1a TPABUTALIMOHHOTO
B3aMMOJICHCTBUS B IPYro€ B3aMMOJEHCTBUE OATBEPKAACTCS IKCIEPUMEHTAMHU 110
uzydyenuto s dexra Kazumupa. Toraa 6pu10 3aprkcupoBaHO, YTO UMEHHO C
pPacCTOSIHUS MeHbIIle MUKPOMETPAa MEXIy ABYMS 3€pKadbHO OTHLIN()OBAaHHBIMU
IJJACTUHAMM BO3HUKAET 3aMETHOE MpOosiBIIeHUE cuiibl Kazumupa. YuuTsiBas

OOJBIIIME MOPSIKA UCTIONB30BaHHBIX B hopmyrie (1-19) pusnyeckux BenudnH
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(10737,1073* | 108), ciryuaiinoe coBmaneHue BHIYMCIECHHOTO MO HOPMYIIE 1

SKCICPUMEHTAIBHOTO pe3yJibTaTa ucKiroueHo. OTcroa cieayer, 4ro ¢popmyna (1-
19), Ha OCHOBaHHMH KOTOPOU OBLT MOTY4YCeH pe3ynbTatr d i, = 0,747 MKM, sSIBIISETCS
BepHOit. CiieioBaTeNIbHO, MPABUIIBHBIMU ABJISIFOTCS Takxke Gopmyisr (1-16), (1-17),

(1-18), na 0a3e KOTOpBIX ObLJIA MMOJIyYEHA 3Ta opMmya.

CymecTBoBaHuE 2-X BUIOB TPAaBUTAIIMOHHBIX CTPYH € (PUKCUPOBAHHOU
sueprueii (e = 1,108293 - 10737 [l nmu HamHOTO pexe eg = 1,026789 -
10737 JIx) npeanonaraeT CyIecTBOBaHHE TPABUTAIIOHHBIX KBAHTOB WU
TPABUTOHOB (TOXeE ¢ (PUKCUPOBAHHOU 3HEprHe ). X poxaeHne MoxKeT
MPOUCXOIUTH MPHU YPE3BBIYANHO OBICTPOM MEPEMEILIEHUN TPABUTALIMOHHBIX SYEEK
(aTOMOB) OTHOCUTENBHO JPYT Apyra. B pe3ynbpTaTe rpaBUTAlIMOHHAS CTPyHA
MeXy sifueikamMu (aATOMaMHu) OTPBIBAETCS U MPEBpAIaeTCsi B CBOOOAHBIN
JBWKYIIUNCS KBAHT C BEJIMUYMHOW YHEPTUM PABHOU € niu e . Kak u B
IpebIIyIeM Cilydae, CHoBa nmpuMeHuM popmyny [lnanka:

e=hy
rmee = 1,108293 10737 [Ix, y = 1,672466-10"* ¢!

c hc _ 66260710734 ¢ 12
ETOM Y = —, IOJIYYUM. A = — = = =1,7923 -10“ m.
C yaérom y 7 oIy e 1,108293-10~37

['paBuTallMOHHBIN KBAHT (TPABUTOH) UMEET YPE3BHIUANHO MATYIO SHEPTUIO
e. [1o aToM npruunHE Ja)e UHTEHCUBHBINA MIOTOK TPABUTOHOB HEBO3MOXKHO
3a)UKCUPOBATH C TIOMOIILI0 COBPEMEHHBIX MPUOOPOB. TeopeTHdecku 3TO MOKHO

OCyHICCTBUTD IIPU OTHOCUTCIIBHO OJIM3KUX KOCMHYECKHX KaTaKJIM3Max (BSpBIB



CBerHOBOﬁ, CTOJJKHOBCHHUEC OYCHD IINIOTHBIX 1 OYCHb MACCHUBHBIX KOCMHWYCCKHUX
TCI U I[p.), Koraa U3 KoCMocCa I/II[éT ‘IpCBBLI‘I&ﬁHO IIOTHBIA TIOTOK
I'paBUTAIMOHHBIX KBAHTOB. ToJIbKO B 3TOM ClIydac BO3MOKHA (1)I/IKC8,HI/IH

I'PAaBUTOHOB.

[To aHanmoruu ¢ rpaBUTAIMOHHBIMU CTPYHAMU JIOJKHBI CYIIIECTBOBATh
AJIEKTPOMArHUTHBIE CTPYHBI MEXKTy TPOTUBOMOJIOAKHBIMU 3JIEMEHTAPHBIMU
3apsgaMu (TO €CTh MEXKY SJIEKTPOHOM U IMTPOTOHOM, SJIEKTPOHOM U MTO3UTPOHOM U
T.11.) Mlcxoast U3 3TOro npeanoioKeH s 0 aHaJIOTUU C BBIIIECTOAIUMU
dbopmyIamMu OJIYYUM CIIETYIOIINE (POPMYIIbIL:

K-q*> 2,310275-10728 _
V= % - hq ~ 6,62607 103 =348664 c'u v=y/d? d=y/v)

Otcroaa npH Vg, = € MOITYUYUM:

’348664
din =VY/C= — = 3,4 cMm

r7ie ¥ — KojebarenbHas CKOPOCTh 3JIEKTPOMAarHUTHOW CTPYHBI, M/C.
e — DHeprus AIeKTPOMATHUTHOH cTpyHHl, e = K - g% = 2,310275 - 10728 I
( — BeIMYMHA 2IEMEHTAPHOTO 3apsiaa, ¢ = 1,60217733 - 10719 K.
K — xo>pdurment nponopiuonansHocty, 9 - 107,

Takum 0Opa3zom, rpu paccTossHuU d i, = 3,4 CM DJIEKTPOMarHuTHas
CTpyHa MEXAY 3apsA/laMU «OOPBIBACTCS», U AJIEMEHTAPHbIE 3aPsIbl HAUUHAIOT
B3aMMO/ICHCTBOBATh HAMPSIMYIO 0€3 CTpyHbI-TIocpenHnka. K coxxanenuro,

IMPOBCACHUEC TAKOI'O K€ DKCIICPUMCHTA, KAaK ITPH OIPCACICHUN CHUJIbI KaSI/IMI/Ipa, HE
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MO3BOJIUT OOHAPYXKUTh I'PAHUILY ACHCTBUS KyJIOHOBCKUX cuil. [lepBas npuunHa —
3TO YJABTPAMUKPOCKOIMYECKAs pa3HULIA B CHJIE MEX/1Y MPSAMbBIM B3aUMO/IEHCTBUEM
3JIEMEHTApPHBIX 3apsA0B U KYJIOHOBCKUM B3aHMOJECHCTBUEM Uepe3 CTpyHbl. BTopas
IPUYMHA COCTOUT B HEBO3MO>KHOCTH KOPPEKTHOI'O ITPOBEIEHUS IOJOOHOTO
DKCIEPUMEHTA. J[€710 B TOM, YTO AJIs ATOro OyJeT HEOOXOAUMO PaCIOJIOKHUTh Ha
ONMU3KUX MapaUIeTbHBIX MIIACTUHAX OOJBIIOE MHOMXKECTBO MJIOTHO
PacHoOJIOKEHHBIX 3JIEMEHTAPHBIX 3apAJI0B. A 3TO HEBO3MOKHO M3-33 CUIILHOTO
KYJIOHOBCKOT'O B3aUMOJIEUCTBUS 3TUX 3apAA0B (OTTAJKUBAHUS U MPUTSKEHUS), U,
CJIEI0BATENbHO, HEU30E)KHOTO IEPEMELICHHUS 3aps/I0B, KaK IO MOBEPXHOCTHU
IUIACTHH, TaK U MEXy TUIACTUHAMM.

(Hust myumiero BocupusiTUs THGOPMALIMK B HEKOTOPBIX BBIIIECTOSIIUX

(dopMmyrax CrenuagTbHO HE OCTaBIEHBI KO3 (UIIMEHTHI IEPEBOIA €AMHUI]

M3MEPEHUH K ¢, , TOTOMY YTO OHM PaBHBHI 1).

Teopus rpaBUTALIMOHHBIX SYEEK MO3BOJISET MPUMEHUTH (POPMYJITY MTOJTHOM
SHEPrUr JBUKYILEroCcs Tejla K CKOPOCTH TeJla B TpaBUTAIMOHHOM Tosie. Hanuiem
3Ty U3BECTHYIO (hopMyy DUHIITEIHA!

Ey
nin Efull = =
1——Z 1-—

c

Epyy = (1-20)

3
S
RS W

N

rze E g,y — NOTHAS SHEPTUsI ABMKYLIETOCS Tela.

Ey — sHeprus noKosIerocs Tena.

V — CKOpPOCTH TECJIA.
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[Tpumenum 3Ty Gopmyty K ABHKEHUIO TeJla B TPABUTALIMOHHOM IIOJIE.

Epy=— (1-21)

E ¢y — monHas SHEPTHs IBIKYIIETOCS TENa M B TPABUTALMOHHOM T10JIE MACChI
M, JIx.
E — sHEprus nokos tena m, Jx.

Eo?

Efun

U3 ¢. (1-21) nonyuum dopmyiy ckopocTd Tesiam: v, = ¢ [1 — s (1-22)

rac€ VU, — CKOpPOCTh, HpI/IO6p€TCHHa$I TCJIOM M B I'PAaBUTAIMOHHOM IIOJIC UCPE3 I =

1 M mocJie HaJaja IBMKECHUS, M/C.

Eo?

(Eo+Eg)” (1-23)

Packpoewm 3nauenune Efyy: v = € |1 —

rac E g IMOTCHIOHUAJIbHAA SHCPI'HA I'PABUTAIMOHHOIO I10JI Ha PaCCTOAHUN R ot

Maccel M B TOUKE HAXOXKICHUS Teaa m, JIx.

GMm

Paznoxum E ; Ha cocTaBistolye pusuieckue Beanyuunsl: E, = PR

B pesynbTaTe nonyuum cieayronryto GopMyiry CKOPOCTH Tella MacCol m B

I'paBUTAIMOHHOM IIOJIC YCPEC3 1 M mociie Hayaja JOBUXXCHUA.

m2ct
v,.=c |1-—

GMm
2
(me2+227)

- (1-24) wwm v, = ¢ |1 —(Zcﬁ (1-25)
2+ ==

R

Packpoem dopmyiy (1-25):

2 212

M GM G2M

cz(c2+—G ) -6 2c¢t— 42 >

V. = R — R R
r 2 - 202
GM GM G*M

2 4 227
(c+—R) c*+2c R+R2
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. . . G*M?
C y48TOM upe3BBIYAHO MaJIOi BEIMYHHEI €2 =z~ 10 CDaBHEHHMIO C
GM GM  G*M?
2 ct — W TaKKe 2 c? Y =z~ 1O CPaBHEHHIO C c* (pasnmma B 10%7 pa3)

IOJIy4UM YIPOIIEHHBINH BapruaHT Gopmyssl (1-25):

24! 26M
v = 2o = 22 (1-26)

B pe3ynbTaTe nomyunnack Kiiaccuueckasi popMyIia CKOpOCTH Tella B

IpaBUTAIIMOHHOM T0Jie. OTMETUM, YTO MPU OUYEHBb OOJIBIIUX 3HAYCHUSX MACChI
ynpoinéHHas (kiaccudueckas) popmyiia (1-26) Oyaer gaBaTh HETOYHBIC
pe3ynbTaThl. B TO ke Bpemst penstuBrcTckas Gpopmyna (1-25) nact tounyro
BEITMYMHY CKOPOCTH TeJIa.

KoHeuHast CKOpoCTh V,, IpH MPOXOKICHUH TEIIOM M BCETO paccTosHUSA R,

OIIPEIENISICTCS TI0 CIIEAYIoNIel hopMmyIe:

_ 1 ct _ 1 ct
Vn=¢ (24w am\2 ¢ (2 n 1
(c + X R=1u R) (c + GMZR=1MR)

> (1-27)

re N — paccrosiHue B MeTpax Mmexxay M um (n = R,), m.

JI71s1 pac4€TOB CKOPOCTH ABUKEHUS, KOTJIa PACCTOSIHUSI MEXAY TeIaMU
orpomHubie R, — 00, He0OXOAMMO HUCTIOIB30BATh MPUKIIAAHbIE Popmymbl. [ nx
MOJTYYCHHS UCTIOJIb3yeM COKpaméHuyo dopmyny Ditepa H, = Inn +7y .

1 .
[TpuMeHUM 3Ty GOPMYITy K TADMOHUYHOMY PSIY D\ R=1 7 B TOJy4eHHO#H

dopmyie. B pesynbpTaTe nomydum:

p
Un = C\/l - (c2+GM(In R, +7))? (1_28)
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I7ie V,, — KOHEYHAasi CKOPOCTh, MPUOOPETEHHAS TEJIOM M MPH MPOXOKICHUH
paccrosinug R,,.

R,, — paccrosinne mexny M u m.

Y — nocTostHHas Dunepa.

[Tonyuennsie popmynsl 1-25, 1-27,1-28 spnstorcs yHuBepcaabHbIMU. B
oTIn4Me OT GOPMYJT KJIACCUUECKON MEXAaHUKHU 3TH (GOPMYIIbI JAIOT TOUHbIE
pe3ynbTaThl, KOra B pacyérax MpUCYyTCTBYIOT OTPOMHBIE MACChl U PACCTOSIHUS.

I'paBuTanMOHHBIE TYEUKU SABIISIIOTCS CTPYKTYPHOW €IMHULIEN MacChl M.

HOBTOMy C KaKkou CKOPOCTBIO IBHKECTCA TCIIO M, TO C TaKOH K€ CKOpPOCTBIO

JABHXKCTCs OJHA sTyeiKa mg. Ha ocHoBe 3TOT0 IMIOJIYYHUM M3 BBIHNICCTOAIINX

dbopmyn crnenytromye Gopmyiibl, OCHOBaHHBIE HA TPABUTAIMOHHBIX sSYEHKaX.

2.4
v, =c |[1-——2L— (1-29)

2 bk
mgct+eg R)

24
v,=c |1-— e > (1-30)
(mgcz+esMZ$=1M %)
2.4
v,=c [1- e = (1-31)

(mgc?+esM (In Ry, +y))

rJie e — yaenbHas SHeprus rpaBuTaroHHoro mons, 1,108293 - 10737 Jx -
M/KT.
(es YMCIICHHO paBHA BEJIUYMHE SHEPTUHU IPABUTALIMOHHON CTPYHBI, TJIC € =

1,108293 - 10737 I (¢. 1-7). Tawwke e = G m,)

M, — Macca rpaBUTALIMOHHO saeiikn, 1,660539 - 10~%7kr.
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3ametnm, 4to ¢. (1-29), B o0cCHOBE KOTOPOH JICXKHUT YHEPTHUS, JIydIIIe
TIOKa3bIBACT (PU3UUCCKYIO MIPUPOJTY MPOIIECCa TBUKECHUS B IPABUTAIMOHHOM
noiie, ueM ¢. (1-25). IToaromy ¢. (1-29) nepBuuna mo otHomeHuo K ¢. (1-25).

Heo0xoanmMo 0co60 BbIIeIHTh, YTO HOBast (popmy.ia (1-30)
yCTaHABJIMBAeT OJMHAKOBBIN Npeae 1eiCTBUA IPABUTANMOHHBIX CHJI JIJIsI
BCeX Macc.

YroObI B 3TOM yOeauThes, paccMoTpuM B hopmyite (1-30)

1 . .
BBIpXKEHHE: egM Y p_1,, e DTO BBIPAXKEHHUE SBISETCA CYMMapHOU SHEpruen

1
rpaBUTAlMOHHOTO nonis Macckl M, To ecTh Y Eg = eM Yk _ 4, e 3amernm, 4To

rpPaBUTALMOHHOE I10JI€ CO3JaETCH 3aK/II0YEHHON B Macce M 3Hepruei,

paBHoii E = Mc?. CiiegoBateabHo, Beanuuna Y, E g B OTO# hopmy.te Oyner
Bcerna Menbiie Benunnbl E = Mc?, o ects Y E g <M c?. (Ilpeamomnaraercs,

YTO pa3HUIIA MEKIY STUMH SHEPTHUSIMU J0KHA ObITh OUE€Hb 3HAYUTEIILHOM:
YE, &M c?). B Busie ypaBHEHHS 3TO BBIIIAIUT TaK:
— 2
YE;=kMc* (1-30)
rine k — nonmxaronuii kosgdunpeHt. (OToT K03PPHUIHMEHT MOKHO
paccMaTpuBaTh, Kak KO3 (UIUMEHT NepeBoia OYeHb MaJIOH YacTH BHYTPEHHEH

sHepruu Maccel E = Mc? B DHepruio rpaBUTaLMOHHOrO 11015 Y, E g)

PackpeiBaem B ¢. 1-30 Boipaxkenne Y E;: eM Yp_q, % = k Mc*

Tot e pe3ynbTar nonydaercs u3 ¢. 1-33: eM (InR,, + y) = k Mc?

CokpaTtum B 3TOM ypaBHEHHH Maccy M U MOJy4duM:

25



k ¢

InR, =—-—vy
e
ITosryyeHHBIN pe3yJabTAaT MOKA3bIBAET, YTO TPABUTALIMOHHOE 10JIe BCEX
TeJ UMeeT OIMHAKOBBIN nmpeaes AeiicTBusa lim R,,, KoTOpbIii He 3aBUCHT OT
BEJIMYMHBI MACCHI TeJia. 3a TPAHULIAMU TOTO paccTosiHuA R, rpaBUTallMOHHbBIE

CHJIBI JTF0O0M MAacCChI IMPCKpamaroT ﬂeﬁCTBOBaTB.
Pe3yabTarhl.

K rmaBHBIM pe3yibTaTaM 3TOTO UCCIEIOBAHUS CIETYET OTHECTH YCIICITHOE
BBCJICHHE B KOHIICTIIIUIO TPABUTAIIMOHHOTO B3aUMOJCHCTBHUS TAaKMX Ba)KHBIX
COCTAaBJISIFOIINX, KaK TPABUTAIIMOHHBIC STMEUKH U TPABUTALIMOHHBIE CTPYHBI. ITO
MO3BOJIMIIO TIOJYYUTh 3HAYUTENIbHBIC HAYUHbIE PE3YJbTaThl. DTO MOTYYEHHBIC
yepe3 He3aBUCHMbIE (DU3NYECKHE KOHCTAHThI (JOPMYIIbI TPABUTAIIMIOHHON
MOCTOSTHHOM, (hOPMYJIBI MAacChI AJIEKTPOHA, (OPMYIIBI MaCChl aTOMa BOJIOPOa. ITO
MOJIYYCHHUE BEIMYMHBI YHEPTUU TPABUTOHA, TIOJYYCHHE JIJTUHBI U YaCTOTHI
IPaBUTALIMOHHON BOJIHBI, TTOJIyYEHHUE 110 HOBOM (puznueckoit hopmyiie
MHUHHAMAJIGHOTO PACCTOSIHHS ICUCTBUS TPABUTAIIMOHHBIX CHJI, TIOJyYCHHE
bopMyIIBl €IUHOTO TIpe/ieia IUCTBUS TPABUTAIIMOHHBIX CUJT U JIp.

B aT10i1 paboTe Obuta ycnienHo npumMeHeHa nocrosiuuas [lnanka k
IPaBUTAIIMOHHBIM STYEHKAM U TPaBUTAIMOHHBIM CTpyHaM. B pesynbrare Obuia
noJrydeHa popMyiia MUHUMAIBHOTO PACCTOSHUS TPaBUTAITHOHHOTO
B3aMMOJICHCTBHSI, TTOJIy4eHa (hOpMyIIa MacChl aTOMa BOJIOPO/Ia M pACCUUTAHA €TO

BeJIUYMHA C TOYHOCTBIO 1077,
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Yepes cuHTE3 TEOPUH IPABUTALMOHHBIX siY€eK U (YOPMYJIbI OTHOU SHEPTUH
DiiHITelHa Obl1a OJy4eHa HOBAasl pEIsITUBUCTCKAs (hopMysia CKOPOCTH TeJa B
I'PaBUTAIIMOHHOM T0JIe. DTY (HOPMYITy MOKHO MPUMEHSTH JIs1 PacC4€TOB CKOPOCTH
JBUKEHUS KOCMUYECKHX TEJ.

[TomyuenHsie B 3T0ii paboTe Hay4HbIE PE3YJIbTAThI MOJHOCTHIO COBMAIAIOT C

HN3BCCTHBIMU HAYYHBIMU N 3KCIICPUMCHTAJIbHBIMHA JTAHHBIMH.

3aKJII0YeHue.

B 371011 paboTe B TEOpUIO IrPaBUTALIMOHHOTO TOJISI OBLITM YCIEITHO BCTPOCHBI
TaKue MOHATHS, KaK TPABUTAIIMOHHBIE STYEHKU U TPABUTAIMOHHBIE CTPYHBI. DTO
MTO3BOJIWJIO TIOJIYYUTh 3HAUUTEIbHBIE HAYUYHbIE pe3yibTaThl. K 3TUM pe3ylibTaTtam
OTHOCATCA: (pOopMyJia FPaBUTAIMOHHON MOCTOSIHHOM, (hOpMYyJia MacChl 3JIEKTPOHA,
(dbopmyra Maccel aToMa BOJOPO/1a, BETUYMHA MUHUMAIBHOTO PaCCTOSHUS
JICVCTBHS TPABUTAIMOHHOTO TIOJ1s1. bblla mosiydyeHa HOBast peJISITUBUCTCKAS
dbopMyra CKOpOCTH Tella B TpaBUTALMOHHOM I10J1€, PopMyJia €IMHOTO Ipeaena
JIENCTBUS TPABUTAIMOHHBIX CHII U Jp. B 3T0# padoTe nonydeHa pukcupoBaHHas
BEJINYMHA SHEPTUU IPABUTOHA, ONIPE/ICNICHA ITTMHA U YaCTOTa IPABUTALIMOHHON
BOJTHBL. [Tosydena HOBast pusznyueckasi MOCTOSTHHAS — Macca TPaBUTALIMOHHOM
AYEUKU YEPHOU ABIPHL.

OTnMYUTENHEHON 0COOEHHOCTHIO ATOTO UCCIEAOBAHUS SIBIISETCS TO
00CTOATENIHCTBO, UTO B HOBBIX (DOPMYJIaX MPUCYTCTBYIOT TOJBKO

dbyHaameHTalIbHbIE (PU3MUECKUE TOCTOSIHHBIE. Bee moydyeHHbie B 3T padoTe
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HOBBIE (POPMYIIbI, (PU3NUECKIE BETMYMHBI M MOKA3aTeNIM OTHOCTHIO COBMAAAIOT C

HN3BCCTHBIMH HAYYHBIMHU U OKCIICPUMCHTAJIbHBIMH JaHHBIMU.

JHexnapauus

1. ABtop uccienoBanusi: Aujapeit YepHoB.
2. Uccnenoanue omyonmkoBaHo Ha miaTdopme «Research Square Preprint

Platformy na anrnuiickom si3bIKE.

https://www.researchsquare.com/article/rs-622706/v22

3. Lenps myOnukaiuu Ha 3TOM TuiatGopme: JOHECTH HHPOPMALIUIO 10

PYCCKOSI3bIYHOM ayTUTOPHHU.

28


https://www.researchsquare.com/article/rs-622706/v22

