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.



AHHOTaALMS.

B 3TOM ncciienoBaHuM BBOASTCS TAKUE HAYUHbIE MOHATHS, KaK
I'PABUTALIMOHHBIC SYCUKU U TPABUTALIMOHHBIE CTPYHBI. DTO HOBOBBEJACHUE
MO3BOJIMIIO IEPEUTH OT OOIIUX MPEACTABICHUHN O IPaBUTAIIMIOHHOM
B3aMMOJICUCTBHUH K O0Jiee TITyOOKOMY M IETAIbHOMY TTIOHUMAHHIO 3TOTO
(bu3HYecKOoro mpoIecca 1 MoJyYnuTh 3HAYUTEIbHBIE HaydHbIE pe3yabTaThl. K aTum
pe3yabTaTaM OTHOCSTCS: MOTy4eHHe (POPMYJIbI TPAaBUTALIMOHHON MOCTOSIHHOM,
MacChl 3JIEKTPOHA M MacChl aToMa BOJIOpo/ia yepe3 (pyH/1aMEeHTaIbHbIE
bu3nUecKkue KOHCTaHThI, ONPEICTICHUE YPHEPTUU TPABUTOHA, TIOJTyYSHUE JITTUHBI U
YaCTOThI TPABUTALIMOHHBIX BOJIH, MTOJYYEHHUE BETUYUHBI PACCTOSAHUS JEHCTBUS
rPaBUTALIMOHHBIX CUJI, IOJIYYEHUE PEISATUBUCTCKON POPMYJIIBI CKOPOCTH Teja B
rPaBUTALIMOHHOM TI0JIE U JIp.

B a10ii paboTe OblIa ycrnienHo NpuMeHeHa noctosiHaas [lnanka k Teopuu
I'PaBUTAIIMOHHBIX siY€EK U CTPyH. B pe3ynbrare Obi1a mosydena Gopmyia
MUHUMAJILHOTO PACCTOSIHUSI TPABUTAIIMOHHOTO B3aUMOJIEHCTBUA, (hOpPMYJIia MACCHI
AJIEKTPOHA, (hopMyJsia Macchl aToMa BOAOPO/Ia.

Yepes cHTE3 TEOPUHU TPABUTAIIMOHHBIX SIY€EK U PEISTUBUCTKON (POPMYIIbI
MOJTHOM PHEpruu DUHIITEHHA ObUla MOJy4eHa PEIITUBUCTCKAs (opMyJia CKOPOCTH
TeJla B TPAaBUTAIIMOHHOM TI0JIE.

[TonyueHnHsbIe O HOBBIM (pOpMYyJIaM PE3yJIbTaThl TOJTHOCTHIO COBMANIH C

HN3BCCTHBIMU HAYYHBIMU N SKCIICPUMCHTAJIbHBIMHA JTaAHHBIMH. OTnuunTeIbHON



0COOEHHOCTBIO 3TOT'0 MCCJIEOBAHUS SIBJISIETCSI TO 00CTOSITEILCTBO, YTO BCE HOBBIE
dhopMyJIbl TOCTPOCHBI HA (PYyHAAMEHTAIBHBIX (DU3UUECKHUX IMOCTOSHHBIX.

KiroueBble ciioBa. UépHas 1pIpa, TpaBUTAILIMOHHAS STUCHKa,
rpaBUTAllMOHHAS CTPYHA, FPAaBUTALIMOHHBIN KBAHT, TPABUTOH, JUIMHA U 4acTOTa
TPaBUTALIMOHHON BOJIHBI, (POpPMYIIa rpaBUTALIMOHHON OCTOSTHHOMU, hopMyIia
Macchl 3JIEKTPOHA, (hOpMyJia Macchl aToMa BOAOPOAA, JIEMEHTapHBIN 3apsif,
dbopmyna paguyca [lBapmunsaa, nocrosHHas [1nanka, konedaTenbHas CKOPOCTh
IPAaBUTALMOHHOM CTPYHbI, MUHUMAJIbHOE PACCTOSTHUS JICUCTBUS TPAaBUTALIMOHHBIX
cui, crta Kasumupa, 3JIeKTpoMarHuTHas CTpyHa, pelsTUBUCTCKas hopmyia
CKOPOCTH B I'PAaBUTALMOHHOM I10JI€, MAKCUMAJIbHBIA TIPEEIT ICUCTBUS

T'paBUTAIMOHHBIX CHJI.

Beryniienue.

B 3TOM HccnenoBaHuu Mpon301UI0 BCTPAMBAHUE B KOHIIETILUIO
I'PaBUTALMOHHOTO TOJIS TAKUX (PU3NUECKUX MOHATUMN, KaK TPaBUTALIMOHHbBIE
SYEHKU U TpaBUTALIMOHHBIE CTPYHBI. DTO MO3BOJIMIIO EPENUTH OT OOLINX
IPEJICTaBICHUNA O TPABUTALIMOHHOM B3aMOJICHCTBUH TEJ B MPOCTPAHCTBE K OoJee
JeTalbHOMY TOHUMAHUIO 3TOT0 (PM3UUECKOTO MPOLECCa U MOTYUUTh pealbHbIE,

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

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

y4€Ta B3aMMOJEHCTBHS ITOTO Teja C IPYIMM TEJIOM B IpocTpaHcTse. Ilpu aTtom



BEJIMYMHA TPABUTAIIMOHHOTO MOJISI 3aBUCUT HE TOJIBKO OT KOJIMYECTBA BEILIECTBA
(Macchl), HO U OT CTPYKTYPbI B3aUMOJICUCTBYIOIIUX Tel. B 3Ty CTpyKTYpy BXOAST
I'PaBUTAIIMOHHBIC TYCHKU. DT SUEUKU UMEIOT 3apsiJl, YUCIECHHO PaBHBINA B IBYM
AJIIEMEHTAapHBIM 3apsifgam 2q u Maccy m. Kaxnaasi rpaBUTalilnoOHHas 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
COCTOSIIETO U3 MHOYKECTBA IPABUTAIIMOHHBIX SYEEK 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 Y4YaCTKEC ITPOCTpPAaHCTBA YCKOPCHHUEC, PABHOC BCIINYNHEC

. . . 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

BxiroueHue B KOHIUEHIUIO TPaBUTAMOHHOTO TOJIS TPaBUTALIMOHHBIX STYE€EK
Y TPABUTALIMOHHBIX CTPYH, IT03BOJIMJIO ITOIYYUTh APYTHE 3HAUUTEIbHbIE
pe3ynbraThl. TakuMu pe3ysabTaTaMH SBISIIOTCA MOJIydYeHHE (POPMYJIbI MACChI
AJIEKTPOHA U (POPMYJIBI MacChl aTOMa BOJOPOa UCKITIOUUTEIBHO Ha OCHOBE
(byHIaMEHTAIBHBIX (PU3UUECKUX TOCTOSHHBIX.

B ycnoBusx 4€pHOM ABIPHI, KOTIa BENIECTBO MAKCUMAJIBHO C¥KAToO,
I'PaBUTALIMOHHOE TI0JIE MEXKY JBYMS CBEPXIUIOTHBIMHU IT'PABUTALIMOHHBIMU
sYEHKaMH COKPAILAETCsl HACTOJIBKO, YTO MPEBPALIAECTCS B TOUCUHYIO
I'PaBUTALMOHHYIO CTPYHY, TO €CTh B BUOPUPYIOLIYIO SHEPT€TUYECKYIO TOUKY. B
3TOM cuTyanuu (Gopmysa rpaBUTALIMOHHOTO NOJIA YK€ HE padOTaeT, a BMECTO HEé
nerctByet gpopmyna [lnanka:

eo= hy (1-8)
TI€ ey — DHEPTHS TOUCYHOM I'PABUTALMOHHOW CTPYHBI YEPHOU JBIPHL, € =
1,026789 - 10737 Ix. (cm. ¢.1-2).

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

Y — yacroTa, rue Y = %0 =1, 549620 - 10~*, ¢~ . (y sBNsAeTCSA MOCTOSHHOM

BEJIMYMHON M HE 3aBUCHT OT cucTeMbl nu3Mepenns CU wim CI'CD).
YacToTa Y cBsi3aHa C COOTHOIIEHUEM OTPHUIIATEIIBHBIX U MOJIOKUTEIbHBIX

3apsAI0B B TPABUTAIIMOHHON TOUEYHOM CTPYHE CIICAYIOIICH (OpMYIIOii:
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e_

_ knep. (1_9)

_ 1 2e_
Y =3 2e,

1
4

rJe e_ — BeJIMYMHA SHEPTHH MAacChl OTPUIIATEILHOTO 3apsiaa BHYTpH sueiku, Jx.

€., — BCIIMYMHA SHEPTUH MACCHI TIOJIOKHUTEIILHOTO 3apsiia BHYTpH stuehku, Jx.

k.., — ycioBHbIN KOd(h(DHUIMEHT MepeBoia eAMHUI] H3MEpEeHUi, Kk =1c¢c?
nep. Y > Mrep. C

BCH@I[CTBI/IC TOT'O, UTO k =1 JaJIbIIC 3TOT KO3 HWIMUECHT YKa3bIBATHCA HE
nep. >

Oynet, 4TOOBI HE YCIOKHATH (POPMYIIBI).

OrnpeieNieHust «IHEPTUsl MaCcChl OTPUIIATEIIBHOTO U SHEPTHST MAaCChI
TIOJIOKUTEITFHOTO 3apsi/iay BBEJCHBI IOTOMY, YTO BHYTPH I'PABUTAIIHOHHBIX STYCCK
3JICKTPOHBI U MIPOTOHBI HE SBJISIFOTCS CAMOCTOSATEIILHBIMH YaCTHIIAMH .

Teneps Ha ocHoBanuu ¢. (1-9) noayunm u3 ¢. (1-8) passepHyTyto

dbopMyIly SHEPTUU TOUEUHOW IPaBUTALIMOHHONU CTPYHBI:

— LB
eo—hy—h4e+ (2-10)

1 . .
Hpob6b " 0O0BSCHSIETCS TEM, YTO B 00OpPa30BaHUU TOUEYHOUN rpaBUTALMOHHOM

CTpyHBI (MJIM CTATHYHOTO MPaBUTAIIMOHHOTO KBaHTAa) y4acTBYIOT 4 3apsiia. Jlns
CpaBHEHUS: B 00pa30BaHUU KBAaHTA JIEKTPOMATrHUTHOTO TIOJIS, YIaCTBYET TOJIBKO
OJIMH 3apsi/ B BUJE 3JIEKTPOHA. To ecTh oTiimune poBHO B 4 pa3za. IIpaBHIIEHOCTH
dopmysibl 1-10 (1 COOTBETCTBEHHO 3TOTO YTBEPXKACHUS) OYICT MOATBEPIKIACHA
PUBEACHHBIM HIDKE COBITQJICHUEM MTPOU3BEAEHHBIX PACUETOB IO 3TOH (hopMyJIe C
9KCIIEPUMEHTAIbHBIMHU JTaHHBIMH.

Ha ocnoBanuu ¢opmyisr (1-10) u ¢ yuéTom TOro, 4To 00IIas SHEPIHs

rpaBUTALIOHHOMN SUeiiky YEPHOI IBIPBI COCTABNIAET MyC? = e, + e_, moaydum

13



dbopMyITy BETUYUHBI SHEPTUH MACChl OTPUIIATEILHOTO 3apsiia BHYTPU dTON

STYEUKU:

__ 4egmqc

2
. =ehes (1

V8 q

. (b. 1-5) u eg = 4 q?, monyuuM BeTUUKHY

YuursiBas, 4T0 My =

e_. udepes popMyiy ¢ TpeMs pyH/IaMEHTAIbHBIMU TTOCTOSIHHBIMU:

_32V243¢c
"~ (h+16q?)

=8,415740 - 10~ Ix (1-12)

Kax BugyM, BeTu4rHA €_ MOYTH COBMAJIa C BETUYMHOW MaCChI-DHEPTUU
CBOOOIHOTO 3IEKTpoHa, Taie e = 8,187111 - 10~ 1* JIx. PacxoxneHue cocraBmiser
2,7 %. Hano 3aMeTuTh, 4TO MOJHOTO COBIAJICHUS 3/1€Ch ObITh HE JIOJKHO, TOTOMY
YTO OTPULIATEIBHBIN 3apsil BHYTPU TPABUTAIIMOHHOMN STYEHKH U CBOOOTHBIM
AJIEKTPOH — 3TO pa3Hble (PU3NYECKUE BEITUUUHBI.

BenuunHa 3HEPTUM MACCHI TOJIOKUTEIBHOIO 3apsia B SUEUKEe YEPHOU AbIPHI
cocTaBuT: e, =My c?> —e_ =1,511593- 10727 - ¢ — 8,415740 - 1014 =
13,577104 - 1011 JTx.

N3 orpoMHOTO MHOKECTBA TUIOTHO TaKUX COMMKEHHBIX CBEPXIUIOTHBIX
SYeeK COCTOUT Te0 Y€pPHOM NbIphl. Teneps paccMOTpUM TIpoliecc 00pa3oBaHUs
aTOMOB BOJIOPOIa M3 dTUX IPABUTAIMOHHBIX SYCeK. J[JIT 3TOTO B KAXKIAYIO SSYCHKY
JOJDKHA TIOCTYITUTh BHEIITHSS SHEPTHs. B pe3ynbrare MocTymieHus SHSPTHH B

STYelKy BeJTMYMHA YHEPTUU MACCHI MTOJI0OKUTEIbHOTO 3apsiaa e, = 13,577 104 -

10~ 11 /I ysenuuupaercs na senuuuny Ae, = 1,455 672 - 107111 posno 1o

14



BEJIMYMHbI SHEPTHH MOKOs MPOTOHA ( e, = M, ¢ =1,6726219-107%7 ¢ =
15,032776 - 1011 ]Ix):

e, = e, +Ae, = 15,032776- 101! I

BoJibiie 3T0i BeJIMYMHBI JHEPTUSI MACCHI MOJI0KUTEIBHOI0 3apsi/ia B
rPAaBUTAIMOHHOMN fUeiiKke yBeJIMUYNTHLCA He MOxkeT. Takum oOpa3oM 3HEprus
IPaBUTALIMOHHOW STMEVKH BO3PACTAET U CTAHOBUTCS PABHOM:

e=e_+e,= 8,415740 - 101* +15,032776 - 1071 = 15,041191
-10~ 11 Ik

Kak BuguMm, momydenHas Bennanaa e = 15,041191 - 10_11I[>K
MPAKTUYECKU HE OTIMYACTCS OT BEJIMYUHBI MAaCChI-PHEPTUH aToMa BOAOpOAa, TJie
e, =1,6735575-10"27kr- ¢? = 15,041185- 1011 T,
YapTpaMuKpocKonrYecKasi pa3Huila MexXay Humu Ae =e—ep = 6 -
10717 Ixx (374,49 3B) 06bsacHsAETCS TeM, 4TO PH 00Pa30BaHKUH TPOTOHA U3
I'PaBUTAIIMOHHOM SUCHKHU BBUIETACT MyYOK HEUTPUHO OOIICH SHEprueH ), e, =
374,49 5B. (Ecnu BbIpa3uThCsi 00pa3HO, TO 00pa30BaBIIUICS TPOTOH
«BBITAJIKUBACT» U3 ssuciiku s3uepruro 374,49 »B B Buac HEWTPHUHO). B pe3yibrare
BCET0 BBIIIEMIPUBEIEHHOTO CBEPXIUIOTHAS STUElKa IPEBPAIIAETCS B ATOM
BOJI0poJia. B Bujie hopmMyIibl ATOT NpOLIECC BHITISINUT TAK:

ep=e_+e,—Ye, (1-13)

TZie e j, — DHeprHs 00pa30BaBIIerocs aToMma Bojopona, 15,041185 - 1011 x.
€_ — BeJMYHMHA SHEPTHH MacChl OTPHIIATEIILHOTO 3apsija B ssuekike, 8,415740 -

1071 I (f.1-12)
15



e, — dHeprus 00pa3oBaBLIETOCS POTOHA, T1E e, = e, + Ae, = 15,032776 -
1071 /Ix, (e, = m,c?)
Y e, — obmIast sHEPTHs BBUIETEBIINX HEHTPHHO, Y. e, = 6 - 10717 JIx (374,49 5B).
3aMeTHM, 94TO PACXOKICHNE MEXKIY BEIMIYNHON SHEPTHH € W BEIIMUYNHON
SHEPTUH aToMa BoJiopojia e 5 (rae e > e , Ha Benmuuny 374,49 5B ) ¢
YIAUBUTEIBHOU TOYHOCTBIO CcOrjacyercs ¢ Teopueit bonbioro B3peia. [loTtomy
YTO eciii Obl € < € j, , TO TOrJa Ipu 00pa30BaHUU aTOMOB BOJOPOJA HE
IPOUCXOIUIT OBl BHIOPOC IHEPTUU U3 TPABUTAIMOHHON STUEHKH MPU 00pa30BaHUU
aTOMOB BOJIOPOJa U COOTBETCTBEHHO HE CYLIECTBOBAIIN Obl PEIMKTOBBIE
HEUTpUHO. TakuM 00pa3oM MOKHO CIENaTh BBIBOJ, YTO
yIIBTPAMUKPOCKOITUYECKOE pacxoxaeHue Mexxay e u e p, (0,00004%) — sto He
PE3yNbTAT JOMYCTUMON MOTPENTHOCTH U3MEPEHUHN (PU3HUECKHUX TTOCTOSTHHBIX
g, h, ¢, ucniop3yembix B popmysie (1-12), a pusndeckas 3aKOHOMEPHOCTb.
C y4éTOoM HHUUYTOKHO MAJIOW BEMYUHBI ), e, B hopmyrie (1-13) mpumenum k
Heit popmyny E = m ¢? u nomyuum popmyiy Macckl aToMa BOAOPOAa My,
KOTOpasi OCHOBaHa Ha 4-X GyHIaMEHTAIbHBIX (PU3NUECKUX KOHCTAHTAX:

32v2 ¢3
~——+ m, (1-14
h c (h+16q2) 4 ( )
rae q, h, c, my, — (bU3UYECKHE KOHCTAHTHI.

Yo6eaumcs em€ pa3 B HUYTOKHO Majioi (HO HEOOXOIUMOM C TOUKH 3PECHHUS
¢busuku!) pazHuiie MKy noaydeHHO# mo Gopmyite (1-14) u skcepuMeHTaIbHOM

Maccoit atoma Bojopona. Mrak, mpu pacuére nmo hopmyne my, = 1,6735582 -
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10727 kr, a AKCTIEpUMeEHTalIbHast Macca my = 1,6735575 - 10~27kr . Pa3uuma
Mex Ty HuME cocTabiseT 7 - 10735 kr, o ecth pacxosxaenue seero 0,00004%.
IMoaydennnbie o popmy.ie (1-13) pe3yabTaTsl NOATBEPKIAET

NPaBUJIbHOCTH HCXOAHOI popmyabl (1-10) U MOJyYeHHYI0 BEJIMYUHY MACCHI

" . . . V8
rPABUTALIMOHHON AYeiKU YEpHOH ABIPbI, IAe My = Tq =1,511593"

10727kr (¢. 1-5). Takke, 1 3TO IJIaBHOE, NIOJIyYeHHbIE Pe3y/IbTAThbI

MOATBEPKAAIT CYHMIECTBOBAHUE 'PABUTAIIHOHHBIX AYCCK U I'PAaBUTAIIMOHHBIX

CTPYH.

[TpuBeném eni€ oJHO T0KA3aTENbCTBO CYIIECTBOBAHUS IPABUTAIIMIOHHBIX
sueeK U CTpyH. JIJist 3TOro paccMOTpUM B3aUMOJICHCTBHUE ABYX 3€PKAIbHO
oTHUTA()OBAHHBIX TUTACTHH, HAXOIALINXCSA HA OYEHb OJM3KOM PACCTOSTHUH JIPYT OT
Jpyra (Takoi onbIT MPOBOAMIICA NTPH M3ydyeHuu 3pdexra Kazumupa). B atom
cllydae TpPaBUTAIMOHHBIE sTYEHKH (ATOMBI) MPOTUBOIOJIOKHBIX TEJ OYIyT Yepes
IpPaBUTALMOHHBIE CTPYHBI B3aUMOJIEHCTBOBATH APYT ¢ IpyroM. Hanumem Ha
ocHoBe hopmyi (1-6) u (1-7) popmyty rpaBUTAIIMOHHOTO OJIS IS Cydasi, Koraa
JIB€ TPaBUTAIIMOHHBIEC SYEHKN M HAXOAATCA APYT MPOTUB ApyTa:

E=G = of E=ky,— (1-15)

a2
rae E — HanpskEHHOCTB TPaBUTALIMOHHOTO MOJIs, M/C2,

e — SHeprus TPaBUTAINOHHOM cTpyHEl, 1,108293 - 10737 JIxk. (cm. f.1-6)
m — Macca rpaBUTallMOHHOI sueiiky, 1,660539 - 10727kr. (cm. f.1-6)

d — paccTosiHIEe MEXAy TPAaBUTAIMOHHBIMH sTYEHKaMHU, M.



Kyep. — K02 duurenT nepepoaa eqMHUI U3Mepenuid, Ky, = 1 m/kr  (cm. f.1-6)
Taxoke Kak B peaplaymeM npuMenuM Gopmyiny Ilnanka kK rpaBUTAI[MOHHOM
CTPYHE MEXIY STUCHKaAMU:
e=hy (1-16)
rae h — nocrosaaas [lanka.

_1,108293:10737
h 662607 -10-34

| ®

=1,672466-10"% ¢1

Y — 4acTtoTa CTPYHBI, I'IC Y =

YacToTra rpaBUTaAllMOHHON CTPYHBI Y SIBJISICTCS IOCTOSHHOW BEIIMYUHOU,
HO IPY 3TOM caMa COCTOUT M3 ABYX MEPEMEHHBIX BETUYNH U U d.
Y =kyepvd* (1-17)
re v — KojebaTeabHas CKOpOCTh TPAaBUTAIIMOHHON CTPYHBI, M/C.

k. cp. — KOdbduLMenT 115 niepeBoa eMHUL U3MEPEHUH, T1€ Ko, = 1 M3

Otcrona cnenyer, uto v = y/d*u d = \/y/v  (1-18)

Takum 006pa3om, CKOPOCTh KOJIEOAHUN ¥ TPABUTAIIMOHHON CTPYHBI 00OpaTHO
MPOTIOPIIMOHANIbHA KBaApaTy e€ niuuHbl d. KonebaTenbHast CKOPOCTh CTPYHBI
UMeeT BEPXHHU Mpesien, KOTOPBIA paBeH CKOPOCTH PacIpOCTpaHEHUS CBETa B
BaKyyMe€, TO €CTh Uy, = €. OTCIOMIA CEyEeT, UTO HOJKHO CYIIeCTBOBAThH
MHUHHUMAJIbHOE PacCTOSHUC d iy, HA KOTOPOM TPABUTAIIMOHHAS CTPYHA

«o0pbIBaeTcs». OnpenenuM 3TO PacCTOSTHUE:

dopin = h"’c =./y/c =0,747 mxm (1-19)
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Nmenno ¢ atoro paccrostHust d,pi, = 0,747 MKM TpaBUTAIIHIOHHOE
B3aMMOJICUCTBHE MEXTY STYCHKaMu (aATOMaMM) MPEKPAIASTCs U IEPEXONT B
IpsIMOE B3aUMOJCHCTBHE FIEMEHTAPHBIX 3apsAa0B. [Ipu 3TOM OCHOBHBIE CHIIOBBIE
JIMHHH 3JIeMeHTapHBIX 3apanoB (K = 9 - 10°), koTopsle paHbIle OBLIH 3aKIF0YEHBI
BHYTpPH IpaBUTALIMOHHBIX sSiY€EK (ATOMOB), TEIEPh BHICBOOOXKAat0OTCs. B
pe3ysbTaTe BO3HUKAET HOBOE CHIIBHOE B3aUMOJICHCTBUE, HA3BIBAEMOE CHIION
Kazumupa. Ha ero ¢pusnuueckoit npupojie ocTaHaBIMBAaTLCA HE OyaeM, TOTOMY UYTO
3TO HE BXOJAMT B 3a/1auy uccienoBanns. Celiyac BasKHO MOJYEPKHYTH TO BasKHOE
00CTOSITE/ILCTBO, YTO PACCTOSIHNE OOPHIBA» TPABUTALIMOHHON CTPYHBI
din = 0,747 MKM TOYHO COBINAJIO C MOsiBJIeHHeM cHiibl Kazumupa.

OTa yapTpaMUKPOCKOIMYECKas TPaHUIIa Tepexoia rPaBUTAIMOHHOTO
B3aMMOJICUCTBUS B APYTroe B3aUMOJICUCTBHUE MOATBEPKAACTCS IKCIIEPUMEHTAMU 110
uzydyenuto s dexra Kazumupa. Torma 6pu10 3aprkcupoBaHO, YTO UMEHHO C
pPacCTOSIHUS MeHbIlle MUKPOMETPAa MEXAY ABYMS 3€pKAIbHO OTHIIN(OBAHHBIMU
IUTACTUHAMU BO3HUKAET 3aMETHOE MposiBlieHue cuiibl Kazumupa. YauteiBas
GOMNbIINE TIOPSIKA HCTIONB30BaHHAIX B opmyie (1-19) Bemmunn (10737, 10734
103), cnyuaiinoe coBmaieHne BBIUKMCIECHHOTO 110 (OPMYIIE U SKCIIEPUMEHTATBHOTO
pe3yibrara uckioueHo. Orcroaa caenyer, uto Gopmyna (1-19), Ha ocHOBaHHH
KOTOpPO#i OB MOTydeH pe3ynbTatr d,i, = 0,747 MKM, SBISIETCS BEPHOI.
CrnenoBatesbHO, MPABUILHBIMU SIBIISTIOTCS Taoke hopmyasl (1-15), (1-16), (1-17),

Ha 0a3e KOTOpbIX ObliIa Moy4yeHa 3Ta popmyiia.
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CymiecTBoBaHuE 2-X BUJIOB T'PaBUTAIIMOHHBIX CTPYH € (PUKCUPOBAaHHON
sHeprueii e = 1,108293 - 10737 ]Ik (nnm HamHOTO pexe ey = 1,026789 -
10737 JIx) npeanonaraer cyliecTBOBaHKE MPABUTALIMOHHBIX KBAHTOB MIIH
IPaBUTOHOB (TOE C PUKCUPOBAHHOM sHeprueit). X pokieHue MoxKeT
IPOUCXOAUTH IPH YPE3BbIUAHO OBICTPOM MEPEMEIIEHUHU TPAaBUTAIL[MOHHBIX STYEEK
(aTOMOB) OTHOCUTEJIBHO JIpYT Jipyra. B pe3ynbrare rpaBUTallMOHHAS CTPYHA
MEXy silueiKkaMM (aATOMaMH1) OTPBIBAETCS U MPEBPAIIAETCs B CBOOOIHBIN
JBIKYILHMICS KBAHT C BEIMYMHOW SHEPTUH PABHOM € WM e . Kak u B
IpebIIYyILEM CiIydae, CHOBa mpuMeHuM Gopmyiy [lnanka:

e=hy
rnee =1,108293 10737 JIx, y = 1,672466-10"* ¢!

. c ) hc _ 66260710734 ¢ 12
C yuétom y = 7 TIOJTyqHM: A= S T 1,7923 -10°“ m.

['paBuTaiOHHBIN KBAaHT (TPABUTOH) UMEET YPE3BBIYANHO MATYI0 YHEPTHUIO
e. 1o aToM npruunHe Ja)e UHTEHCUBHBINA MIOTOK TPAaBUTOHOB HEBO3MOXKHO
3a(UKCUPOBATH C TTIOMOIIbIO COBPEMEHHBIX MPUOOPOB. TeopeTHIECKH ITO MOKHO
OCYIIECTBUTD NP OTHOCUTEIILHO OJIM3KMX KOCMUYCCKUX KaTaKJIn3Max (B3pbIB
CBEPXHOBOM, CTOJIKHOBEHHE OYE€HB IUIOTHBIX U OYEHb MACCUBHBIX KOCMUYECKUX
TEJ U Ap.), KOr/Ia U3 KOcMoca UAET YPEe3BbIUaliHO IJIOTHBIH MOTOK
I'PABUTALIMOHHBIX KBAaHTOB. TOJILKO B 3TOM CiIy4ae BO3MOXHa (DUKCAIIHS

TPAaBUTOHOB.
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ITo aHanmoruu ¢ rpaBUTAIMOHHBIMU CTPYHAMU JIOJKHBI CYIIIECTBOBATh
AIIEKTPOMATrHUTHBIE CTPYHBI MEXKIY MPOTUBOIOJIOKHBIMU AJIEMEHTAPHBIMU
3apsaMu (TO €CTh MEXKY SJIEKTPOHOM U MTPOTOHOM, 3JIEKTPOHOM U MO3UTPOHOM U
T.11.) Mlcxoast U3 3TOro npeanosioKeH s 0 aHaJIOTUX C BBIIIECTOAIUMU
dbopMynaMu OTYyYUM ClEeAyIomue GOpMYIIbL:

K-q* _2,310275-10728

Y= % ~Th 6,62607 1034 =348664c ' n v = }’/dz’ d= vV Y/v)

Otcrozia pu V4, = € TOIYUHM:

,348664
din =VY/C= — = 3,4 cm

r7ie ¥ — KojebareibHas CKOPOCTh JIEKTPOMAarHUTHOU CTPYHBI, M/C.

e — SHeprus AIeKTPOMATHUTHOH cTpyHHl, e = K - g% = 2,310275 - 10728 I
( — BeIMYMHA 2IEMEHTAPHOTO 3apsiaa, ¢ = 1,60217733 - 10719 K.

K — xo>pdurment nponopiuonansHocty, 9 - 107,

Takum 06pazom, ripu paccTossHud d i, = 3,4 CM DJIEKTPOMarHuTHas
CTpyHa MEXIY 3apsiaMi «OOPBIBACTCS», U AJICMEHTAPHBIC 3aps/Ibl HAUNHAIOT
B3aMMO/ICHCTBOBATh HAMPSIMYIO 0€3 CTpyHbI-Tlocpennuka. K coxanenuro,
MIPOBEICHUE TAKOTO K€ IKCIIEPUMEHTA, KaK MpH orpeaenennn cuibl Kazumupa, He
MO3BOJIUT OOHAPYKUTh TPAHUITY ACHCTBUS KYJTOHOBCKUX cuJil. [lepBast mpuurHa —
3TO YIBTPAMUKPOCKOIMMYECKAs pa3HUIIA B CHUJIE MEXTY MPSIMBIM B3aUMOJCHCTBHUEM
AJIEMEHTAPHBIX 3apsII0B U KYJOHOBCKMM B3aUMOJICHCTBHEM Yepe3 CTPYHBI. Bropas
MIPUYHMHA COCTOWT B HEBO3MOXXHOCTH KOPPEKTHOTO TIPOBEICHUS ITOA00HOTO

9KCIICPUMCHTA. 216)'[0 B TOM, 4YTO OJIs1 3TOI'O 6y,21€T HCO6XO)II/IMO PpacCIIOJIOKNUTh Ha
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OJIM3KUX MapauIeNIbHBIX IUIACTUHAX OOJIBIIIOe MHOXKECTBO IIOTHO
PACTOJIOKEHHBIX JIEMEHTapPHBIX 3apsAI0B. A 3TO HEBO3MOXKHO M3-3a CUJIBHOTO
KYJIOHOBCKOT'O B3aUMOJICHCTBHS ATUX 3aps10B (OTTAIKUBAHUS U MPUTSHKCHUS ), U,
CJIeI0BaTeIbHO, HEM30€KHOT0 MEPEMEIIECHHUS 3apA0B, KaK 10 MTOBEPXHOCTH
IJIACTUH, TaK U ME¥K]y TNTACTUHAMM.
(Jost myumero BocpusiTHS HHGOPMAIMK B HEKOTOPBIX (popMyIiax 3Ton
CTaThU CIEIUATBHO HE TTOCTaBJIEHbBI KOA(DPUIIMEHTHI TEPEeBO/Ia €IUHUL] U3MEPEHHUI,

rae ke, = 1).

Teopus rpaBUTAIMOHHBIX SYEEK MO3BOJISAET NPUMEHUTH (POPMYITY MOJTHON
DHEPI'UH JABMKYILETOCA TeJIa K CKOPOCTH TeJIa B TPaBUTAlMOHHOM Mose. Hanmiem

3Ty U3BECTHYIO (hopMyTy DUHIITEIHA!

2
Dot HJIINn Efull = i (1'20)

rae E g,y — omHas SHEpTHs ABIKYIIEr0cs Tena.

Ey — sHeprus nokosimerocs Tena.
VU — CKOPOCTH TeJIA.

[TpumenuM 3Ty popmyiy K ABUKEHHUIO TeJla B TPABUTAIIMIOHHOM TIOJIE.

Efy = E
2

E fy) — TOTTHAS DHEPT UL IBIKYILETOCS Tela M B IPABUTAIIMOHHOM IOJIC MaCChI

(1-21)

M, JIx.

E — 3Heprus nokos tena m, JIx.



2
N3 ¢. (1-21) momyaum dpopmyiay CKOpPOCTH Tesla M: vV, = C /1 — Eizuz (1-22)

rac vV, — CKOpPOCTh, an/I06peTeHHa;1 TCJIOM M B I'PAaBUTAIMOHHOM IIOJIC YCPE3 I =

1 M mocie Havana JBHKEHHS, M/C.

Ey?

(Eo+E,)” (1-23)

Packpoewm 3Hauenune Efyy: v = € |1 —

rac Eg — IIOTCHIHAJIbHASA SHCPIUA T'PABUTATMOHHOTO IIOJII HAa paCCTOAHUU R ot

Maccel M B TOUKE HAXOXKICHUS Teaa m, JIx.

GMm

Paznoxum Eg Ha COCTaBJIAIOIIUC (1)H31/I‘16CKI/I€ BCIIMYUHBEI. Eg = T

B pe3ynbTaTe nonyuum cieayronryto GopMyily CKOPOCTH Tella Maccol m B

I'PaBUTAIMOHHOM IIOJIC YCPEC3 1 M nmociie Havana JBUXXCHUA.

m2ct
v,=c|[1—-—25 _ (1-24) wm v, =c [1— > (1-25)

A
GMm GM
2 2
(mc tR ) (C + R)

Packpoem dopmyiny (1-25):

2 2m2
2(c2,5MN\"_ L6 4 GM  2G°M
v — c(c+R) c 2cR+c =z
r 2 - 22
2, GM 4,9 26M  G°M~
(c + R) c*+2 ¢ R T 22
; . . 2 GZM?
C y4u€Tom upe3BbIYaliHO MaJION BETUYUHBI € =z~ 110 CPaBHEHHMIO C
GM GM G*M?
2 ¢* — urakxke 2 ¢ — 1o cpaBHeHuio ¢ ¢* (pasuuma B 1027 pa3)
R R?

MOJYYMM YIPOIMIEHHBIH BapraHT dopmyiibl (1-25):
’2 2 ’ZGM
v, = C4R = | R (1-26)
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B pesynbTaTe momyuniack kiaccuueckasi opMyia CKOpOCTH Tella B
IpaBUTAIIMOHHOM T0Jie. OTMETUM, YTO MPU OUYEHBb OOJIBIIUX 3HAYCHUSX MaCChl
ynpoinénHas (kiaaccuueckas) popmyia (1-26) Oyaer gaBaTh HETOUHBIC
pe3ynbrathl. B To ke Bpems pensituBrctckas popmyia (1-25) nact Tounyro
BEITMYMHY CKOPOCTH TeJa.

KoHeuHnast CKopocTh v,, IpH MPOXOKICHUH TEIIOM M BCETO paccTosHusA R,

OIIPEIEIISICTCS TI0 CIIeAYIoNIel hopMmyIe:

ct

(cz+ GM Zﬁ:m%)

ct

v,=c |1— s=¢C |1— s (1-27)

2. wn GM
(2+ Shoruz)

IJic M — paccTosHue B MeTpax Mexay M um (n = R,), M.

JI71s1 pac4€TOB CKOPOCTH JABUKEHUS, KOTJIa PACCTOSHUSI MEXIY TEIaMU
orpomusbie R,, — 00, HEOOXOUMO UCIIOIB30BaTh MPUKIIAIHbIE (hopMyIibl. st nxX
TIOJTYYCHHS UCTIOJIb3yeM COKpaméHHyo dhopmyny Dinepa H, = Inn +7y .
[TpuMenumM 5Ty GopMyTy K TApMOHUIHOMY PSIIY g 1 5 non i

R=1n T} YYEHHOUN

dbopmyie. B pesynbTaTe nmoayunm:

p
Vn = C\/l "~ (c2+GM(In Ry, +7))? (1-28)

i€ V,, — KOHEYHAs] CKOPOCTh, IPUOOPETEHHAS TEJIOM 1M IIPU MPOXOKIACHUN
paccrosiHus R,,.
R,, — paccrosinue mexny M u m.

Y — nocTosiHHas Jijepa.
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[Tomygyennsie popmyinbr 1-25, 1-27,1-28 sapnsroTcss yHuBepcaibHbIMU. B
oTIn4Me OT (GOPMYJT KJIACCUUECKON MEXAaHUKHU 3TH (OPMYIIbI JAIOT TOUHbIE
pe3yJbTaThl, KOTJa B pacyéTax NpUCYTCTBYIOT OTPOMHBIE MACChI U PACCTOSHHUS.

['paBUTAIIMOHHBIE AYEHKU ABIAIOTCSA CTPYKTYPHOM €IUHULIEH MacChl M.

HOBTOMy C KaKou CKOPOCTBIO IBHKETCA TCIIO M, TO C TaKOH K€ CKOpPOCTBIO

JABHKCTC OJHA sTYerKa mg. Ha ocHoBe 3TOT0O IMOJIYYHM M3 BBIICCTOAIINX

dbopmyn cnenytomue GopMyiibl, OCHOBaHHBIE HA TPAaBUTAIMOHHBIX sSYEHKaX.

2.4
v, =c|1—-—2° _ (1-29)
(mgc2+es%)
2.4
v,=c |1- e > (1-30)
(mgcz+esMZﬁ=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 yMCIIEHHO paBHA BEJIMYMHE YHEPTUU TPABUTAIIMOHHOW CTPYHBI, TJIC € =
1,108293 - 10737 ]Ik (¢p. 1-7). Taxke e; = G mg)

m, — Macca TpaBUTAIMOHHOM Adeiiky, 1,660539 - 10~27kr.

9

3ametum, 4to ¢. (1-29), B OCHOBE KOTOPOU JICXKHUT SHEPIHUS, JIyUIIIe
MOKa3bIBACT (PU3HUUECKYIO MPUPOTY MPOIIEcca IBUKEHUS B TPABUTAIHOHHOM

noge, yeM ¢. (1-25). [Toatomy ¢. (1-29) nepsuuna mo otHomienuto Kk ¢. (1-25).
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Heo6xoanmMo 0c060 BbIIeIUTh, 4TO HOBasi (popmyJia (1-30)
yCTAHABJIMBAET OJJMHAKOBBII MpejieJ1 1eidcTBUsI TPABUTANMOHHBIX CHJI IS
BCeX Macec.

YroOsl B 3TOM yoeauThes, paccMoTpuM B popmysie (1-30)

1 . .
BeIpaXKeHHe: egM Y p_1,, e DTO BhIpa)KEHUE SBIIAECTCS CYMMAapHOU dHEprueit

1
rPaBUTALMOHHOrO 1oJjist Macchl M, 10 ectb }, E; = egM Y k4, = 3amMeTHM, 4TO

rpaBUTALMOHHOE 10JIe CO31AETCH 3aK/II0YEeHHON B Macce M 3Hepruei,

pasHoii E = Mc?. CaenoBatennHo, Beinunna Y, E g B 3TOH opmyJie Gymer
Bceria MeHblle Beanuunbl E = Mc?, 1o ectb ) E g <M c?. (Ilpexnonaraercs,

YTO pa3HUIIa MEXKIY STUMHU SHEPTUSIMHU JIOJKHA OBITh OYEHb 3HAYUTEIHLHOM
YE g <M c?). B Buzie ypaBHEHHS 3TO BBIIVIAIUT TaK:
— 2
YE;=kMc* (1-30)
rae k — nonmwxkaromui koddhduiueHt. (IToT KO3QGHUITUEHT MOKHO
paccMaTpuBaTh, Kak KOd(PGUIMEHT NepeBoia OUCHb MaJOi YaCTU BHYTPEHHEN

sHepruu Maccsl E = Mc? B DHEpruro rpaBUTaMOHHOrO TIons Y, E g)-

PackpeiBaem B ¢. 1-30 Boipakenue Y Eg. eM Yz_q, % = k Mc*

Tort e pe3ynbTar nonydaercs us ¢. 1-33: eM (InR,, + y) = k Mc?
COKpaTHM B 3TOM ypaBHEHUH MacCy M ¥ TOTyduM:

k c%

lan=T—y

IHony4yeHHbIN pe3yjbTAT MOKA3bIBAET, YTO 'PABUTALIMOHHOE 110J1€ BCeX

TeJI MMeeT OIMHAKOBBII nmpeaen aeiictus lim R,,, KoTOpHIii He 3ABUCUT OT
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BeJIMYMHBI Macchl TeJa. 3a IrpaHuIIaMH 3TOTO PACCTOAHUA Rn I'paBUTAIMOHHBIC

CHWJIBI JIFOOOM MacChl PEKPAILAOT JEMCTBOBATS.

Pe3yabTarsl.

K riaBHBIM pe3yibTaTaM 3TOTO MCCIEIOBAHUS CICTYeT OTHECTH yCIICITHOE
BBEJICHHE B KOHIICTIITMIO TPABUTAIITMIOHHOTO B3aUMOJCHCTBHUS TAKHX BaYKHBIX
COCTABJISIFOIINX, KaK TPABUTAIIMOHHBIE TYCHKN U TPABUTAIIMOHHBIE CTPYHBI. DTO
TTO3BOJIMIIO TIOJTYYHUTh TAKUE 3HAYUTEIBHBIC PE3YNIBTATHI, KakK: (hopMya
I'PaBUTAIIMOHHON TTOCTOSIHHOM, (hOPMYJIbl MAacChl JIEKTPOHA, (JOpMyIia MacChl
aToMa BOJIOpO/Ia, MOJYYEHHBIE Yepe3 He3aBUCUMBbIE (PU3UUECKIE KOHCTAHTHI;
MOJIyYeHHUE BEJIMUMHBI YHEPTUU TPABUTOHA,; MOJIYYSHUE YaCTOThI U JITTHHBI
I'PaBUTAIIMOHHBIX BOJIH; OMPEIEICHUE MUHUMAIBLHOTO PACCTOSHUS JEHCTBUS
I'PaBUTAIIMOHHBIX CHJT; TTOTy4YeHUE (OPMYIIBI SIUHOTO TIpeIesa TeHCTBUS
I'PaBUTAIIMOHHBIX CHJI U JIP.

B a10ii paboTe Obla ycnenHo npuMeHeHa nocrosinaast [nanka k Teopuu
I'PaBUTAIIMOHHBIX siY€eK U CTpyH. B pe3ynbrare Obu1a mosydena gopmyia
MUHHUMAJILHOTO PACCTOSIHUS TPABUTAIIMOHHOTO B3aUMO/IeHCTBUS, PopMyIia Macchl
JIEKTPOHA U MACChl aTOMa BoJiopoaa. Pacuérel mo aTuM dhopmysam MOJIHOCTHIO
COBIAJIH C SKCIICPUMCHTAJILHBIMU JTAHHBIMH.

Yepes cMHTE3 TCOPUHU TPABUTAITMOHHBIX STYECK U ()OPMYITBI TTOJTHOW SHEPTUN
DWHIITeHA Oblia MOTyYeHa PENATUBUCTCKAsE PopMysia CKOPOCTHU Tea B

IPaBUTALMOHHOM TOJIE. DTY HOBYIO (DOPMYITy MOKHO MPUMEHSTH JJIs
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MaKCHUMaJIbHO TOYHBIX paC‘-IéTOB CKOPOCTHU JABHKCHUA TCJI B I'PABUTAIIMOHHBIX
ITIOJIAX.
HOHY‘ICHHLI@ B OTOM pa60Te HAaY4YHBIC PC3YJIbTATHI ITOJIHOCTBIO COBIIAAIOT C

HN3BCCTHBIMH HAYYHBIMHU U SKCIICPUMCHTAJIbHBIMH TadHHBIMU.

3aKJII0YeHue.

B a0l paboTe B TEOpHIO TPaBUTAITMOHHOTO OIS OBLIIN YCIICIITHO BCTPOCHBI
TaKHe MOHATHS, KaK TPaBUTALIMOHHBIE TYEHKN U TPABUTALIMOHHBIE CTPYHBL. DTO
MO3BOJIWIIO NIOJIYYUTh 3HAUUTENIbHBIE HAyUHbIE pe3ylbTaThl. K 3TuM pe3ynbraTam
OTHOCSTCS: opMyJia rpaBUTALIMOHHON MMOCTOSIHHOM, (hOopMyJia Macchl 31EKTPOHa,
(dopMyIia Macchl aTOMa BOAOPO/a, BEIMYMHA MUHUMAJIBHOI'O PACCTOSHUS
JEHCTBUS TPaBUTALIMOHHOTO I0JIsI, HOBAs PEISATUBUCTCKAs (OpMyJia CKOPOCTH
TeJa B TPAaBUTALIMOHHOM T10J1e, (hopMyJia €IMHOTO Mpeena JeHCTBUS
I'PaBUTALIMOHHBIX CHJI U Ap. Takxke B 3Toi paboTe OblIa mojiyueHa (PUKCUpPOBaHHAs
BEJIMYMHA SHEPTUU I'PAaBUTOHA, IJIMHA U YaCTOTA TPABUTALIMOHHBIX BOJIH, ObLIa
NoJTyuyeHa HoBasl (pu3nueckas MOCTOSIHHAS — Macca IPaBUTALMOHHOMN sTYEHKH
YEPHOU JBIPHI.

OTIMYUTENBHON 0COOEHHOCTBIO 3TOTO MCCIIEI0BAaHUS ABIISETCS TO
00CTOATEIBCTBO, YTO HOBBIE (POPMYJIBI MOCTPOCHBI HA (PYyHIaMEHTATBHBIX
(bu3MUecKuX MOCTOSIHHBIX. Bee momydeHHsbie 1Mo 3TUM GpopMysiaMm pu3ndecKue
BEJIMYMHBI U MTOKA3aTeJIM MOJHOCTHIO COBMAJIAIOT C U3BECTHBIMU HAYYHBIMU U

9KCIICPUMCHTAJIbHBIMH JaHHBIMH.
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