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1. AuHoTaUMS.

B ocHOBe 3TOr0 HCclieJOBaHUs JIEKUT YTBEPKICHHUE, YTO TPABUTALMOHHOE
cokaThe OOJIBIIUX KOCMUYECKUX MAcC UMEET MpeJies IOTHOCTH cxkatus. [lpu
3TOM II€pBOHAYaAJIbHAS Macca, COCTOSIIAsl U3 aTOMOB, IIPEBPALIAETCS B
OJTHOPOJIHYIO, OYCHB IUIOTHYIO Maccy (4EPHYIO JBIPY), COCTOSIIYIO U3
OJTMHAKOBBIX YaCTHI] (KOTOPBIC B UCCIICIOBAHUH OBLIIM HAa3BaHbI POTOATOMAMH ).

B sToM nccienoBaHum 175 ONpeAeIeHHs MapaMeTpoB IPOToaTomMa ObLIO
ucrosib3oBaHo peuieHue [Bapumibaa. B pesynabraTe Oblia onpesesieHa Macca
IPOTOATOMA, a JaNbllle YEPE3 MATEMATUUECKUE PACUETHI C UCIIOJIB30BAHUEM
HE3aBUCUMBIX (PU3MUECKUX MOCTOSTHHBIX ObljIa MOJIydeHa BeJIMUUHA IBYX
AJIEMEHTAPHBIX 3apsAa0B MpoToaroMa. [loydueHHas BenrM4nHA 3apsia COBIAJIA C
pexomennoBanHoii CODATA BenuunHOM 371eMeHTapHOTO 3apsina. Pacxoxnenne
coctaBuiio Bcero 0,098%, 4To moaTBEpAUIIO CYIIECTBOBAHUE MPOTOATOMA. DTOT
pe3yibTaT TaKkKe HHTEPECEH TeM, YTO BEJIMYMHA DJIEMEHTAPHOTO 3apsija Oblia
OIpeJieNieHa Yepe3 Apyrue He3aBUCUMbIE (DU3NUECKUE KOHCTAHTHI.

B stom uccnenoBanuu Obliia mosydeHa ¢popmysia Jijisi pacuéTa BEIUYUHBI
rpaBUTaAIMOHHON TTocTossHHOM G. [To 3TOM popmyrie ObUTH TPOU3BEAEHBI PACUETHI
BEJINYMHBI TPABUTALIMOHHOW MMOCTOSSHHOW Y 24 XMMHYECKUX AJIEMEHTOB, B3ATHIX U3
Bcex rpynn Tabnuiel Menneneena. [lonydeHHbIe pe3ynbTaThl MOKA3aIH, YTO
3HaueHue G MOXKET KoJiehaThCs peieNiaX ThICSYHBIX U COTHIX JIOJICH MPOIICHTA.
Taxoke OblIa onpeseieHa BeIMUYUHA TPaBUTAITMOHHON MTOCTOSTHHON B
TPABUTALMOHHOM I10JI€ Hau00JIe€ MACCUBHBIX YEPHBIX JIBIP.

B 3TOM HccrienoBaHuu 1o aHAJIOTUH C TUCKPETHOCTHIO SHEPTreTUYECKUX
COCTOSIHUI aTOMOB BOJIOPO/Ia, OBLITM MCCIICIOBAHBI KBAHTOBBIE COCTOSHUS
poTOaTOMOB. B pe3ynbpTaTe ¢ MCIOJb30BaHUEM TOTYUYEHHBIX (PU3NYECKHUX
napamMeTpoB MpoToaToma Obljia moaydeHa Gopmysa s pacdéTa KBAaHTOB YHEPTUU
I'PAaBUTAIMOHHBIX BOJIH (IPaBUTOHOB), HCITyCKAeMbIX YEPHBIMHE JbIpamu. [1o 3Tok
dbopmyiie ObLT pacCUUTaH JIMHEUHBIN psii SHEPTUU IPaBUTOHOB. [lomyueHHbIe
3HAYEHUSI SHEPTUU TPAaBUTOHOB YBEPEHHO COTJIACYIOTCS C pe3yJibTaTaMU

aCTpO(l)I/IBI/I‘ICCKI/IX H8.6J'IIO,Z[€HI/H>'I I'PaBUTAIUOHHBIX BOJIH, KOTOPBIC BO3HUKIIN B
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pe3yJabTaTe CIUSHUSA YEPHBIX JbIp. B X0/1e ananmm3a HoBoi (hopMyIibl ObLTa
oIpejielieHa Macca AIeKTpoHa yepe3 4 ¢pyHIaMeHTalbHbie KoHcTaHThI (G, C, g, h).
Pe3ynbTaT cCoBIal ¢ SKCIEPUMEHTAILHON MacCOM JIeKTPOHA. bblin mosydyeHbl
JPyTHE Pe3yJIbTaThl, UMEIOIINE HAyIHOE 3HAUCHHE.

KaroueBble ciioBa. UEpHas apIpa, MPOTOATOM, Macca MpOTOaTOMa, Macca
aTOMHOM €TMHUIIBI XUMUYECKOTO JIEMEHTa, Macca aTOMHOM STYCHKH, (hopMyJia

rPaBUTALIMOHHOW MOCTOSIHHOM, TPABUTALMOHHOE T10JIE, SJIEMEHTAPHBIN 3apsii.

2. BBeaenmue.

Hctopus onpeneneHns BEIMUYUHBI TPABUTALIMOHHOW MOCTOSIHHOM
HacuuThiBaeT Oosbie 200 set. BepBble rpaBUTALIMOHHYIO
noctossHHyt0 G u3mepui B 1798 rogy 6puranckuit dusuk ['enpu KaBenaum. J{is
ATOTO YUYEHBIN UCTIONb30BAJ KPYTUIIbHBIE BECHI, TIOCTPOEHHBIE
cBsIIeHHUKOM J[>koHoM Muueniom. B kauecTBe B3anMOICUCTBYIONMIUX MacC ObLIN
MCIIOJIb30BaHbl MACCUBHBIE CBMHIIOBBIE HIaphl. [lomyuenHoe KaBeHauimem
3HaUYEHHE TPABUTALMOHHOMN IIOCTOSHHON cocTaBuio G = 6,754 - 107! m3-¢ 2 kr!
(otHOCHTENBHAs pasHuna ¢ G = 6,6743 - 101! cocrasnser 1,2%).

C tex nop yuenbie nocraBmin 6obie 200 5KCIEpUMEHTOB IO U3MEPEHUIO
I'PaBUTAILIMOHHOM OCTOSIHHOM, OJTHAKO TaK U HE CMOIJIM CYIIECTBEHHO YIYUIIHUTh
ux ToyHoCcTh. [1o pe3ynbraram 14 HanbOonee TOYHBIX IKCIIEPUMEHTOB 32
nocienuue 40 net Komurerom nanubix 1t Hayku ¥ TexHUk (CODATA) 656110
pexomeHn0BaHo 3Hauenue G = 6,67430 (15) - 107! m3-¢c2'kr ! (10 ecTh
dakTryecku, ota BemmunHa G sBisieTcs cpeAHeid pacuéTHoii BenmanHoi). [Tpu
TOM HEOOXOJUMO OTMETHUTh, UTO 3asIBJICHHASI TOTPEIIHOCTh HEKOTOPBIX
DKCIEPUMEHTOB, UCIIOJIB30BaHHbIX NpH pacuere 3HaueHuss CODATA,

He TpeBbiana 14 yacteil Ha MIWIJTMOH, OHAKO Pa3Inuue MEXIY UX

pe3yapTaramu gocturaio 550 yacreid Ha MUJUIHOH (OTHOCHTEILHAS PAa3HULIA

0,055%) https://goo.su/SKRf5]

Yuénrie IpCAaIoJararoT, 4YT0 HU3Kasd TOYHOCTDb OIIPCACIICHUA
FpaBHTaHHOHHOﬁ ITIOCTOSTHHOM CBsI3aHa CO CJ1a00CTHIO CHII I'paBUTAalMOHHOI'O
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https://goo.su/SkRf5J

MPUTSHKEHUS, KOTOPHIE BOSHUKAIOT B HA3EMHBIX SKCIIEPUMEHTaX. DTO MEIIaeT
TOYHO U3MEPUTDH CHJIbI U IPUBOAUT K OOJIBIIUM CHCTEMATHYECKUM
MOrPeNIHOCTAM, 00YCIIOBICHHBIM KOHCTPYKIIMEH YCTaHOBOK. MHTepec B 3TOM
IJIaHE MPECTABISAET IKCIIEPUMEHTATBHOE U3MEPEHHE TPaBUTAMOHHOTO
B3aUMOJICHCTBUS 24 WIMHAPOB U3 CIIaBa BoJb(Ppama, CAEIaHHOE C MOMOIIbIO
ATOMHBIX UHTEP(PEPOMETPOB UTATILIHCKUMHU U HUACPJIAHICKUMH (PU3UKAMHU.
ABTOpBI HccreoBaHus B cTaThe B KypHaie «Nature» (urons 2014 r) yka3pIBaror,
YTO MOCKOJIBKY KCIIEPUMEHT C MPUMEHEHHEM aTOMHBIX HHTEP(HEPOMETPOB
OCHOBAaH Ha MPUHIUITUAIBHO JIPYTOM TOJIX0JIE, TO OH TTIOMOYKET BBISIBUTH
HEKOTOPbIE CUCTEMATHICCKNE OIMMOKH, KOTOPHIC HE YUUTHIBAIOTCS B
AKCIIEPUMEHTAX C JIPYTUM 000py/I0BaHHEM. 3HAYCHHUE TOTYyYEHHOE
uccnenoBarenamu pasasiaock G = 6,67191(99)-107!'! M3 ¢ 2-xr !. OtHOoCHTENBHAS
pasnuna ¢ G = 6,67430 - 107! cocrasuna 0,036%.

N3mepenne rpaBUTAllMOHHON MOCTOSTHHOM MPOBOASTCS Pa3IMYHBIMU
TPYIIIaMU YYE€HBIX MTOCTOSHHO. [Ipr 3TOM, HECMOTpsI Ha 0OMIIHE HOBBIX
TEXHOJIOTUM, PE3YJIbTAThl IKCIIEPUMEHTOB JAIOT pa3HbIe 3HAYCHUS ITOU

KOHCTAHTHEI.

3. Mertoasbl.

3.1. Haunéwm ¢ Toro, 4To MpH rpaBUTALIMOHHOM CKATHH TUTAHTCKOM 3BE3/IbI
MPOUCXOIUT Je(EKT MacChl aTOMOB, COCTABIISAIOIINX Maccy 3Be3/bl. [Ipu 3ToM
BHA4aJIe 3B€3/1a IPEBPALLIACTCA B HEUTPOHHYIO 3BE31Y, a IIPU NPOJOJDKEHUU
COKaTHsI, KOTOPOE COMPOBOXKAAETCS A€(PEKTOM MAaCChl HEUTPOHOB — B YEPHYIO
neIpy. Eciiu rpaBUTaliMoHHOE C)KaTUe YEPHOM ABIPHI OYAET MPOJOJIKATHCS
JajplIe, TO MOKET HACTYIIUTh IIPEAEII, KOTa JaJlbHEHIIee C)KaThE BELEeCTBa
CTAaHOBUTCSA HEBO3MOXHBIM. B 3THUX yCIIOBUAX MacCy YEPHOU AbIPbI COCTABIISIOT
HEUTPOHBI, KOTOPHIC YMEHBIINIIH CBOIO MacCy /10 BEJUYUHBI My,,. Jlanbuie B
CTaThe TAKUE YMEHBIICHHBIE HEUTPOHBI YCIOBHO Ha30BEM IpoToaroMamu. B
nporoaroMax (Takke Kak B HSHTPOHAX) HAXOATCS JBa MPOTHUBOIOJIOKHBIX
3JIEMEHTapHbIX 3apsna q. (BennunHa q crienuaibHO He 0003HaueHa. B mporecce
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https://elementy.ru/LHC/HEP/study/errors/systematic
https://elementy.ru/LHC/HEP/study/errors/systematic
https://ru.wikipedia.org/wiki/Nature

WICCIICIOBAHMSI BEJTMYMHA DJIEMEHTAPHOTO 3apsiaa OyJeT mojydeHa yepes Apyrue
(du3HIECKre KOHCTAHTHI).

TCHGPB IIEePCXOJaUMM K OJHOMY M3 I'NIaABHBIX MOMCHTOB HUCCJICAOBAHUAI. Macca

) _2G 3.1
MPOTOATOMA COCTABIACT: My, = — (3-1)

2G
BI)Ipa)KGHI/IC c_z B3ATO U3 PCUICHUA I_HBapHHIHJII)I[a, KOTOPOC OITUCHIBACT

. . 2G
IrPaBUTALIMOHHBIA pagnyc 4€pHOU IbIpsl: R = — - M

c2
YEpHy1o apIpy HEOOXOIMMO paccMaTpUBaTh, KAK OJJHOMEPHOE

IIPOCTPAHCTBO, BCE XapaKTEPUCTUKHU KOTOPOTO ONPEACIIAOTCS Maccor. [ToaTomy ¢
2G

TOYKH 3peHHs QPU3UKH KOHCTAHTY — M/KI' MOYKHO pACCMaTpUBATh HE TOJIBKO KaK
C

KaK KO3 (DUIMEHT MPONOPLUUOHAIBHOCTH, KOTOPBIN U3MEPSETCS B M/KT, a Kak

CTPYKTYPHYIO €IMHUILY TIPEICIBHO CKaTOM MacChl, KOTOpas u3MepsieTcs B Kr. B

JTAHHOM CJIy4ae TaKOW €MHULICH PUHUMAECTCS IIPOTOATOM.

2G
Ha sTom sramne uccienoBanus My, = —; HEOOX0AUMO NPUHATH, KAK

c2
nmocryJaar, KOTOpBIﬁ B IIaJIBHeﬁmeM HCCIICAOBAHUHU ITOJIYIHUT MAaTCMATHYCCKOC

x 2G o
IMOATBCPIKACHHUC. Taxxe HNOAYCPKHEM, YTO BBIPAKCHUC — SABJISICTCA KOHCTAHTOH.
C

C yuérom, uto G = 6,6743 -107'" u ¢ = 2,99792458 - 108m/C, cornacHo
dopmye 3-1 nomydum: my, = 1,485232054 -10~27 kr (3-2)

31ech HEOOXOIUMO TIOTIEPKHYTh, YTO HECMOTPS Ha OOJIBIIIOE KOJTUIESCTBO
3HAKOB MOCJIE 3AITOH, MONYYEHHOE 3HAYEHHE My, HE 001a1aeT abCOMOTHOMI
TOYHOCTBHIO. DTO CBSI3aHO, B TIEPBYIO OYEPE/Ib, C U3BECTHBIMH ITOTPEITHOCTIMHU
AKCIIEPUMEHTAJIbHBIX U3MEPEeHUI BennuuHbl G (CM.2 paszen), a TakxKe ¢
BO3MOYKHBIMH TIOTPEITHOCTSIMU U3MEPEHHUI CKOPOCTH CBETa B BaKyyMe.

Taxoke Ba)XHO OTMETHTD, YTO 3HAYEHHE My, = 1,485232054 1027 kr
SIBJISIETCS] XaPAKTEPHBIM TOJIbKO /ISl HAaH00Jiee MACCHBHBIX YEPHBIX JbIP, I/1€e

rPaBUTAIMOHHOE CKATHE BelleCTBA JOCTUIJIO Mpe/ea.

B sTom HUCCIICIOBAHUH IIPOBOAUTCA IapalICiIb MCKAY IIPOTOATOMAMHU U

YCJIOBHBIMU MapaMu 3JIEMEHTAPHBIX 3aps/10B (ATOMHBIMU SU€KaMu) B aTOMaX.
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KonuuecTBO aTOMHBIX S'U€€K B aTOME XMMHUUECKOTO 3JI€MEHTA ONnpcaACIIACTCA 110

dopmynre: n=A+B (3-3)

e +p*

rac A — KOJIMYECTBO YCJIOBHBIX IIAp 9JICKTPOHOB U ITPOTOHOB B aTOMC, 5 = 2

B — xonnuecTBO HEHTPOHOB B aTOME.

YToOBb! ONpeneauTh MacCy M, aTOMHOM STUEHKN XUMHUYECKOTO 3JIEMEHTA,
HEOO0XO0MMO pa3AesIuTh Maccy aToMa m, Ha KOJUYECTBO aTOMHBIX SYEEK N:

m, =m,/n (3-4)

®opwmyna 3-4 NOJTHOCTHIO MOBTOPSET pacu€T aTOMHOW €TMHUIIBI MacChl 1
a.e.M., KOTOpBIii IPOU3BOAMICA HA OCHOBE M30TONA yriiepoaa ;5C.

ATom {5C cocTouT U3 6 3EKTPOHOB, 6 MPOTOHOB U 6 HEHTPOHOB, TO €CTh
910 12 atoMHBIX sueek. [loaTomy m. =1/12 m,. B 10 ke BpeMsi, Kak U3BECTHO,
aToMHas enuHHIA Maces 1 a.em.= 1/12 ;5C = 1,660539066 - 1027 kr. ITosToMy
B 3TOM Cllydae Macca I, aTOMHOI sueiiku {SC paBHa aTOMHOI euHUIE Macchl 1
a.e.M.

B npyrux XMMHUYECKHUX 3JIEMEHTaX 3TOT0 coBHaAcHus HeT. Onpenenum
Maccy aToMHOU stueiiku cBuHIla Pb. CBunel Hanbosee 4acTo UCIOIb30BaJICS B
HKCIIEPUMEHTAX MO ONPEIEICHUIO BEIMYMHBI TPAaBUTALMOHHON ITOCTOSIHHOW (OMBIT
Kasenauma u ap.). [loarToMy Bo MHOTOM Ha OCHOBE CBHHIIA Obliia
DKCIEPUMEHTAIIBHO ONPENEIICHA BEIUYMHA TPAaBUTALIMOHHOM MTOCTOSTHHOM G =
6,6743 -10°'"" (cm. Paznen 2). Mo 3T0ii npu4rHe CBHHEL OYAET ONIOPHBLIM
XHMHUY€CKHMM 3JIEMEHTOM B 3TOM HCCJIeIOBAHMU.

[TpupoaHbIil CBUHEL COCTOUT U3 4-X CTa0MIIbHBIX U30TOMOB: OCHOBHOTO
M30TONA ,55Pb , a Takxke U3 U30TONOB ,o2Pb, ,52Pb, ,52Pb. Macca aToma

,82Pb cocrasnser: m, =207,9766521 a.e.m. https://qoo.su/fqZ4 (Ccpinka Ha

MCTOYHUK yKa3aHa Mo MPUYMHE TOT0, YTO B IEpHOUYecKoil Tabnuie MenaeneeBa
yKa3aHa cpeJHsisl aTOMHAas Macca Bcex n30TomnoB cBuHna Pb. IMosromy s
TOJTy4eHHs TOYHOM Macchl aTOMa U30TOMA ,5aPb 3Toli Tadauueii noab30BaTHLCS

Hesb3s1). ATOM ,52Pb cocTout u3 82 31eKTpoHOB, 82 IIPOTOHOB, 126 HEHTPOHOB.


https://goo.su/fqZ4

[Toaromy cornacuo (1-3): Nn=208. B pe3ynbrate coriiacHo 3-4 Macca aTOMHOU

sueiiku ,55Pb cocrasur:

_207,9766521
c 208

1 a.e.m = 1,660352671-10727kr (3-5)

rae 1 a.e.m.= 1,660539066 - 1027 kr. (IlpakTHYeCKH Takas ke BeTMYUHA
m, Oy/ieT npy pacyéTe APyruxX U30TOIOB CBUHIA: ,55Pb, ,52Pb, ,82Pb).

3aMeTuM, 4TO Ha OCHOBAHMHU BBIIIEU3I0KEHHOTO M. MOKHO JIaTh BTOPOE
Ha3BaHUE. MACCA ATOMHOM eJMHUIbI XUMHYECKOI'0 3JIeMEHTA.

Tenepp nepexoaum K CleIyIOIIEMY B&XXHOMY MOMEHTY uccienoBanus. OH
3aKJIF0YAETCs B TOM, UTO MPHU TPABUTAIIIOHHOM C)KaTHH MAcChl, COIIPOBOXKIAEMOM
Nne(EKTOM 3TOM MacChl, CYIIECTBYET aHAJIOTUSI MEX]Ty YMEHBIICHUEM
TPaBUTALMOHHOTO TOJISl ATOMH MAcChl U YMEHBIIICHHEM F€OMETPHUECKON
MOBEPXHOCTH C(hephl IPU YMEHBIIIEHUH 00BhEMa 3TOM cepbl. DTa aHAIOTUs
3aKJIF0YAETCS B TOM, YTO MPH IPABUTALMOHHOM CKATUH ATOMHOM si4eiiku

Maccou m,; 10 MacCChl MpoTroaToMa m I'PABUTAIIMOHHOC II0JIC € aTOMHOM

pa:
AYEKN YMEHBIIACTCS /10 3HAYEHUSI €y, B TOI Ke MPONOPUHH, B KOTOPOii
YMEHBIIACTCH IUIOIIAAb OBEPXHOCTH S reOMeTPUYECKOM cepbl NpH
yMeHbIIeHun 00béMa V 3T1oii chepbl.

Kak n3BeCTHO U3 reoOMeTpUH, IPONOPLUS MEKIY IUIOIIAIIMU TOBEPXHOCTEN

(S1u S,) nByx chep u Mmexay oobémamu (V; 1 'V,) 3Tux cdep BHITISIAAT

2[s 3 [V S 3 |V2
creayrommm oopasom: = =" |2+ uwm == = "[1 (3-6)
S, Vo S, vV,

Terneps Ha OCHOBaHWHU YKa3aHHOW AHAJIOTUH MOJTYYHUM:

m2
== (37)

€pa mg,
€. — BEeJIMYMHA FPABUTALMOHHOTIO 11071 aTOMHOM S4eliKy Ha paccTosHuu 1M, M/c?
€pa — BEJIMYMHA FPABUTALMOHHOTO TI0JIs MPOTOATOMA Ha paccTostHUK 1M, M/ c?
m. — Macca aTOMHOM STYEUKHU, KT.

mp, — Macca IpoToaToMa, K.



[Iponopiust 3-7 oTIMYaeTCst OT U3BECTHOM MPOMOPLUUU MEXKAY U3MEHEHUEM

E M
MAacCChI TCJIa U UBMCHCHHUCM I'PABUTAITMOHHOI'O IIOJIA 3TOI'O TCJaA: E—O = M—O
1 1

OOBsICHSCTCS ITO TCM, 4TO B OOBIYHBIX YCIOBHUAX YMCHBIICHUC
TPaBUTAIMOHHOTIO ITOJIA TCJIa HIPOUCXOAHUT B PE3YJILTATC MECXAHNYCCKOTO
OTACICHUA YaCTHU MACCHhI OT TECJIA. BCJ'ICI[CTBI/IG 9TOI'0 KOJMYCCTBO N YCJIOBHEIX IIap

9JICMCHTAPHBIX 3apsJ10B Ha 1 Kr Macchl OCTaéTcsl MOCTOSIHHBIM HE3aBUCHUMO OT

1Kr
TOr'o, HaCKOJIbKO YMCHbBIINJIaACh Macca TE€JIa. N = m_ — const. UasiMu CJIOBaMu,
C

YACIbHOE KOJIUYECTBO 3aps/IOB OCTAETCS MpexXkHUM. HanpoTus, B ciiyyae
I'PaBUTAIIMOHHOTO CxkaThs (3-7) MPOUCXOIUT Ae()eKT MacChl AaTOMOB BelleCTBA.
B pe3synbTaTte BEJIMYUHA M B aTOMaX YMEHBLIACTCS IO MacChl IIPOTOATOMOB My,
Y BEILIECTBO MPEBPAIIAECTCS B OJHOPOIHYIO, OYEHB IJIOTHYIO Maccy, U3 KOTOPOU

COCTOMT TCJIO I-IépHOI\/’I AbIPBI. B PE3YIbTATC BO3PACTACT KOJIUYCCTBO N4 YCIIOBHEBIX

1Kr 1Kkr

>n=—.1Ilo
mc

Imap 3JICMCHTAPHBIX 3apsAJ10B B pacqéTe Ha 1 Kr MacchI: n, = m
pa

ATOM IIPUYHUHC B YCIOBHUAX I'PABUTAIUOHHOI'O CKATUA KIIACCHUYICCKAA paBHAA

IIPOIIOPLMS HE JEHUCTBYET.

2
Ha ocHoBanuu (3-7) momyunm: e,, = € 3/1::,; (3-8)

X _ Gm¢ .
C YUYCTOM, UTO €.= R IMOJTYyYHUM (bOpMYJIy.

/ 1
epa =G ’Im, m3, = (3-9)

[ToxcraBuM B 5Ty opmyiy 3Hauenue G = 6,6743 107!, m, =
1,660352671-10~27kr (3-5), my,, = 1,485232054 -10~27xr (3-1), R= Im. B
pe3ynbTaTe MOdyYMM BEJIMYMHY MPABUTALIMOHHOIO TI0JIs IPOTOATOMA Ha
paccrosiHun R= 1M e,, = 10,288104836 - 10738 m/c?

DTO TPaBUTALMOHHOE I10JI€, 00pa3yeTcsl Ha PACCTOSHUU 1 M OT IPOTOATOMA.
BeJMYMHA 3TOr0 rPaBUTAIMOHHOIO N0/ PABHA KBAJAPATy CYMMBI IBYX
COJIMAKEHHBIX IPOTHBONOJIOKHBIX 3aPSII0B M 00PATHO MPONOPIHOHAILHA

KBaJIpPaTy PACCTOSIHUSI OT MPOTOATOMA.
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2
€pa = % = 4q® m/c? (rne R=1m)  (3-10)

B oTnnume ot 3neKTpruecKoro mojsi, 00pa3zyeMoro 3JIeMEHTapHBIM 3apsI0M
B BakyyMme, Tie E= 9 - 10° % , B 3TOM (popMyJie OTCYTCTBYET MOBBIIIAOIIHIA

KO3 UITUECHT.

Teneps Ha ocHoBe 1-10 momyuum: q = ’% (3-11)

ITosicTaBEM CIOJIa MOMyYCHHOE 3HAYCHHE €, = 10,288104836 - 10738 m/c?.

B pesynbrate noayuum: q = 1,603753787- 1071° Kn

Kax BuguM, mosrydeHHas 9epe3 pacuEThl BETUYMHA (| COBITAIACT C
pexkomenioBanHoit CODATA BeMUUHOM 3JIEMEHTapHOTO 3apsfa, T1e q =
1,602176634 - 10~ 1°Kn. Pacxoxnenue cocrasisier Bcero 0,098 %. Dto
HUYTOXKHO MaJIO€ PacX0KJICHHUE, €CITU MPUHITH BO BHUMAHUE CYIIECTBYIOIINE
MOTPENTHOCTH SKCIIEPUMEHTAIIbHBIX U3MEPEHUHN (U3HUECKUX BEIMYUH, KOTOPhIE
HCITIOJIb30BAIMCH B pacuéTax Jijisl OJIy4eHHs BEJIMYUHBI ( (3T0 3HaueHue G (cM.
paszen 2), a Takke My, (, ¢ ). Takxke TOMOTHUTEIHLHO Ha TOSBIICHUE PACXOXKICHHS
MoOTJIa MOBJIUATH BO3MOYXHas quctipornopius B (3-7), BCeICTBAE HEOTHOPOIHOTO
COCTaBa aToMa ,o5Pb (aTOM COEPKUT SIEKTPOHBL, IPOTOHEI ¥ HelTpoHk!). Ha
OCHOBAHHH BCETO BBIIICU3I0KEHHOTO cienyeT, uto (opmyJia (1-9) u Bxoasue
B 3Ty opmyty my, (3-2) u ep, (3-10) moayunau maTemaTHuecKkoe
NMOATBEPKIEHUE.

[Ipeobpazyem dhopmyy 3-9 u BBeAEM B He€ OMPABOYHBIN KOIPPHUITHEHT,
YUUTHIBAIOIINN MOTPEITHOCTH U3MepeHuil. B pesynbrare noxydum hopmymy s

pacuéra BeJIMYUHBI TPABUTALIMOHHOM MMOCTOSIHHOM.

kepa

3
2
’ me mp,

e e,,=10,267879866 - 10738 w/c?

G= (3-12)

B ocHOBe BeIMUYMHEI epa HaXoaguTcAa (bYHJIaMeHTaHBHaH ITIOCTOSIHHAA —

BE/IMIIHA SEMEHTAPHOTO 3apsijia: ey, = 4q°, Tae q = 1,602176634 - 10~ Ko



k=1,001969731 m2. D10oT KO>()PULUEHT HA OCHOBE CBUHIIA
,82Pb nIpuHKMMAaeTCs eAUHBIM IS BCEX XMMUYECKHX IIEMEHTOB.

Teneps npumenuM dpopmyiry 3-12 K ApyruM XUMHYECKAM SJIEMECHTaM.
Omnpenenum BenuunHy G rpaBUTAMOHHOTO TOJIS, 00pa3yeMOro U30TOMOM
yrnepoaa 15C . B atom atome m.= la.e.m.= 1,660539066 - 10™27Kr (cM. BbIIlIE B
uccnenoBanun). [logcraBum 3HaueHue m. B popmyny 3-12 u B pesynbrare
nonyanm: G = 6,6741-10™". OtHocHuTenbHAs pasauna ¢ G = 6,6743 <107 !
cocrasiisieT 0,003%0.

Omnpenenum BenmuurHy G TpaBHTAIMOHHOTO TOJISI, 00pa3yeMoro aTOMaMu
Bosib(ppama. [IpupogHbIii BotbPpaM COCTOUT U3 4-X CTaOMILHBIX U30TOIOB:
OCHOBHOT'O H30TONA 144 W U YETHIPEX U30TOMOB: (5¢W, 123W, 133W, 24w,

AToMHas Macca OCHOBHOTO M30Toma 44 W: 183,9509312 a.e.m. https://goo.su/zglz

183,9509312

Macca aTOMHOM S4elKH ;55 W COCTABHT: M, = — 0 laem=

1,660096236 - 10~27kr. ITpumenum popmyiy 3-12. B pesynbrarte nonydum
sennunHy G = 6,6746-107!'. OtHocuTensHas pasauna ¢ G = 6,6743 -10°!!
cocrasiusieT 0,0045%.

Omnpenenum Benmuuuny G i moiatuael. (Inatuna Ha 90% BXOIUT B cOCTaB
MEXIYHApOJHOIO 3TaloHa KuiiorpamMma). [IpupoaHas miatuHa COCTOUT U3 CMECH
IIECTU U30TOIIOB, I/le HAUOOBIIUIA yIeIbHBIN BeC MPUXOAUTCS HA U30TOII 1 45Pt.

ATomHas Macca ;55Pt: 194,9647911 a.e.m. https://goo.su/cTdgL Macca atomHoit

194,9647911

o 1a.e.M.= 1,660239242 - 1027 kr.

STYEHKH {48Pt COCTABUT: M, =

[Ipumenum popmyny 3-12 u nonyunm: G =6,6744-10". Ornocurensnas pasHuna
¢ G=16,6743 -107!'! cocraBnser 0,0015%.

Omnpenenum Benuuuny G st upuaus. (Mpuauit Ha 10% BXOIUT B cocTaB
MEXKTyHApPOIHOTO 3TaJIoHA KuiorpamMma). [IpupoaHblii Upyuanuii COCTOUT U3 CMECH
2-X CTaOMIIbHBIX U30TOIMOB, T/I€ HAUOOJBIINI YIEIbHBIN BEC MPUXOIUTCS Ha

M30TOI q45lr. AToMHas Macca q431r: 192,9629264 a.e.m. https://g00.su/TgOxZQ

192,9629264
193

Macca aTOMHOI SUeiiKM 144l cocTaBuT: M, = la.e.m.=
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1,660220091- 10~27kr. IIpumennm opmyiy 3-12 u monyunm: G =6,6745-10711,
OrnocutensHas pasauna ¢ G = 6,6743 -107!! cocrasmser 0,003%.

JUJ1s TOJTHOTO aHan3a MPOBEAEM aHaOTHYHbIE pacdEThI emé ¢ 20
XUMHUYECKHMH DIIEMEHTAMH, B3ATBIMH M3 Pa3HBIX XUMUYECKHX TPYII TAOUIIBI
MeHieneeBa 1o Mepe BO3PacTaHusl HX aTOMHOTO Beca (CChIIKU B TEKCTE

MOJTBEPXKIAIOT MacCcy aTOMOB U30TOIIOB).

. 4,002603254130
1. Fennii 3He: m, = "

1a.e.m.=1,661619767 - 10~ %"kr

G =6,6726-10""" (OtnocurensHas pazauna 0,025 %) https://goo.su/H284

2. Asor 4N :m, = 14"’030;:004251 la.e.m.= 1,660903673 - 10~27kr

G =6,6736 - 10~ 11 (OrHOCHTenbHAs pasauna 0,01%) https://goo.su/dJsw7VB

15,9949146193
16

G =6,6747 - 10~ 11 (Ornocurensuas pasuuma 0,006%) https://goo.su/WISCWAS

3. Kucnopon ;20: m, = 1a.e.M.=1,660011286 - 10~ 27 kr

4. Heon J9Ne: m, = 2222222 1 4 e M. = 1,659911397 - 10~27xr

G = 6,6749- 10~ (Ornocurensnas pasnuma 0,009%) https://goo.su/FVZrGp

5. Harpuii 33Na: m, = =222 1 a.e.m. = 1,659800435 - 1027kr

G =6,6750 - 10~ 1! (OrnocuTensHas pasnuma 0,01%) https://goo.su/DCsW9

6. Marmmii 12Mg: m = 22222 1 3 e, m. = 1,659504114 - 102 kr

G = 6,6754 - 10~ (OrHOCHTENBHAS pazHuna 0,016%) https://g00.su/KTR3D

7. Amommmmit AL m, = 22222222 1 2, e.m. = 1,659403652 - 1072k
G =6,6756 - 10~ 11 (OrnocurensHas pasnuma 0,019%) https://goo.su/B2nox
8. Kpewmuii 33Si: m; = 222222 1 2. e. M. =1,659170695 - 10727 kr.

G =6,6759 - 107" (OrnocurensHas pasauna 0,024%) https://goo.su/8bZ3mZ

34,96885269

o 1a.e.m.= 1,659061314 - 10~ %7kr

9. Xnop 3ZCl: m, =

G =6,6760 - 10! (Ornocurensnas pasauna 0,025%) https://goo.su/30x8U1

10. Kambupit 23Ca; m, = 22222000 1 3. e, = 1,658986083: 10727 xr.

G = 6,6761-10"'! (Ornocurensnas pasauna 0,027%) https://goo.su/hrD5Miv

1l



https://goo.su/H284
https://goo.su/dJsw7VB
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https://goo.su/FVZrGp
https://goo.su/DCsW9
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https://goo.su/B2nox
https://goo.su/8bZ3mZ
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https://goo.su/hrD5Miv

55,9349363

11. XKeneso 28Fe: m, =——— laem= 1,658609766 - 1027 kr

G =6,6766-107"! (Ornocurensnas pasauna 0,034%) https://goo.su/HTk1

12. Meap 22Cu: m, = % 1a.e.M = 1658683414 10~27kr

G = 6,6765-107!!" (OtHOCHTENBHAs pasHuna 0,033%) https://goo.su/pCAIQGU

84,911789738

13. Py6umuii 3ZRb: m, = 'T 1a.e.M.=1,658815812 - 10~ %" kr
G =6,6763 - 101! (OrHOCHTenbHAs pasauna 0,031%) https://goo.su/3EReq
14. Cepetpo ;$7Ag: m, = =222 1 a.e.m. =1,659066176 - 1027kr

G =6,6760-107" (Otnocurensnas pasauua 0,025%) https://goo.su/dpSGIN

15. Mon ,331: mg = =222 1a.e.m. =1,65929004 - 107%7kr

G = 6,6757-10"!! (OtnHOCHTEnBHAS pasuauna 0,02%) https://goo.su/KgoXwce

16. Lepuii ,33Ce : m = =227 1 a.e.m. =1,659417475 - 10 2 xr

G = 6,6755-10"!! (Ornocurensuas pasauna 0,018%) https://goo.su/UnG0

__196,9665687
197

17. 301070 149AU: M, = 1a.e.m. =1,660257269 - 102" kr

G =6,6744-10"" (Ornocurensnas pasauna 0,0015%) _https://goo.su/x3kUaYR

18. Pryms ,80Hg: m, = -2 1 a.e.m. = 1,660297742 - 10~ xr

G =6,6744-10"" (Otnocurensnas pasauna 0,0015% ) https://goo.su/wlgGm0

19. Pauit ,88Ra: m, = Z2222219% 1 5 e.m =1,660725765 - 10~27kr

226
G = 6,6738-10!"! (Ornocurensnas pasauna 0,007%) https://goo.su/wS726Eu

20. Vpan ,22U: m, = 22297892 4 5 e.m = 1,660893418 - 10~27xr

238

G = 6,6736-10" (Otnocurensras pasauua 0,01%) https://goo.su/1znly7

Kak BUIMM, OTHOCHTENIbHAS Pa3HMIIA TTOJYYEHHBIX 3HaYeHnH G ¢
BeanuuHoi G = 6,6743 -107!! (a Taxke MexLy c000ii) COCTABISET THICAYHbIE H
COTBbIE J0J1H NpoueHTa. Takue oueHb Majble PACXO0XKIEHHS OOBACHIIOTCS TEM,
YTO MACChl ATOMHBIX ST9€€K XUMHYECKHX 3JIEMEHTOB 0YeHb GJIHM3KH MEKILY
c000ii Mo BeJiMUMHe. A B CBS3U C T€M, 4TO B popmyne 3-12 npucyrcTByet

KOpPEHb B TPeThell CTeNneHu, TO TPaBUTAMOHHBIE TOCTOSIHHBIE OyIyT emié OrmKe
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MEXIy COOOM MO BEIMYHMHE, YEM MACChI ATOMHBIX sueeK. 31eCh BasKHO
NMOAYEePKHYTh, YTO MaJI0€e pa3jinvue 3Ha4eHuil G 3TO He MOrPelHOCTh, a
3aKOHOMEPHOCTh. [[03TOMY €ClIM B OIMHAKOBBIX SKCIEPUMEHTAX C OJJMHAKOBBIMHU
YCIIOBUSIMHU ¥ OJTMHAKOBBIM 000PYI0BAaHUEM MTPUMEHSTH Pa3HbIE XUMHUECKHE
AJIEMEHTHI, TO OYAYT MOJIy4eHbl pa3dHble 3Ha4YeHus G. Ho otnuuns Benmmunnael G
OyIyT HacTOJBKO MaJIbl, YTO YBEPEHHO MOATBEPIUTH UX C MIOMOIIIBIO
COBPEMEHHBIX TPUOOPOB HEBO3MOKHO.

[Tono0OHbIe pacu€Thl BeTuYuHbl G MOKHO MPUMEHUTH KO BCEM
XHMHYECKHUM 3jieMeHTaM. [Ipu 3ToM nosrydeHHbIE€ Pe3yIbTaThl MOKAXYT
(IpOBEPEHO ABTOPOM), UTO KOJIeOaHNsl BeJTUYHHBI G Yy pa3HbIX XUMHYECKHUX
3JIEMEHTOB HHI/I€ He BLIXOAAT 32 Ipeaesibl AMAaNa30Ha B ThICAYHbIEC U COThIE
noJiu mpouenrTa. UckioueHueM siBjsieTcsl TOJAbKO Boaopoa. [I[puunHa otnnuns
BOJIOPO/1a 3aKJII0YAETCsl B 00Jiee MACCUBHOM aTOMHOM siYEHKE, UeM y BCEX

OCTaJbHBIX XMMHYECKUX dJIeMeHTOB. AToM 1H (1mpoTuii) mmeer mMaccy

1,007825031898 a.e. M. https://goo.su/aKILwOu Atom 1H cocrouT u3 mpoToHa

H 3JICKTPOHA, ITIO3TOMY €0 aTOMHAsA MaCcCa OAHOBPEMCHHO SABJIACTCA Maccou

1,007825031898

aTOMHOM sYeiiKu, Tae M, = - la.e.m = 1,673574827- 10~ 27kr.

2.xr !, Takum

CornacHo popmyine 3-12 nonyunm: G = 6,6567 - 1071 m3-c
00pa3oM, oTHOcHTENbHas pasauia ¢ G =6,6743-10 ! cocrasnser 0,26%.
OOCTOATENHCTBO, YTO MACCa ATOMHBIX SYEEK BOAOPO/1a OOJIbIIIE MACChl ATOMHBIX
SAYEEK APYTUX XUMUYECKUX JIEMEHTOB OOBSICHSIETCSI TEM, YTO B SIIPAX ATOMOB
BOJ0poa He 0bL10 nedekTa Macebl. K coxkaneHuio, u3BMepUTh B 1a00PaTOPHBIX
YCIOBUSAX (AakKe C OUEHb OOJIBIIION MOTPENTHOCTHIO) BeMUnHY G y Bojiopoaa
HEBO3MOKHO. DTO OOBSICHSIETCSI TEM, UTO BOJAOPO/I SABJISETCS Fa30M U CAMbIM
JErKUM XUMUYECKUM JIEMEHTOM.

Kax BugHo u3 hopmyssl 3-12 u npou3BeAEHHBIX paCUETOB, YEM MEHBbIIIE
BeIMYMHA M , TeM Oosbiie BennunHa G . C pusnyeckoit TOUKH 3peHHsl 3TO
MOYHO OOBSCHUTH TEM, UTO YeM MeHbIlIe BEJITUHYHMHA M, TeM 00JIbIIIe

YCJIOBHBIX IapP 3JJEMEHTAPHBIX 3aps/10B 6y)1eT NMPpUXOAUTHLCH HA 1 xkr macchl
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Belmiecrea. TeM cOOTBETCTBEHHO OOJIBIIIE I'PAaBUTAIMOHHOC I10JIC E, KOTOPOC

co31aércs maccou 1 KkuinorpaMm Ha paccTossHUM 1 metp.

3.2. TeopeTquCKu MAaKCUMAJIBHOC 3HAYCHHUE FpaBHTaHI/IOHHOﬁ
NMOCTOSIHHOM MOKeT HA0JII0aThCs B IrpaBUTAllUOHHOM I10JI€ Hau0oJ1ee
MaCCHBHbBIX ‘lépHI)IX ABbIP, I'/I€ 'PABUTAINHOHHOE C’KATHE BEIlIECTBA JOCTHUIJIO

npenebHOro COCTOSIHU, KOraa M, = My,. OTciona cornacuo 3-12 momxy4nm:

ke
G _ pa
max —

=6,9133 1071 p3-c2kr! (3-13)

pa

where e,,=10,267879866 - 10~®m/c?, m,, = 1,485232054 -107*"kr

3.3. Pa3bepém Bompoc BeIMUMHBI TPABUTALIMOHHOTO MO E, KoTOpoe
oOpasyet macca M, cocTosimiasi U3 pa3HbIX XUMHUYECKUX AJIEMEHTOB, Ha

paccrosiuuu R ot Maccel M:

E= Gl% + G2%+ Gn% (3-14)

re My, M,..... M, — Macca XUMHYECCKHUX AJIECMEHTOB B cOcTaBe Macchl M.

(Ora popMyna aeicTBUTENIbHA IJIS JTFOOBIX MAcC, HE3ABUCUMO OT
XUMHUYECKOTO COCTaBa BEIICCTBA).

Takum 00pa3om Ha Teso, HaxosIIeecs: B TOUKe A Ha paccTostHUU R oT
Maccel M, Oynet neiicTBOBaTh eiMHoe moJie E.

VYuurtsiBasg nouTH 0JAUHAKOBBIE 3HaUEHUs G, G,....G,, 1S TPUKIAAHBIX

. _p~ M
pacy€ToB MOTYYUM 3HAKOMYIO (JOPMYITY TpaBUTAIIMOHHOTO ToJist: E= G =

3.4. B KoHIIe cTaTh paCCMOTPHUM BOIIPOC CKOPOCTH PACIPOCTPAaHEHUS

CBCTAa B KOHTCKCTC IMOJTYUYCHHBIX B 9TOM HMCCIICIOBAHNH PC3YJIbTATOB. I[J'I?I 9TOT'O

, 26 .
obparumcst K popmyiie 3-1 n noguepkHEM, 4T0 My, = —2 SIBJISIETCS KOHCTAHTOM.

2G
my,

OTcroa moyryaum: C= (3-15)
Kak BugumMm, dhopmyna 3-15 nomyckaeT, 4To npy U3MEHEHUH BEIUYHHBI G,

HU3MCHACTCA CKOPOCTDh PaCIIPOCTPAHCHHA CBCTA. Ho mapajaokc 3aK/JII049a€TCHd B
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TOM, YTO MOATBEPAUTH ITO IKCIHEPUMEHTAIbHBIM MYTEM HEBO3MOKHO.
OOBsICHSIETCS ATO CIAEAYIOMUME puauHamMu. [lepBas mpuarHa — 3TO OYCHHb MaJTbIe
OTIWNYHS BETUIHHBI G Y XUMUYECKUX AJIEMEHTOB. [1oaTOMY ecim oTiaraust
BeMUMHBI G y XUMHUYECKHX 3JIEMEHTOB COCTABIISIFOT THICSTYHBIE M COTHIC JAOJIH
nporieHTa (cM. Tab1.), To corjacHo dhopmyiie 3-15 (rae npucyTCTBYeT KOPEHb
KBaJIPATHBIN) OTJIMYHS MKy BETUIMHAMH CKOPOCTH CBETa OyIyT elié MEHbIIIE.
Ho maxxe aTa cymiecTBeHHas MpUYIMHA HE SIBJISETCS TJIAaBHOU. | TaBHAsI mpyuYnHa
3aKJIF0YAETCsl B TOM, YTO MPUHIMIHAJIBLHO HEBO3MOKHO MTPOBECTH TOYHBII
IKCMEPUMEHT I10 U3MEPEHUIO CKOPOCTH CBETA B TPABUTAIIMIOHHOM ITOJIC
OTJIEJILHOM MaccChl, COCTOAIIEH U3 OHOTO XUMUYECKOT0 demMeHTa. OObIACHIETCS
3TO TE€M, YTO B 00JIACTH PaCHpOCTPAHEHUS CBETa OYyT HAXOAUTHCS APyrue
CIJIbHbIE TPABUTAIIMOHHBIE T10JI51, KOTOPbIe 00pa30BaHbl MacCaMH aTOMOB
APYTrUX XUMHUYECKHUX 3JIEMEHTOB, COCTABJISIOIIAX MACCY IUIAHETHI H MacCy
He0eCHBIX TeJl U3 OKPY:KAaI0Iero KOCMU4YEeCKOoro npocrpancra. [loatomy
JT00BIC PEIIoIaracMblie SKCIIEPUMEHTBI TT0 H3MEPEHUIO0 CKOPOCTH CBETA B
I'PaBUTAIIMIOHHOM T10JI€ Pa3HBIX XUMUYECKHUX AJIEMEHTOB B KOHEYHOM UTOTE

MIPUBENYT K OMMHAKOBOMY PE3YJIbTATY.

3.5. Uépuble ABIPHI MOTYT OBITHh HCTOYHUKOM TPABUTAIIMOHHBIX BOJIH. DTO
MPOUCXOIMT B Cy4ac CIUSHUSA (CTOIKHOBEHHMS) YEPHBIX JBIP, KOTIa MEXIY
MPOTOATOMAaMH B YEPHOU JbIPE HA KOPOTKUN MUT TOSIBJISIETCS] IPOCTPAHCTBO.
(HarmoMH#MM, 9TO KaX/Iblii MPOTOATOM UMEET MACCy My, U JBA JIEMEHTAPHBIX
3apsiza, To ecth 2q). [Ipu 3ToM BMecTe ¢ MOSIBIICHHEM ITPOCTPAHCTBA Y
MIPOTOATOMOB TOSIBJISTFOTCS] TPABUTAIIMOHHBIE TI0JIs. HO 3TH OISl MTOYTH MTHOBEHHO
MCYE3a0T, TOTOMY YTO MTPOTOATOMBI OTSITh TIOTHO COJMKAIOTCS MOJ ICUCTBHEM
OYEHb CWJIbHOM I'paBUTALMU B YEPHOU AbIpe. Vicue3HOBEHME rPaBUTAIMOHHBIX
MoJIeH MEXy MMPOTOATOMaMH COMIPOBOMKAAETCS UCITyCKAaHUEM CTPOTO
OTIpeICIEHHBIX KBAHTOB SHEPTHH € (TPABUTOHORB). DTO CBSI3aHO € IMCKPETHOCTHIO
IHEPreTHYECKUX COCTOTHMI MPOTOATOMOB. 3/IeCh CYIIECTBYET MPSAMOE

CXO0ACTBO C JUCKPCTHOCTBIO SOHCPI'CTHUCCKHUX COCTOSIHUH aTOMOB BOOOPOJa, KOraa
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IIPU CKAYKOOOpa3HOM NEpeXoe dIEKTPOHA C yAaIeHHON opOuThl E, Ha OJIMKHIOIO
opouty E; mpoucxoaut BeIOpoc sHepruu B Buae gorona: € = E; — E,.

Ho ectb HeGomnbime omnuusd. [lepBoe oTinuyne 3akitouaercs B TOM, 4TO
($boTOHBI 00pa3yIOTCS MPOUCXOAUT BHYTPU aTOMOB BOIOPOJIA TIpU
CKauyKO0Opa3HOM IepeXo/ie IEKTPOHOB, a 00pa30BaHNE I'PABUTOHOB MTPOUCXOIUT
BHE MPOTOATOMOB B PE3YJIbTaTe UX MTHOBEHHOTO cONMmxkeHusl. Bropoe otinuue
3aKJII0YaeTCs B cienyromeM. Mexay npoToaToMaMH, Kak B aToMax BOJOPOJa
MEXIY IEKTPOHOM U IPOTOHOM, TOXKE CYIIECTBYIOT IPOMEKYTOUHBIE KBAHTOBBIE
coctosiius E,, (KoTopbie BO3HUKAIOT Ha KOPOTKHI MUT ITPH MOSIBIICHUH
IPOCTPAHCTBA MEXy IPOTOATOMAMH B PE3yJIbTaTe CIUSHUSA (CTOJKHOBCHHS)
yépHbBIX JbIp). HO 3TH mMpoMeKyTOUHbIe KBAHTOBBIE COCTOSIHUS He SIBJISIFOTCS
CTAMOHAPHBIMH, KaK OpOUTHI 3JIEKTPOHA B aTOME BOJOPOAA, [IOTOMY YTO
IIPOTOATOMBI CHOBa MTHOBEHHO COJIMXKAIOTCS O MEPBOHAYAIBHOIO COCTOSIHMS E; .
[Tpu 3TOM BMeECTE ¢ NCUE3HOBEHHUEM MPOCTPAHCTBA, MEKY POTOATOMAMU
MCYE3al0T TAKKE TPAaBUTALMOHHBIE TTOJIsI, KOTOPbIE MTHOBEHHO 3aMEILIAI0TCS
o0pa30BaBIIUMHKCS TpaBUTOHAMU. Ha OCHOBaHMH BBIIIEU3II0KEHHOTO U 110
aHaJIOTUH C HOMEPAMH N KBAaHTOBBIX COCTOSIHUI B aTOMax BOAOPOAA, MOJIyYUM

dbopmyIly SHEPTUU TPaBUTOHA E:
e=E —E,=Ey— — Eg— (3-16)
nj ng

rae E, — sHeprust HeoOxoqumast yisi MAaKCUMAaJTbHOTO yIalieHus IBYX
POTOATOMOB JPYT OT Apyra (MpsiMasi aHAJIOTHs C HOHU3AIIMEH aToMa BOI0PO/Ia)

ng, N,.....n, — HOMepa KBaHTOBBIX cocTosiHui 1,2,3,4,5,6.....,tnen; = 1.

[TepBo€e KBaHTOBOE COCTOSIHME MTPOTOATOMA, 1€ N; = 1, XapakTepusyercs
OTCYTCTBUEM PACCTOSTHUS MEKYy ITpOTOaTOMamMu. EMy COOTBETCTBYET ypOBEHD
sHepruu: E; = E,.

BTopoe kBaHTOBOE COCTOSIHUE, T1I€ N, = 2, BO3HUKAET MPU MOSBICHUU

MHUHHUMAJIBHOTO PACCTOSAHUA MCKAY IIPOTOATOMAMHU, TO €CTh IIPU IMOSABIICHUHN
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MCXKAY MMPOTOATOMAMM I'PABUTAIIMOHHOI'O ITOJIA. EMy COOTBCTCTBYCT YPOBCHb

sHeprun: E; = % = i—o (3-17)
2

IIpu >Tom 3Heprus E, 4nciieHHO paBHA BeJIHYMHE TPABUTAIMOHHOTO
10JIs IPOTOATOMA €p,,, TTIE €, =10,267879866 - 10738 m/c? (3-13).

Orcrona E, = 10,267879866 - 10738 Jx

Jlansmie Ha ocHoBe (3-17) momyunm: Eq = 4 E;, =41,071519464 - 10738 JTx

Teneps Boipazum E; uepes dopmyny: Eg = hy,

IJIe Yo— BEPXHHIA IIpeJies YacTOThI TPAaBUTALMOHHEIX BOIH, h = 6,62607 - 10734

OTcrofia MONy4uM: Yo = % = 6,198473524 - 10~* ¢!

BerHl/Iﬁ npeaes 4acToTbl KBAHTOB 'PABUTAIIMOHHBLIX BOJIH PABHACTCSH

OTHOIICHHMIO MACCHI 3JIECKTPOHA K MacCCe NMPOTOHA B IIPOTOATOME:

m

_ e

Yo = e knep. (3'18)

p

m, — Macca 3JIeKTpOHa B IPOTOATOME, KT

m, — Macca MPOTOHA B MPOTOATOME, KI. IIpn 3TOM My, = my, — Mg, I1€e
my,, = 1,485232054 -107*"kr (3-13)

Kpep, — K09 durment nepeBoaa exunu uamepenni, rae Ky, =1 c L.

(Orot k03¢ GUIHMEHT MOKA3BIBACT, YTO B YEPHBIX IbIPAX BPEMEHH He

CYIIIECTBYeET).

C yuérom 3-18 monyuum: yo = — mem Wi m, = % (3-19)
pa— e 0

IToncTaBuM 3HaUYEHUS Mp, U Yo U TOIYYUM: Mg = 9,2004671-1031kr
Pacxoxnenne ¢ SkCnepuMeHTAIBHOW Maccoi ¢BOOOAHOI0 JIEKTPOHA M, =
9,1093837-10731 kr cocrasnser 0,99 %. Manoe oTiuuKe MEXKITy HUMHU
OOBSICHSIETCS] TEM, UTO CBOOOJIHBIE JEKTPOHBI U AJIEKTPOHBI, HAXOISALINECS B
atomax, oTiMuaroTes 1o Macce. (Hanpumep, macca atoma Bogoposa 1H
(mpotus) coctasnsger my, = 1,007825031898 a.e.m. mim 1,673574827 - 10~27kg. C
y4&TOM, 4TO Macca NpoToHa pasHa 1,67262192-102'kr, moayunm Maccy

5JEKTPOHA B aToMe Bogopoaa m, = 9,52907-10731 kr. Takum o6pazom mMacca
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3J1eKTpoHa B aToMe 1H Gomblie Macchl cBOOOAHOTrO 35ekTpoHa Ha 4,6%. Kak

BHJIMM 3TOT Pe3yJsbTat aaxe Oonpuie, 4eM 0,99%, moTomy uto my, > myp,).
[ToaTOMy MOXKHO cliefaTh BBIBO, YTO MOMYyYEHHBIN pe3yabTaT M, =

9,2004671-1031kr moaTBepxKIaeT KBAaHTOBYIO popMy.ry 3-16 U HOTydEHHEIE

paHee 3HaYeHHs My, = 1,485232054 -10~%7kr u e),,=10,267879866 - 1073° m/c?,

Heo6xoaumMo 0TMETUTh, 4TO 3TO YK€ BTOPOEe MaTeMaTH4YecKoe
MOATBEP:KIAEHHE 3HAUCHUI My, U €p,. TaKKe HAZO TTOAYEPKHYTH, YTO Macca
31eKkTpoHa (3-19) ObliIa onpeaesieHa Yepe3 UCIoJIb30BaHue 4-X
¢pyHaaMeHTANBHBIX KOHCTAHT: G, C, 4, h, KOTOpBIC B CKPBITOW (hOpME HAXOASITCS
B 3HAYEHUSX Mp,, Yo-

Ha ocHoBanum ¢popmyisr 3-16 moxyduM BETUINHY YHEPTHH TPABUTOHOB,
KOTOpBIE MOTYT UCITYCKaTh YEPHBIE JbIPHI:

€= Ey— E, =19,226 - 107193B, 22,786 - 10 193B, 24,032 - 107193B,
24,6099 - 107193B .... -» 25,635- 1071958

DTOT pe3yabTaT COIIacyeTcsl C pe3ysibTaTaMu acTpohU3nIECKUX
HaOJII0IEHUI rpaBUTALIMOHHBIX BOJIH MPU CIUSAHUU YEPHBIX AbIp. [1o pe3ynbratam
ITHX HAOIOICHUI HCCIeI0BaTesIMU ObllIa YCTAHOBJICHA BEPXHSS IPAHUIIA MACCHI

rpasuTona 1,2 - 10722 5B/c? https://en.wikipedia.org/wiki/Graviton

OTHOCUTENILHO HEOOJIBIIOE PACX0XKICHUE MOKHO OOBICHUTh TEM, UTO U3-3a
OTPOMHBIX PACCTOSIHUI A0 YEPHBIX JIBIP SHEPTHUS TPABUTAIITMOHHBIX BOJIH
yMmeHbInaeTcs. Takxke HeNb3s UCKIIIOUUTh MOTPEITHOCTH HAOI0IEHU, CBSI3aHHBIC
C 4YYBCTBUTEJIBHOCTHIO UCMOIB3yeMOM anmapaTypbl. CoBnajeHue pe3yIbTaToB
pacy€ToB SHEPTUU TPABUTOHOB C Pe3yIbTaTaMu acTpPODU3NIECKUX HAOIIOICHUI
T'PaBUTAIMJIHHBIX BOJIH SIBJISIETCSI BTOPBIM NOATBep:kAeHueM GopmyJibl 3-16 u

TPETHUM MOATBEPKICHHEM 3HAYCHHH My, H €p,.

4. Pe3yabTarhl.
B sTom nccnenoBanum uepe3 npumenenue pemenus LBapummibaa Oputa
oIpeziesieHa Macca MPOTOaToOMa — CTPYKTYPHOM 4acTHIIbI HauboJiee MacCUBHBIX

upHBIX AbIp. [lomyuennsiii pesymnbrar (1,4852 -10727 kr) no3osun yepes
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JTaTbHEHIIIIEe MaTeMaTHIEeCKUE PacuEThl C UCTIOIb30BaHNEM (PYHIaMEHTaTbHBIX
(bU3MYECKUX KOHCTAHT OMPENCIUTh BETNINHY JBYX JIEMEHTAPHBIX 3apsI0B B
cocTase npoToatoma. IlonyuenHoe 3HaueHue 3apsna (1,603753787- 1071 Kn)
cosnaio ¢ pekomeHgoBaHHOH CODATA BeanunHO 3J1eMEHTapHOTO

sapsna (1,602176634 - 107 1°Ku) . Pacxoxnenue cocrasuio cero 0,098%, uto
MOATBEPINIIO CYIIECTBOBAaHUE TIPOTOATOMA U €ro (PH3uYecKue mapameTpol. ITOT
PE3YNIbTAT TaKKE MHTEPECEH TEM, UTO BEJTMYHHA 3JIEMEHTAPHOTO 3apsijia Obljia
onpejeseHa yepe3 Apyrue pusndecKkue KOHCTAHTHI (CM. 3 pa3zen).

B uccnenoBanuu 6pu1a noaydena ¢popmysa s pacuéTa BeTUYUHbI
I'paBUTAIMOHHON MOCTOSTHHOM. [1o 3TO# opmysie ObLH Mpou3BeACHBI 24 pacdéra
TPAaBUTAITMOHHON MTOCTOSTHHON C y9aCTHEM XUMUYECKUX JJIEMEHTOB M3 BCEX TPYIIIT
Tabmmiel MeHzeneeBa. TH pacy€Thl OKA3aJIH, YTO 3HAYEHHE TPABUTAIHOHHOI
MOCTOSIHHOM MOJKeT K0J1e0aThCsl B Mpejiesiax ThICSTYHBIX U COTBIX J0JIei
NMPOLEHTA B 3aBUCMMOCTH OT XHMHYeCKOro 3j1eMeHnTa. (EqnHCTBEeHHBIM
UCKJTFOUCHUEM SIBJISICTCS BOIOpOoI. [IpuunHa 3TOro ykazaHa B ucciaemoBanuu (cM. 3
paszzen). JlanpHeWuii aHaIu3 moKasal, 4To KojeOaHus BeaudauHbl G mpsamo
3aBHCST OT KOJIMYECTBA YCIOBHBIX IMap 3JIEMEHTAPHBIX 3aps0B HA €AMHUITY MAacChI
XUMHUYECKOTO d71eMeHTa (cM. 3 paszzen).

B aTom uccnenoBannu Obl1a omnpesereHa MaKCUMallbHAsT BEIMYUHA
I'PaBUTAIMOHHON MOCTOSTHHOHN B TPaBUTAIIMOHHOM IT0JIC Han0OJIee MaCCUBHBIX
y€pHbIX AbIp (1-13). beuta ocBeleHa TeMa BETUYHHBI TPABUTALIMOHHOTO TTOJIA,
00pa3yeMoro Maccoi, COCTOSIIEH U3 pa3HbIX XUMUYECKUX deMeHToB (1-14). B
WCCJIEIOBAHUH ObLT PACKPBIT BOMPOC CKOPOCTH PACTIPOCTPAHECHUSI CBETA B
I'PaBUTAIIMIOHHOM TI0JIC TTPY U3MECHCHHUH BEIMYMHBI TPAaBUTAIIMOHHOM ITOCTOSTHHOM
(1-15).

[To aHaOTMM C TUCKPETHOCTHIO SHEPTETHUECKUX COCTOSTHHN aTOMOB
BOIOPO/Ia OBLIN UCCIICTOBAHBI KBAHTOBBIC COCTOSIHHS TIPOTOATOMOB. B pesynbrare
NPOBEAEHHOTO aHAIM3a C UCIIOJIb30BAHNEM TIOJYYEHHBIX PU3NICCKUX MTapaMeTpOB
MpoToaToMa, Oblla moJjiydeHa opMysia 1jisg pacuéTa KBaHTOB SHEPTUHU

IPaBUTAIIMOHHBIX BOJIH (TpaBUTOHOB). [10 3TOM hopmyIie ObLT paccunTan
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JIMHEWHBINA PSAJl SHEPTUHU TPABUTOHOB, KOTOPHIE MOTYT UCIYCKATh YEPHBIE IBIPHI.
IlonyyeHHbIEe 3HAYEHNSI KBAHTOB I'PAaBUTAIIMOHHBIX BOJIH (ITPABUTOHOB)
YBEPEHHO COIVIACYIOTCS € pe3yJibTaTaMM acTPOU3NIeCKUX HA0I0eHuil
(cchUiKa Ha pe3yybTaThl HAOJIIOJEHUI TPUBEICHA B UCCe0BaHuM ). B xo1e
aHaJM3a MoJydeHHOM ¢hopMyJibl ObliIa onpeeieHa Macca JJIeKTPoHa yepes 4
¢ynaamentaabHble KOHCTAHTHI (G, C, g, h). [ToaydeHHBIH pe3yabTaT COBIAI C
DKCIEPUMEHTAIBHON MACCOU JIEKTPOHA. bpUH MOydeHsbl Ipyrue pe3yJbTarhl,
HMMEIOIINE HAYYHOE 3HAUCHHUE.

5. 3akJjoueHue.

OTnnunTenbHOM 0COOECHHOCTRIO ATOTO MCCIICAOBAHUS SIBISIETCS TO, UYTO OHO

6a3preTc;I Ha (bYHI[aMCHTaJIBHBIX (1)I/ISI/I‘-I€CKI/IX KOHCTaHTax.

6. Jexaapamus.

ABTOp uccienoBanus: Auapeit YepHoB.
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