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1. AuHoTaUMS.

B ocHOBe 3TOro ncciienoBaHus JIEKUT YTBEPKACHUE, UTO TPABUTALMOHHOE
cokaThe OOJIBIIUX KOCMUYECKUX MAcC UMEET MpeJies IOTHOCTH cxkatus. [lpu
3TOM MEpBOHAYaJIbHAs Macca, COCTOAIIAs U3 aTOMOB, IPEBPAILIACTCS B
OJTHOPOJIHYIO, OYCHB IUIOTHYIO Maccy (4EPHYIO JBIPY), COCTOSIIYIO U3
OJTMHAKOBBIX YacTHI] (KOTOPBIC B UCCIICIOBAHUHU ObLITU HAa3BaHbI POTOATOMAMH ).

B aTom uccnenoBanuu 115 ONpeACIICHAs] TApaMeTPOB MPOTOATOMA OBLIO
ucrosib3oBaHo peuieHue [Bapumibaa. B pesynabraTe Oblia onpesesieHa Macca
MPOTOATOMA, & JAIBIIIE YEPE3 MATEMATUUECKNE PACUETHI C UCIIOJIBb30BAHUEM
HE3aBUCUMBIX (PU3MUECKUX MTOCTOSHHBIX ObljIa MOJIydeHa BeJIMUUHA IBYX
AJIEMEHTAPHBIX 3apsAa0B MpoToaroMa. [loydueHHas BenrM4nHA 3apsia COBIAJIA C
pexomennoBanHoii CODATA BenuunHOM 271eMeHTapHOTO 3apsina. Pacxoxnenue
coctaBuiio Bcero 0,098%, 4To moaTBEpAUIIO CYIIECTBOBAHUE MPOTOATOMA. DTOT
pe3ynbTaT TaKkKe HHTEPECEH TEM, YTO BEJIMYMHA DJIEMEHTAPHOTO 3apsija Oblia
ompeJiesieHa yepe3 Ipyrue He3aBuCUMbIe (PU3NUeCKue KOHCTAHTHI.

B sTom uccnenoBanuu Obiia mostydeHa popMysia Jijisi pacuéTa BEIMYUHBI
rpaBUTaAIMOHHON TTocTossHHOM G. [To 3TOM popmyrie ObUTH TPOU3BEAEHBI PACUETHI
BEJINYMHBI TPABUTALIMOHHOW MOCTOSIHHOW Y 24 XMMHYECKUX AJIEMEHTOB, B3ATHIX U3
Bcex rpynn Tabnuiel Menneneena. [lonydeHHbIe pe3ynbTaThl MOKA3aIH, YTO
3HaueHue G MOXKET KoJiehaThCs peieNiaX ThICSYHBIX U COTHIX JIOJICH MPOIICHTA.
JlanmpHEHIINI aHAIU3 T0Ka3all, YTO KOJeOaHusI BeMUYUHbLI (G 3aBUCAT OT
KOJIMYECTBA YCIOBHBIX Map 3JIEMEHTapHBIX 3apsiIOB, MPUXOISIIUXCS Ha 1 KT MacChl
BelecTBa. Takke OblIa onpesesieHa BeIMUYMHA TPAaBUTAIIMIOHHON TOCTOSTHHOMN B
TPaBUTAIMOHHOM I10JI€ HAM00JIE€ MACCUBHBIX YEPHBIX JIBIP.

B aToM nccienoBaHuu ObUIN UCCIIEIOBAHBI KBAHTOBBIE COCTOSIHUS
MIPOTOATOMOB B UEPHOU JbIpe. B pe3ynbTraTe, M0 aHAJIOTUU ¢ MOJIETIBIO aToMa
Bogopona bopa, Obuta nmonyyena opmysa s pacyéTa SHEPrul KBAHTOB
npotoaroMoB. Ha e€ ocHOBe OB pacCUMTaH JUHEUHBIN P/l BEIMYHMHBI KBAHTOB
(TpaBUTOHOB) TPABUTAIIMOHHBIX BOJIH, KOTOPbIE MOTYT UCITYCKAaTh YEPHBIE JIBIPHI.

bby 1omy4YeHsl Apyrue pe3yabTaThl, UMEIOIIME HAYYHOE 3HAYEHUE.
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Kuarouesble ciaoBa. U€pHas apipa, mpoTOATOM, Macca IpoTOATOMa, Macca
aTOMHOUW €MHUIIEI XUMHUYECKOTO PJIEMEHTa, Macca aTOMHOM sueiiku, hopmyra

FpaBHTaHHOHHOﬁ HOCTOSIHHOﬁ, I'paBUTAIMOHHOC IIOJIC, BJIGMGHTapHBIﬁ 3apAan.

2. BBeneHnue.

Hcropus ornpeesieHrs BEIUYUHBI TPAaBUTAIMOHHOM MOCTOSTHHOM
HacuuThiBaeT Oosbiie 200 set. BiepBbie rpaBUTAIIMOHHYIO
nocrosiHHyto G u3mepui B 1798 rony 6puranckuii ¢pusuk ['enpu Kaengumr. Jls
ATOTO YUYEHBIN UCTIONB30BAJ KPYTUIILHBIE BECHI, TOCTPOEHHBIE
cBsmeHHUKoM J[>konoM MuuesnioMm. B kauecTBe B3anMOIEUCTBYIOINUX MacC ObLIN
WCITOJIb30BaHBI MACCHBHBIC CBUHITOBBIC maphl. [lomyaerHoe Kasenaumem
3HaYeHMEe TPABUTALMOHHON IOCTOSTHHOM cocTaBuio G = 6,754 - 107! m3-¢ 2k !
(otHOcuTenbHas pasauna ¢ G = 6,6743 - 107! cocrasmser 1,2%).

C Tex mop yuensie noctaBmiin 60bie 200 3KCIEpUMEHTOB 110 U3MEPEHHIO
TPAaBUTAITMOHHON MTOCTOSTHHOM, OJTHAKO TaK M HE CMOTJIM CYIIIECTBEHHO YIyUITUTh
ux ToyHOCTh. [10 pe3ynbraram 14 Hanbonee TOYHBIX IKCIIEPUMEHTOB 32
nocinennue 40 ner Komurerom nanubix 11t Hayku U TeXHUKU (CODATA) 656110
pexomengoBaHo 3Hauenue G = 6,67430 (15) - 107! M3 ¢ 'kr ! (10 ecTb
dakTruecku, ota BenuunHa G siBrseTcs cpefaHeit pacuétHoit Benmmunnoi). [lpu
ATOM HEOOXOIUMO OTMETHUTD, YTO 3asIBJICHHAS TOTPEITHOCTh HEKOTOPBIX
HKCIEPUMEHTOB, UCIIOJIB30BaHHbIX Mpu pacuere 3HaueHuss CODATA,

He TpeBbImana 14 yacteil Ha MIJIJTMOH, OJJHAKO Pa3Inune MEXIY UX

pe3ysibTaTamMu gocturano S50 yacreid HAa MUJLJIMOH (OTHOCHTEILHASI Pa3HULIA

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

YuéHble TPeAnoIararmT, YTO HU3Kasi TOUHOCTh ONPEAECICHUS
I'PaBUTAIIMOHHON MOCTOSIHHOM CBSI3aHA CO CJIA00CThIO CUJI TPaBUTALIMOHHOTO
IPUTSHKEHUS, KOTOPhIE BO3HUKAIOT B HA3€MHBIX 3KCIIEPUMEHTAaX. DTO MELIAET
TOYHO U3MEPUTH CHJIBI U IPUBOJUT K 0O0JIBIIMM CHCTEMATHYECKUM
MOrPeNIHOCTAM, 00YCIIOBICHHBIM KOHCTPYKIIMEN YCTAaHOBOK. MHTepec B 3TOM

IUIaHC IIPCACTABIIACT SKCIICPUMCHTAJIbHOC U3MCPCHHUC I'PABUTAIMOHHOI'O
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B3aMMOJICUCTBUS 24 IIWIMHIPOB U3 CIJIaBa BOJbdpama, CIeTaHHOE C IIOMOIIIHIO
ATOMHBIX UHTEP(PEPOMETPOB UTATBIHCKUMU U HUJICPJIAHICKUMU (PUZUKAMH.
ABTOpBI UCCIeIOBaHUs B cTaThe B skypHajie «Nature» (utonb 2014 r) ykaspIBaroT,
YTO MOCKOJIBKY SKCIEPUMEHT C IPUMEHEHUEM aTOMHBIX HHTEP(HEPOMETPOB
OCHOBAH Ha MPUHIUITMAIBHO JIPYTOM MOJIX0JIE, TO OH TTOMOYET BBISIBUTH
HEKOTOpbIE CUCTEMATUYECKHE OIUOKH, KOTOPbIE HE YUYUTHIBAIOTCS B
AKCIIEPUMEHTAX C IPYTUM 000pYyI0BaHUEM. 3HAUEHHUE IOTYYEHHOE
uccnenosarenamu pasasaiaock G = 6,67191(99)-107!'! M3 ¢ 2-xr !. OtHocHTENBHAS
pasnuna ¢ G = 6,67430 - 107! cocrasuna 0,036%.

N3MepeHne rpaBUTAIIMOHHON OCTOSIHHOM MPOBOJATCS Pa3IUYHBIMU
rpynnaMu y4eHbIX MOcTosiHHO. [Ipu 3TOM, HEeCMOTps Ha 0OMIIE HOBBIX
TEXHOJIOTUH, PE3yIbTaThl IKCIIEPUMEHTOB JAIOT Pa3HbIC 3HAUCHUS ITOU

KOHCTAHTHEI.

3. Mertoanl.

3.1. Hauném ¢ Toro, 4To mpu rpaBUTAIIMOHHOM CXKaTUU TMTAaHTCKOM 3BE3IbI
MIPOUCXONT JAe(HEKT MacChl aTOMOB, COCTABIISIOIINX Maccy 3Be31bl. [1pu aToM
BHavaJie 3Be3/1a MPEeBpaIlacTCcs B HEUTPOHHYIO 3BE31y, a IPU MPOA0JDKCHUH
CKaTHs, KOTOPOE COMPOBOXKIACTCS JIe(PEKTOM MAcChl HEHTPOHOB — B YEPHYIO
neipy. Ecu rpaBuTanimOHHOE CokaTHE YEPHOU IBIPHI OYACT MPOAOTIKATHCS
JIaJIbIle, TO MOXKET HACTYIIMTh IIPEIeII, KOT/Ia JajdbHeHIlee CokaThe BelecTBa
CTAaHOBHUTCS HEBO3MOXXHBIM. B 3THX yCIIOBHSAX Maccy 4€pHOM BIPHI COCTABIISIFOT

HEUTPOHBI, KOTOPHIC YMEHBIIINIIK CBOIO MacCy /10 BEJUYUHBI My,,. Jlanbuie B
CTaTh€ TAKWUE YMEHBIICHHBIE HEUTPOHBI YCIOBHO HA30BEM MpoToaToMaMi. B
nporoaroMax (Takke Kak B HSHTPOHAX) HAXOATCS JBa MPOTHUBOIOJIOKHBIX
JIEMEHTAPHBIX 3apsaa . B mpouecce uccieqoBanus BeIMYMHA JIEMEHTAPHBIX
3apsAI0B OYJET MOJyueHa PACYETHBIM MYTEM yepe3 Apyrue puanyeckue
KOHCTaHTHI.

Tenepp nmepexoanm K OJHOMY U3 TJIABHBIX MOMEHTOB HcciieqoBaHus. Macca

) __2G 3-1
IPOTOATOMA COCTABIIACT: My, = = (3-1)
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2G
BBIpa}KCHI/IC c_z B34TO U3 PCHICHUA I_HBapHH_II/IJIBI[a, KOTOPOC OIMHMCBIBACT

. . 2G
IpaBUTAIIMOHHBIN pannyc 4€pHoit Abipbl: R = = - M

c2
YEpHyto apIpy HEOOXOIMMO paccMaTpUBaTh, Kak OJTHOMEPHOE

IIPOCTPAHCTBO, BCE XapaKTEPUCTUKH KOTOPOTO ONpeAearoTcs Macco. [TosTomy ¢
2G

TOYKHM 3peHHs QU3MKH KOHCTAHTY — M/KI' MOYKHO PacCMaTpUBATh HE TOJIBKO KaK
C

KaK K03 (OUIIMEHT NMPONOPIUOHAIBHOCTH, KOTOPBIN U3MEPSETCS B M/KT, a Kak
CTPYKTYPHYIO €AMHUILY IPEACIBHO CKATOW MACChl, KOTOpas u3Mepsiercs B Kr. B

JTAHHOM CJTy4ae TaKOW €IMHUIEHA PUHUMAETCA NPOTOATOM.

2G
Ha stom stane uccnenoBaHus mpa = c—z He00X0AUMO NPUHATH, KaK

nmocryJaar, KOTOpBIﬁ B I[EU'IBHCfIH.ICM HCCIICAOBAHNH ITOJTYYUT MATCMATHICCKOC

= 2G -
IMOATBCPIKIACHUC. Taxxe IOAYCPKHEM, YTO BBIPAXKCHUC —- ABJISICTCS KOHCTAHTOM.
C

C yuértom, uto G = 6,6743 -107!!' u ¢ = 2,99792458 - 108m/c, cornacHo
dopmye 3-1 momydum: my, = 1,485232054 -10~27 kr (3-2)
31mech HEOOXOAUMO MOAYEPKHYTh, YTO HECMOTPS Ha OO0JIBIIOE KOJTHUIECTBO

3HAKOB MOCJIE 3AIATOM, MOJYYEHHOE 3HAYECHUE My, HE 001aaeT adCOMOTHON
TOYHOCTBIO. DTO CBSI3aHO, B IIEPBYIO OYEPE/Ib, C U3BECTHBIMH ITOIPEIIHOCTIMU
HKCIIEPUMEHTAILHBIX U3MEpeHN BenuuHbl G (CM.2 paszen), a Takxke ¢
BO3MOYKHBIMH MOTPEIIHOCTMU U3MEPEHHUI CKOPOCTH CBETA B BAKyyME.

Taxxe BOXKHO OTMETUTH, YTO 3HAYEHHe My, = 1,485232054 10727 kr
SIBJISIETCS] XapPaKTePHbIM TOJIbKO JJ1s1 Hau0oJiee MACCHBHBIX YE€PHBIX bIP, I/1e

TPAaBUTANMOHHOE CKATHE BelleCTBA JOCTHUIJIO Npe/ea.

B 3TOM HcCIe10BaHUH IPOBOJUTCS ITAPALIENb MEKIY IPOTOATOMAMH H
YCJIOBHBIMU ITApaMH dJIEMEHTAPHBIX 3apsI0B (ATOMHBIMH SYEHKaMH) B aTOMax.
Kon4ecTBO aTOMHBIX STYEEK B aTOME XHMHUYECKOTO 3JIEMEHTA ONPEICIIACTCS 10
dopmyie: n=A+B (3-3)

e +p*

rac A — KOJIMYECTBO YCIIOBHEIX IIap 9JCKTPOHOB U IIPOTOHOB B aTOMC, A= 2

B — konn4ecTBO HEUTPOHOB B aTOME.



YToOsl OnpeenuTh Maccy m, aTOMHOM STYEUKH XUMHUYECKOTO 3JIEMEHTA,
HE0OXOAMMO pa3JeIuTh Maccy aToMa m, Ha KOJIMYECTBO aTOMHBIX SYEEK N

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

®opmyna 3-4 NOJTHOCTHIO MOBTOPSET pacu€T aTOMHOW €TMHUIIBI MacChl 1
a.e.M., KOTOPbIii IPOM3BOIMIICS HA OCHOBE M30TONA yriepoaa {5C.

AtoM ;5C cocTouT U3 6 IEKTPOHOB, 6 IPOTOHOB U 6 HEHTPOHOB, TO €CTH
9710 12 aToMHBIX sueek. [ToaTomy m,. =1/12 m,. B To e BpeMs, Kak H3BECTHO,
aToMHas eauHHIA Macesl 1 a.e.m.= 1/12 ;5C = 1,660539066 - 10~27kr. ITosToMy
B 3TOM Cllydae Macca I, aTOMHOI sueiiku {SC paBHa aTOMHOI euHUIE Macchl 1
a.e.M.

B 1pyrux XMMHUYECKHUX 3JIEMEHTAaX 3TOT0 CoBHaAeHus HeT. Onpenenum
Maccy aTOMHOM siueriku cBuHIAa Pb. CBuHen Hanbosee yacTo NCIOJIb30BajICs B
HKCIEPUMEHTAX I10 ONPEIETICHUIO BEIMYMHBI IPABUTAMOHHOMN MMOCTOSIHHOM (OIBIT
Kasenauma u ap.). [loarToMy Bo MHOTOM Ha OCHOBE CBHHIIA ObLiia
DKCIEPUMEHTAIIBHO ONPENEIICHA BEIUYMHA TPABUTALIMOHHOM ITOCTOSTHHOM G =
6,6743 -10°'" (cm. Paznen 2). o 3T0ii npu4rHe CBHHEL OYAET ONOPHBIM
XHMHUY€CKHMM 3JIEMEHTOM B 3TOM HCCJIeIOBAHMU.

[TpupoaHbIil CBUHEL COCTOUT U3 4-X CTaOMIIbHBIX U30TONOB: OCHOBHOTO

M30TONA ,84Pb , a Takxke U3 H30TONOB ,o4Pb, ,52Pb, ,52Pb. Macca aToma

,82Pb cocrasnser: m, =207,9766521 a.e.m. https://qoo.su/fqZ4 (Ccpinka Ha
UCTOYHHK yKa3aHa 1Mo MPUYMHE TOTO, YTO B MEPUOINYECKOi Tabmuile MeHeneena
yKa3aHa CpeJHsisl aTOMHas Macca Bcex M30TonoB cBuHIA Pb. [Toatomy mis
TOJTy4eHHs TOYHOM Macchl aTOMa U30TOMNA ,5aPb 3Toli Tadauueii M0ab30BaTHLCS
Hesb3s1). AToM ,55Pb cocTout us 82 51eKTpoHOB, 82 IPOTOHOB, 126 HEHTPOHOB.
[Toatomy cornacuo (1-3): Nn=208. B pe3ynbrate coriiacHo 3-4 Mmacca aTOMHOMU

sueiiku ,55Pb cocraBut:

m, = 2222790921 | 5 em = 1,660352671-10~27xr (3-5)

208

rae 1 a.e.m.= 1,660539066 - 1027 kr. (IIpakTUUecKH Takas e BeIUYHHA

m, GyeT pu pacyéTe APyruX U30TONOB CBHHIA: ,54Pb, ,52Pb, ,82Pb).
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3amMeTuM, YTO Ha OCHOBAHMUHU BBILIEU3JI0KEHHOTO M MOXHO J1aTh BTOPOE
Ha3BaHUE: MaCCa AaTOMHOM eAMHUIbI XUMHYECKOI0 3JIEeMEHTA.

Tenepp nepexoanm K CIEAYIOMEMY BAXKHOMY MOMEHTY HcclieioBaHus. OH
3aKJIFOYAETCS B TOM, YTO MPU TPABUTALIMIOHHOM CKATHUU MACChI, COITPOBOXKIAEMOM
ne(heKTOM 3TOI MaccChl, CYIIECTBYET aHAJIOTUS MEXKYy YMEHbIIEHUEM
IPaBUTALMOHHOIO IT0JIS1 3TOM MAacChl U YMEHBIIEHUEM I€OMETPUIECKOU
MOBEPXHOCTH ChEephl IPU YMEHBIICHUH 00bEMa 3TON chephl. DTa aHATIOTHS
3aKJIFOYAETCSl B TOM, YTO MPU IPABUTALMOHHOM CKATHU ATOMHOM STYEHKH

Maccou m,; 10 MacCChl MpoToaToMa m I'PAaBUTAIIMOHHOC II0JIC €. aTOMHOM

pa
sIYEeHKH YMEHbIIAETCs /10 3HAYEHHUSI €, B TOIi ke NPONOPUHUH, B KOTOPOH
YMEHBbIIACTCH MJIOUIAAb IIOBEPXHOCTH S reoMeTpuueckoii cepbl npu
yMeHblIeHun 00béma V 310l cepbl.

Kak u3BecTHO M3 reoMeTpuu, TpONOPIUS MEKAY MIIOMIAAIMA OBEPXHOCTEM

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

2[s \ S 3 |V2
CJIELYIOMIUM 00pa3oM: /—1 = 3/—1 Wi = = /—12 (3-6)

Teneps Ha OCHOBaHUHU YKa3aHHOW AHAJIOTUH MOJIYYHM:

2
o=l 67

€pa mg,
€. — BEIMYMHA FPABUTALMOHHOIO TI0JI aTOMHOM Y€Ky Ha paccTosHuu 1M, m/c?

€4 — BEIMYMHA IPABUTALMOHHOTO TI0JIs IPOTOATOMA Ha paccTosHuu 1M, M/c?

p

m. — Macca aTOMHOM STYEUKHU, KT.

my,,; — Macca uporoaroma, Kr.

p
[Tponopuust 3-7 oTAMYAETCS OT U3BECTHOM MPOMOPLUHA MEKTY U3MEHEHUEM

E M
MacCChbI T€JIa 1 UBMCHCHHUEM I'PAaBUTALTMOHHOTI'O II0OJI 9TOI0O TCJIa: E_O = M_O
1 1

OOBsACHSETCS 3TO TEM, 4TO B OOBIYHBIX YCIIOBUAX YMCHBIIICHUC
IrpaBUTAIMOHHOTO ITOJIA TCJIa IPOUCXOAUT B PE3YJILTATC MCXAHUYCCKOI'O
OTACICHUA 4aCTH MACChI OT TEJIA. BCHC}ICTBI/Ie 9TOr'0 KOJMYECCTBO N YCIOBHBIX IIap

QJICMCHTAPHBIX 3aps10B Ha 1 Kr Macchel OCTaéTcsl MOCTOSIHHBIM HE3aBHCHUMO OT

7



1Kkr
TOr'o, HAaCKOJIbKO YMCHbBIINJIaACh MaccCa TE€JIa. N = m_ — const. MasiMu CJIOBaMQu,
C

yII€IbHOE KOJIMUYECTBO 3aps10B OcTaéTcs npexHuM. Hamportus, B ciiydae
IPaBUTAIIMOHHOTO CxKaTHsI (3-7) MPOUCXOaUT Ae)eKT MacChl AaTOMOB BellleCTBA.
B pesynbrare BeMYMHA M B aTOMaX YMEHBIIACTCSI IO MACChI TIPOTOATOMOB My,
Y BELIECTBO MPEBPALIAETCSA B OAHOPOIHYIO, OUEHb IUTIOTHYIO Maccy, U3 KOTOPOM

COCTOMT TeJIO YEPHOU NIbIphI. B pe3ynbTaTe BO3pacTaeT KOIUYECTBO Ny YCIOBHBIX

1Kr 1Kkr
>n=—.1lo

Mpa mc

nap 3JIeMEHTapHBIX 3apsA0B B pacuére Ha | Kr Macchl: Ny =

ATOM IMPUYMNHE B YCJIOBUAX I'PABUTATMOHHOTO CXKaTHUs KIIACCUYCCKAA paBHasd
IIporopuu:Aa HE HeﬁCTByeT.
2

Ha ocroBanuu (3-7) momy4um: ep, = € I:lnpza (3-8)

3 _ Gm .
C yuérom, uto e = Rz » HoIyduM bopmyy:

/ 1
€pa =G *Im, m2, = (3-9)

[ToxcraBuM B 3Ty opmyity 3Hauenue G = 6,6743 107! ' m, =
1,660352671-10727xr (3-5), my,, = 1,485232054 107%7kr (3-1), R=1m. B
pe3yNbTaTe MOJYYUM BEITMYMHY TPABUTAIMOHHOTO MOJISl IPOTOATOMA Ha
paccrosiHin R= 1M e,, = 10,288104836 - 10738 m/c?

OT0 rpaBUTAIMOHHOE T0JIE, 00pa3yeTcsl Ha pacCTOSHUU | M OT mpoToaToMa.
BesiuuuHa 3TOro rpaBUTAMOHHOIO MOJIsl PABHA KBAJPaTy CyMMbI JIBYX
COJIMZKEHHBIX NMPOTUBOMOJIOKHBIX 3aPSA/I0B U 00PATHO MPONOPLUMOHAJIbHA

KBA/IpaTy PAcCTOSIHUS OT MPOTOATOMA.

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

B oTnnume ot 35eKTpruecKoro nojsi, 00pa3yeMoro 3JeMeHTapHbIM 3apsI0M
— 9 4 . .
B BakyyMme, rae E=9 - 10 =z ' B OTOH ¢dbopMyJsie OTCYTCTBYET MOBBIIIAIOIINN

K03 PULIMEHT.

Teneps Ha ocHoBe 1-10 monyuum: q = ’% (3-11)
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ITosicTaBEM CIOJIa MOMyYeHHOE 3HAYCHHE €, = 10,288104836 - 10738 m/c?.

B pesynpTare moayunm: q = 1,603753787- 1019 Kn

Kax BuguM, mosrydeHHas aepes pacuEéThl BETUYMHA (| COBITAIACT C
pexomenoBanHoi CODATA BenuunHOMN 3IeMEHTapHOTO 3apsijia, riae q =
1,602176634 - 10~ 1°Kn. Pacxoxaenue cocrasisier Bcero 0,098 %. Dto
HUYTOXKHO MaJIO€ PACXOKICHHE, €CITU PUHSITH BO BHUMAHUE CYIIECTBYIOIINE
MOTPEITHOCTH YKCIIEPUMEHTATIBHBIX H3MEPEHUN (PU3UUECKUX BEINYUH, KOTOPHIC
UCTIOJIb30BAJIMCH B pacuérax sl MOTYYCHHs BEIMIUHBI  (3T0 3HaueHue G (cMm.
paszen 2), a Takke My, (, ¢ ). Takke TOMOTHATEIHLHO Ha TOSBIICHUE PACXOXKICHHUS
MOTJIa MOBJIMATH BO3MOYXHas Juctiporopiius B (3-7), BCIeICTBAE HEOTHOPOIHOTO
COCTaBa aToMa ,55Pb (aTOM COIEPKUT NEKTPOHBI, IPOTOHKI ¥ HeliTpoHsl). Ha
OCHOBAHHH BCETO BBIIICU3I0KCHHOTO cienyeT, uto (opmyJia (1-9) u Bxoasue
B 3Ty Qopmyty my,, (3-2) u ep, (3-10) moayunau maTeMaTH4ecKoe
NMOATBEP:KIEHUE.

[Ipeobpazyem dhopmyny 3-9 u BBeAEM B He€ MOMPABOYHBIA KOIPPHUITHEHT,
YUUTBIBAIOIIMI MOTPENTHOCTH U3MepeHui. B pesynbrare nosyaum Gopmyity st

pacuéra BEeJIMYUHBI TPABUTALIMOHHOM MTOCTOSIHHOM.

kepa

3 2
me Mp,

r7ie €p,=10,267879866 - 10738 w/c?

G= (3-12)

B 0CHOBE BEIMYHHBI €, HAXOAUTCA PYyHIAMEHTaIbHAS TIOCTOSHHAS —
BEJIMIIHA SEMEHTAPHOTO 3apsifia: ep,= 49°, rae q = 1,602176634 - 10~ 7K.

k=1,001969731 m2. DT0oT KO>()PULUEHT HA OCHOBE CBUHIIA
,82Pb nIpuHKMMAaETCs eAUHBIM IS BCEX XMMUYECKHX JIIEMEHTOB.

Teneps npumenum Gopmyiy 3-12 Kk ApyruM XUMHUYECKUM DJIEMEHTAM.
Omnpenenum BennunHy G rpaBUTAIMOHHOIO MOJIsI, 00pa3yeMoro U30TOIOM
yriepoza ;5C . B atom atome m.= la.e.m.= 1,660539066 - 10~27Kr (cM. BbIIIE B

uccienoanun). [logcraBum 3Hauenue me B popmyny 3-12 u B pesynbrare



nonyunm: G = 6,6741-10™". OtHocHuTenbHas pasauna ¢ G = 6,6743 <107 !
coctasisaeT 0,003%.

OmnpenenuMm BenuunHy G TPaBUTAIIMOHHOTO TTOJISI, 00pa3yeMoro aToMaMu
Bosib(ppama. [Ipupoausiii BombPpaM COCTOUT U3 4-X CTAaOMIBHBIX U30TOIOB:

OCHOBHOT'O M30TOIA 134 W U 9eTBIPEX N30TOHOB: 140W, 159W, 123W, 12eW.

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

. 183,9509312
Macca aTOMHOM T4elKH ;55 W COCTABHT: M, = — 0, laem=

1,660096236 - 10~27kr. IIpumenum Gopmyiy 3-12. B pe3ynbrare nonyqum
Beanuuny G = 6,6746-107". Ornocurensras pasuuna ¢ G = 6,6743 -107!!
coctasisaeT 0,0045%.

Omnpenenum Bennunny G it iatusel. ([Inatuna Ha 90% BX0oAUT B cOCTaB
MEXIyHapOJAHOI0 3TajJoHa Kujorpamma). [lpupoinast miatuHa COCTOUT U3 CMECU
IIIECTU U30TOIIOB, I/Ie HAUOOIBIIUIA yIeIbHBIH Bec MPUXOAUTCS HA U30TOII 1 4oPt.

AToMHas Macca ;45Pt: 194,9647911 a.e.m. https://goo.su/cTdgL. Macca atomHoit

194,9647911

sraeiiki 1Pt coctaBut: me = ———— la.e.M.= 1,660239242 - 10~%"xr.

[Tpumennm popmyny 3-12 u nonyunm: G =6,6744-10711. Otnocurensnas pasnuna
¢ G =6,6743 -10 ! cocrarmset 0,0015%.

Onpenenum Benuuuny G st upuaus. (Mpunuii na 10% BXOIUT B cocTaB
MEXIYHApOJIHOTO dTANIOHA KriiorpaMma). [IpupoaHbiii HpUAKI COCTOUT U3 CMECU

2-X CTaOMITBHBIX M30TOIIOB, T/Ie HAMOOJBIINHN YISTbHBIA BEC MPUXOIUTCS Ha

u30Tom ;23Ir. Atommuas macca 1431r: 192,9629264 a.e.m. https://g0o.su/TgOxZQ

. . 77 192,9629264
Macca aTOMHOM SIYENKH 193II cocTaBUT: M, = BT la.eMm.=

1,660220091: 10~27kr. ITpumenum popmyny 3-12 u monyunm: G =6,6745-10711,
OtnocurensHas pasauna ¢ G = 6,6743 -107!! cocrasnser 0,003%.

JI1s IOJTHOTO aHaIM3a MPoBeIEM aHaJIorHYHbIe pacuEThl emeé ¢ 20
XUMHYECKMMHU DJIEMEHTAMU, B3ATHIMU U3 PA3HBIX XUMUYECKUX IPYIII TAOHIbI
MeHnzeneesa 1o Mepe BO3paCTaHHs MX aTOMHOTO BeCa (CCHUIKH B TEKCTE

MOJITBEPKIAIOT MACCy aTOMOB H30TOIIOB).
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4,002603254130
4

1. Temmii He: m, = 1a.e.m.=1,661619767 - 10~ 27kr

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

2. Asor 4N :m, = 202200 1 4 e m. = 1,660903673 - 1072 ke

G =6,6736 - 10~ 1! (OtHOCHTenBbHAS paszHuma 0,01%) https://goo.su/dJsw7VB
p

15,9949146193
16

G =6,6747 - 10~ (OtHOCHTENBHAS pasuura 0,006%) https://goo.su/WISCwAS

3. Kucnopon ,60: m, = 1a.e.m.=1,660011286 - 10~27kr

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. Hapuii 33Na: m, = =222 1 a.e. M. = 1,659800435 - 102"kt

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

6. Marmmii 12Mg: m = 22222 1 . e, m. = 1,659504114 - 1072 kr

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

7. Amommmmit AL m, = 22222222 1 a.e.m. = 1,659403652 - 10727 kr
G =6,6756 - 10~ 1! (OrnocurensHas pasnuma 0,019%) https://goo.su/B2nox
8. Kpewmuii 33Si: m; = 22222 1 a.e. M. =1,659170695 - 1072 kr.

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

34,96885269

9. Xnop 17CI: me = 222222 1 a.e.m. = 1,659061314 - 1027kr

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

10. Kambimii 33Ca: m = 222220 1 3., m. = 1,658986083- 10727 kr.

G = 6,6761-107'! (OtHOCHTENBHAs pasHuna 0,027%) https://goo.su/hrD5Miv

55,9349363
56

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

62,9295975
12. Menw 25Cu: m, = =222

11. XKeneso 2éFe: m, = 1a.e.m. =1,658609766 - 10~ 27kr.

1a.e.M.=1,658683414 - 10~ 27kr
G = 6,6765-107!"! (Ornocurensuas pasauna 0,033%) https://goo.su/pCAIQGU

13. Pybuuii 3ZRb: m = ="—""= 1 a.e.m. = 1,658815812 - 10~2xr
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G = 6,6763 - 10! (Ornocurensnas pasauna 0,031%) https://goo.su/3EReq

14. Cepe6po 147Ag: m, = ~22001 15 ¢ . =1,659066176 - 1027kr.

G =6,6760-10"* (Ornocurensnas pasuuna 0,025%) https://goo.su/dpSGIN

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

G = 6,6757-107'! (Ornocurensuas pasauua 0,02%) https://goo.su/KgoXwe

16. Lepuit 58Ce : m, = 22024387 1 5 e.m. = 1,659417475 - 10~27kr

140

G = 6,6755-107!! (OtHOCHTEnBHAS pazauna 0,018%) https://goo.su/UnG0

17. 30m010 1J9Au: m = =22 1 a.e.m. =1,660257269 - 10~k

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

18. Pryms ,80Hg: m, = === 1a.e.m.= 1,660297742 - 10~27xr

G =6,6744-10"* (Ornocurensnas pasauna 0,0015% ) https://goo.su/wlgGmO0

_ 226,0254098

19. Paauii ,55Ra: m, = - la.e.m=1660725765- 10~27kr.

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

20. Vpan ,330: me = =222 1a.e.m = 1,660893418 - 10~27xr.

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

Kak Buinm, oTHOCUTENbHAS pa3HUIIA TOJTYUYECHHBIX 3HaUeHUM G C
BenuurHoi G = 6,6743 107! (a Taxke Mexay co00i) COCTABISIET ThICAYHbIE U
COThIE J10JIM MPOoLeHTa. Takne 0YeHb MaJTbIe PACXOKICHUS OOBSICHIIOTCS TEM,
YTO MACChl ATOMHBIX SIY€eK XUMHYECKHUX JIEMEHTOB OYeHb OJIM3KH MKy
co00ii Mo BeJiMUMHeE. A B CBS3U C TeM, 4TO B popmyne 3-12 mpucyrcTByet
KOpPEHb B TPeTheil CTeNneHu, TO TPaBUTAIMOHHBIC TOCTOSIHHBIC OyMyT emié OrmKe
MEXTy COOOM MO BEIMYHMHE, YEM MACChl ATOMHBIX sueeK. 31ech BasKHO
NOTYEePKHYTh, YTO MaJjioe pa3jinume 3Ha4eHuii G 3To He MOrPelIHOCThb, a
3aKOHOMEPHOCTb. [103TOMY €ciii B OIMHAKOBBIX SKCIIEPUMEHTAX C OJJUHAKOBBIMU
YCIIOBUSIMHU M OJTMHAKOBBIM 000PYI0BaHUEM ITPUMEHSATH Pa3HbIC XUMHUCCKHEC

AJIEMEHTHI, TO OYAYT MOJIydeHbl pa3Hble 3Ha4YeHus G. Ho otnuuuns Bennunnael G
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OyIyT HaCTOIBKO MaJIbl, 9YTO YBEPEHHO MOATBEPIUTH UX C IIOMOIIIHIO
COBPEMEHHBIX PUOOPOB HEBO3MOKHO.

[Tono0OHbIe pacu€Thl BeTuYuHbl G MOKHO MPUMEHUTH KO BCEM
XHUMHYECKHUM 3jieMeHTaM. [Ipu 3ToM nosrydeHHbIEe pe3yIbTaThl MOKAXYT
(IpOBEPEHO aBTOPOM), UTO KOJIeOaHNsl BeJTHYMHBI G Yy pa3HbIX XUMHYECKHUX
3JIEMEHTOB HUI/Ie He BBIXOIAT 32 Mpeiesbl IMANa30HA B THICAYHbIC U COThIE
a0 npouenrTa. UckiioueHueM siBJjsieTcs: TOJAbKO Boaopoa. [I[pyuunHa otnuuns
BOJIOPO/Ia 3aKJII0YAETCsl B 00Jiee MACCUBHOM aTOMHOM siYeHKe, UeM y BCEX
OCTaJbHBIX XMMHYECKUX d11eMeHTOB. AToM 1H (1mpoTuii) mmeer mMaccy

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

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

1,007825031898

aTOMHOM SUEHKH, T M, = - la.e.Mm = 1,673574827- 10~ ?7xr.

2.xr !, Takum

CornacHo popmyine 3-12 nonyunm: G = 6,6567 - 107 m3-c
00pa3oM, oTHocHTebHasd pasaua ¢ G =6,6743-107!! cocrasnser 0,26%.
OO6CTOATENHCTBO, YTO MACCa ATOMHBIX SYEEK BOAOPO/1a OOJIbIIIE MACChl ATOMHBIX
SAYEEK APYTUX XUMUYECKUX JIEMEHTOB OOBSICHSIETCSI TEM, YTO B SIIPAX ATOMOB
BOJ0poa He 0bL10 aedexTa Macebl. K coxkaneHuio, u3BMEepUTh B 1a00OPaTOPHBIX
YCIOBUSX (AakKe C OUEHb OOJIBIION MOTPENTHOCTHIO) BeIMUnHy G y Bojopoaa
HEBO3MOXHO. ITO OOBACHSIETCS TEM, UTO BOJOPO/I SBJISIETCSI TA30M U CaMbIM
JErKUM XUMUYECKUM 3JIEMEHTOM.

Kax BugHO n3 hopmynsr 3-12 1 mpon3BeAEHHBIX pacuETOB, YeM MCHBIIIC
BEJIMUYMHA M, , TeM Ooibiie BennurHa G . C pu3ndecKkoi TOUKU 3pEHUS ATO
MOXHO OOBSCHUTH TEM, UTO YeM MeHbIlIe BeJIUYHUHA M, TeM 00JIbIIIe
YCJOBHBIX MAP 3JIeMEHTAPHBIX 3apsi10B Oy/1eT NPUXOAUTHCs HA 1 KT Macchl

Beliecrna. TeM cOOTBETCTBEHHO OOJIBIIIE I'PAaBUTAIMOHHOC I10JIC E, KOTOPOC

co3aaércs maccoi 1 kuinorpaMm Ha paccTosiHUM | meTp.

3.2. TeopeTnyeckn MaKCMMAJIbHOE 3HAYEHHE TPABUTAIMOHHOM

NMOCTOSIHHOM MOJKeET Haﬁ.]'lIO}IaTI)CSI B I'PAaBUTAIIMOHHOM I10JI€ HauOoJ1ee
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MaCCUBHBIX ‘lépHLIX AbIP, I'/T€ T'PABUTAIIMOHHOC CZKATHUC BCIIECTBA NOCTUIJIO

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

kepa

=6,9133-10" 1 3. 2xr ! (3-13)

Gmax =
pa

r7iE €p,=10,267879866 - 10~ 38 M/c?, m,,, = 1,485232054 -10~*k

3.3. Pazbepém Bompoc BeIMYMHBI TPABUTAIIMOHHOTO 1011 E, KOTOpOe
oOpasyet macca M, cocTosinasi U3 pa3HbIX XUMHUYECKUX JIEMEHTOB, Ha

paccrosinuu R ot maccel M:

E=Gyog + Gooz t eene Gyt (3-14)

rje my, m,..... m, — Macca XUMHYECKHUX AJIEMEHTOB B cocTaBe Macchl M.

(Ora popMyna nercTBUTENIbHA JIJIs JTFOOBIX Macc, He3aBUCHMO OT
XHMHYECKOTO COCTaBa BEIIECTBA).

Takum oOpa3oM Ha Teso, HaxosIIeecs: B TOUKEe A Ha paccTostHUU R oT
Maccel M, Oynet eiicTBOBaTh eiMHoe moJie E.

YuuTtsiBasg MouTH 0JJMHAKOBBIE 3HaYeHUs G, G,....G,, 1S TPUKIAAHBIX

. _~M
pacy€ToB MOIYYUM 3HAKOMYIO (POpMYITy TpaBUTALIMOHHOTO noJist: E= G 2

3.4. B KoHIIe cTaTh paCCMOTPHUM BOIIPOC CKOPOCTH PACIPOCTPaHEHUS

CBCTa B KOHTCKCTC IIOJIYUCHHBIX B 3TOM HCCICAOBAHNUUN PC3YJILTATOB. HJ’IH 9TOTO

2G o
= — HABJACTCA KOHCTAHTOMH.

obparumcs K popmyie 3-1 n nogUepKHEM, UTO My, =

OTcroma moyryaum: C= /IZnG (3-15)
pa

Kak Bugum, ¢popmyna 3-15 qomyckaert, 4To npy U3MEHEHUH BEIUYMHBI G,
U3MEHSETCSl CKOPOCTh pacipocTpaHeHus ceeta. Ho mapagokc 3akirovaercs B
TOM, YTO NOATBEPAUTH 3TO IKCIEPUMEHTAJIBHBIM IIYTEM HEBO3MOMKHO.
OOBsICHSIETCS ATO CAEAYIOMUMHY NpuyuHaMu. [lepBas mpuurHa — 3TO OYEHb MaJlble
OTINYMS BEIUUYMHBI G Yy XUMUYECKUX 3JIeMEHTOB. [loaTOMy ecinu oTianuust

BeIMYUHBI G Y XUMHUYCCKUX DJICMCHTOB COCTABJIAIOT ThHICAYHBIC U COTBHIC JOJIN

e



nporiieHTa (cM. Tabi.), To coriacHo popmyse 3-15 (rae mpucyTCTBYyeT KOPEHb
KBaAPATHBIN) OTIMYNS MEK/y BEIIMUMHAMHA CKOPOCTH CBETa OYIyT eIié MEHBIIIE.
Jlnst mpuMepa BO3bMEM KHMCIOPOJ 150, KOTOPBI B BUie XUMHYECKHX COEUHEHMUI
COCTaBIISIET B 3eMHOI Kope 48%. Bennunna G =6,6747 - 10711, pacxoxnenue ¢

G =6,6743 -10°'! cocrasnser 0,006% (cm. Ta6m.). ITogcrasum B popmyiy 3-15
sHauenue G =6,6747 - 10~ 1 u nomyunm c= 2,998014413 - 108 m/c. B pesynbrate
pacxoxaeHue ¢ pekomeHnaoBanHort CODATA BeMunHOM CKOPOCTH CBETa C =
2,99792458 - 108 m/c cocrasmsier 0,003%.

Ho naxxe sTa oueHb cyiiecTBeHHasi IPUUMHA HE SIBJISECTCS TI1aBHOM
npuduHOW. [ TaBHAs MpUYWHA 3aKITI0YACTCS B TOM, YTO MPUHIUMHAATIHHO
HEBO3MO’KHO NMPOBECTH TOYHBII IKCIIEPUMEHT 10 H3MEPEHUIO CKOPOCTH CBETA B
I'PaBUTAIIMIOHHOM TI0JI€ OT/AEJIbHON MAaCChl, COCTOSIIIIEH U3 OJJHOTO XUMHUYECKOTO
aneMmeHTa. OOBACHAETCS 3TO TEM, UTO B 00JACTH pacpOCTPaHEHUs cBeTa OyAyT
TaK)K€ HaXOJIUThCS IPyrue CUJIbHble TPABUTAIIMOHHBbIE 0JI51, KOTOPbIE
o0pa3oBaHbI MacCaMU ATOMOB JAPYTHX XHMHUYECKHUX 3JIEMEHTOB,
COCTABJISIIOIIMX MACCY IJIAHETHI M OKPYKAIOIIEro KOCMHYECKOT0
npoctpancTBa. [loaToMy J1H00BIE TIpEANOIaraeMbie SKCIIEPUMEHTHI TI0
WU3MEPCHHUIO CKOPOCTH CBETA B TPABUTAITMOHHOM ITOJI€ PA3HBIX XUMHUYECKHUX

AJIEMEHTOB B KOHEYHOM UTOTE MPUBEAYT K OAMHAKOBOMY PE3YJIbTaTY.

3.5. U€pHble ABIPHI MOTYT OBITHh HCTOYHUKOM TPABUTAIITMOHHBIX BOJIH. DTO
IIPOUCXOIUT B CAy4ae CIUAHUSA (CTOIKHOBEHHS) YEPHBIX ABIP, KOTAa MEXKIY
MMPOTOATOMAMHU Ha KOPOTKHM MUT MOSABJISAECTCA paccTtosiHue. [Ipu 3ToM BMecTe ¢
PaCCTOSTHUEM y MPOTOATOMOB MOSBJISIOTCS TPABUTALIMOHHBIE MOJIs1, KOTOPHIE
MCUE3aloT, ITOCJIe COMMMKEHHUS TPOTOaTOMOB. Vcue3HOBEHNE TPaBUTAIIMOHHOTO
MOJIs1 COMPOBOKIAETCS UICITYCKAHUEM KBAHTOB SHEPTUU € YEPHOU JIBIPOU. DTOT
KBAHTOBBIM MPOILIECC MOKHO CPAaBHUTh C KBAHTOBBIMHU MPOIECCAMU B MOJECIIN
atoma Bogopoja bopa, rne € = E; — E,

Taxxe kak B MOJIesId aToMa Bojiopoaa bopa, Mexay nporoaroMmaMu
CYIIECTBYIOT MPOMEKYTOUHBIE KBAHTOBBIE COCTOsIHMS. HO B oTiimune oT aroma
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BOJIOPO/JIa, 3TU TPOMEKYTOUHBIE COCTOSIHUS HE SIBJISIFOTCSI CTAlIMOHAPHBIMU,
MOTOMY UTO IIPOTOATOMBI CHOBA IJIOTHO cOnrkatoTcs. [Ipu 3TOM BO3HUKIIINE
MEXy HUMHU T'PaBUTALIMOHHBIE TI0JIS1 UCITYCKAIOT KBaHThI SHepruu. dopmyia
KBaHTa SHEPTUH MPOToaTOMa (110 aHAJIOTHH ¢ MOJICIbIO0 aTOMa Bojopoa bopa)
BBITJISIAUT CJICAYIOIKUM 00pa3oMm:

£e=Ey— — Eg; (3-16)

ny ny

riae Ey — aHeprus HeobxoauMas 111 MaKCUMAJIBHOTO yIaJIeHHs! ITPOTOATOMOB
(aHajorust ¢ HOHU3AIKEH aTOMa BOIOPO/Ia)
n — KBaHTOBBIE 1ienble uncna 1,2,3,4,5..., tne n; < n,

ITepBo€ KBaHTOBOE COCTOSIHME MTPOTOATOMA N XaPAKTEPU3YETCS
OTCYTCTBHEM PACCTOSTHUS MEXK]y ITpoToaToMamMu. EMy COOTBETCTBYET ypOBEHb
sHepruu: E; = E,.

BTopoe kBaHTOBOE COCTOSTHHE N, BO3HUKAET MPH MOSBICHUU

MHUHHUMAJBbHOI'0 PACCTOAHUA MCIKAY IIPOTOATOMAMMU. EMy COOTBCTCTBYCT

MHHHMMAJIbHbIA YPOBEHb JHEPTUM:

E,=3== (317)

2

IIpu 3ToM 3Heprus E, ync/ieHHO paBHA BeJIMYUHE TPABUTAIIMOHHOTO

1oJisi MPOTOaTOMa €, (3-13), rae e,,=10,267879866 - 10738 m/c?

Orciona E, = 10,267879866 - 10738 [k
Jlanbmie Ha ocHoBe (3-17) nonyuum: Eq = 4 E, =41,071519464 - 10738 JTx
Teneps Boipazum E, uepe3 popmyny: Eg = hy,

TJIE Yo— BEPXHHMI IIPejiesl 4acTOThl IPABUTAMOHHBIX BOJH, h = 6,62607 - 1073%

Orciona moywn: yo = > = 6,198473524 - 10~* ¢

Bepxuuii npeaes 4acToThbl KBAHTOB TPABUTAIIMOHHBIX BOJIH PABHSETCS

OTHOIIEHHIO0 MACChI YJIEKTPOHA K Macce MPOTOHA B MPOTOATOME:
— Me (318
Yo m, (3-18)

rac mey — mMacca 3JICKTpOHa B IIPOTOATOMEC, KI'
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m,, — Macca IIpOTOHa B IpoToaTome, Kr. [Ipu atom my, = mp, — me, rae
m,, = 1,485232054 -10~*"kr (3-13)

0 . me mpayo
C y4€ToM 3TOr0 MONYYUM: Y9 = ——— WM M, = ———
Mpy—Me 1+yo

[ToncTaBuM 3HAYCHUSI My, U Yo U TOIYYUM: Mg = 9,2004671-1031kr

Pacxoxnenue ¢ 3kcrnepuMeHTaIbHOM MacCOM CBOOOAHOI0 JIEKTPOHA M =
9,1093837-10731 kr cocrasnser 0,99 %. Maoe OTIMUYHE MEXTY HUMH
OOBSICHSICTCSI TEM, UTO CBOOOIHBIC JICKTPOHBI U AJIEKTPOHBI, HAXOISAIITHECS B
aTomax, oTanuaroTces no macce. (Hanpumep, Macca atoma Bogopoaa 1H
(mpotus) coctasnsger my, = 1,007825031898 a.e.m. unu 1,673574827 - 10~27kg. C
y4E€TOM, 4TO Macca IpoToHa pasHa 1,67262192-10"kr, nomy4nm Maccy
3J1eKTpOHa B aToMe Bojoposa m, = 9,52907-10731 kr. Takum o6pazom macca
37eKTpoHa B aToMe 1H 6oJbIe Macchl cBOGOIHOIO 21eKTpoHa Ha 4,6%. Kak
BHJIUM 9TOT pe3ynbTar aaxe oonbuie, yem 0,99%, moromy uro my, > myp,).

[ToaTOMY MOKHO C/ENaTh BHIBOJI, YTO TIOJYUYCHHBIN PE3yIbTAaT M, =
9,2004671-1031kr moaTBep;kIaeT KBAaHTOBYI0 popMy.ry 3-16 U IOTydEHHEIE
panee 3Ha4eHus my,, = 1,485232054 107%7kr n epa=10,267879866 - 10738 m/c?.

Ha ocHoBanuu dopmysisl 3-16 mosydnM BEIMUHMHY SHEPTHU KBAHTOB
(TpaBUTOHOB), KOTOPBHIC MOT'YT HCITYCKATh YEPHBIC JBIPHI:

€= Ey—E, =19,226-107193B, 22,786 - 107193B, 24,032 - 10~ 193B,
24,6099 - 107 193B .... - 25,635- 107 193B

OTOT pe3yNbTaT COTIACyeTCsl C pe3ybTaTaMu acCTPOOU3NIECKUX
HaAOJIOICHUI TPaBUTAIIMOHHBIX BOJIH MPH CIUSHUU YEPHBIX JbIp. [1o pesynpTaTam
ATUX HAOJIOJCHUHN UCCIIeI0OBaTEIIMU OblJIa YCTAHOBIICHA BEPXHSSA TPAHUIIa MaCChI

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

OTHOCHUTENILHO HEOOJIBIIIOE PACX0XKICHUE MOKHO OOBICHUTH TEM, YTO U3-3a
OTPOMHBIX PACCTOSHUHM JO KOCMHUUECKHX 00bEKTOB YHEPTHS TPABUTAIIMOHHBIX
BOJIH yMeHbIaeTcs. Takyke Helb3sl UCKIFOYUTh MOTPEIIHOCTA HaOI0ICHUH,

CBSI3aHHBIE C YYBCTBUTEJILHOCTHIO UCIOJIL3YEMOM aImapaTyphl.
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4. Pe3yabTarsl.

B stom uccnenoBanuu uepe3 npumeHeHue pemenus [Bapmmmnsaa O6p11a
OTpejiesieHa Macca MPOTOaToMa — CTPYKTYPHOM YaCTUIIbI HAanO0JIee MACCUBHBIX
upHBIX AbIp. [lomyuennsii pesynbrar (1,4852 -10727 kr) no3sosun yepes
JanbHEHIIe MaTeMaTHIYeCKue pacuéThl C UCTIOIb30BaHUEM (PYHIaMEHTAIbHBIX
(bU3UYECKUX KOHCTAHT OMPENCIUTh BEITUNINHY JBYX JIEMEHTAPHBIX 3apSI0B B
cocTase npoToatoma. IlonyuenHoe 3HaueHue 3apsna (1,603753787- 1071 Kn)
cosnato ¢ pekomeHgoBaHHOH CODATA BeanunHO 3J1eMEHTapHOTO
sapsana (1,602176634 - 10~1°Ku) . Pacxoxnenue cocrasuio Beero 0,098%, uto
MOATBEPINIIO CYIIIECTBOBAHUE TIPOTOATOMA U €ro (PH3WYECKUe mapaMeTpol. ITOT
pe3ynbTaT TakKe MHTEPECEH TEM, UTO BeJIMYHUHA 3JIEMEHTAPHOI0 3apsiia Oblia
onpejeieHa yepe3 Apyrue He3aBucuMble (pu3nvYecKUe KOHCTAHTHI (CM. 3
paszen).

B uccnenoBanuu Obl1a noiyueHa popmyna st pacyéra BEIMUYUHbBI
rpaBUTAIIMOHHON NTOCTOSHHOM. 1o 310 (hopmyrie ObLIM pousBeneHsl 24 pacuéra
TPABUTAITMOHHON MTOCTOSTHHOW C y9aCTHEM XUMUYECKUX JJIEMEHTOB M3 BCEX TPYIIIT
Tabnuipl MenjeneeBa. ITH pacuéThl MOKa3ail, YTO 3HAYeHNe TPABUTALIMOHHOM
NMOCTOSIHHOM MO’KeT K0J1e0aThCsl B NMpeAeiaxX ThICAYHbIX U COTBIX H0JIel
NPOIEHTA B 3aBUCHMOCTH OT XUMHY€eCKOro 3jieMeHTa. (EnuHCTBEHHBIM
UCKJTFOUCHUEM SIBJIsICTCS BOIOpo 1. [IpuunHa 3TOro ykazaHa B ucciaeaoBanuu (cM. 3
paszzen). JlanpHeHuii aHaIu3 moKasaj, 4To KojeOaHus BeaudruHbl G mpsmo
3aBUCST OT KOJUYECTBA YCIOBHBIX TAp DJIEMEHTAPHBIX 3apsI0B HA €AMHUILY MACChI
XUMHUUYECKOTO 3jieMeHTa (CcM. 3 paszzien).

B sTom nccnenoBanum Obliia onpeeneHa MaKCUMaTbHAs BETUYMHA
I'PaBUTAIIMOHHON TTOCTOSIHHOW B TPaBUTAIIMIOHHOM T10JI€ Ha00JI€€ MAaCCHBHBIX
uyépHbIX IbIp (1-13). beuta ocBelieHa TeMa BETMYUHBI TPABUTALIMOHHOTO TTOJIS,
00pa3yeMoro Maccoii, COCTOsIIIEH U3 pa3HbIX XUMHUSCKUX dyieMeHTOB (1-14). B
WCCJIEIOBAHUH ObLT PACKPBIT BOIPOC CKOPOCTH PACTIPOCTPAHECHHUSI CBETA B

I'paBUTAIMOHHOM ITOJIC IPHU U3MCHCHHUH BCIIMYNHDBI I‘paBHTaHHOHHOﬁ MOCTOSIHHOM

(1-15).
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B sTom uccnenoBanuu ObUTH UCCIEAOBAHBI KBAHTOBBIE COCTOSIHHS
IIPOTOATOMOB B YEPHOU AbIpe. B pe3ynbTraTe, 0 aHAJIOTUH ¢ MOJEIBIO aTOMa
Bozopona bopa, Obuta nmonyyena dopmysa s pacyéTa SHEPrul KBAHTOB
nporoaTomMoB. Ha e€ ocHOBe ObLT paccUMTaH JIMHEWHBIN Psii BEIMYNHBI KBAHTOB
(TpaBUTOHOB) TPaBUTAIMOHHBIX BOJIH, KOTOPbIE MOTYT UCITyCKaTh YEPHBIE IBIPHI.

b IMMOJIYYCHBI APYTUC PC3YJIbTAThI, UMCIOINC HAYIYHOC 3HAUCHUC.

5. 3akiiouenue.
OTInunTeNLHON 0COOEHHOCTRIO ATOTO UCCIICIOBAHUS SABJISICTCS TO, YTO OHO

OasupyeTcs Ha PyHAaMEHTAIbHbBIX (U3UYECKUX KOHCTAHTaX.

6. Jexaapamus.

ABTOp uccienoBanus: Auapeit YepHOB.
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