I'paBUTaIMOHHBbIE CTPYHBI M X Y4acTue B (pu3nueckux
npoueccax. OnpeaeseHre Macchl 3/71IeKTPOHA U aTOMa BO/J0POAA C
MOMOII[bI0 HOBOM KBAaHTOBOM opmyJibl. /I[pyrue pe3yibTaThl

ucajaejoBaHusA.

ABTOp AHppen YepHoB

E mail: and8591@gmail.com

CopepykaHue

AHnHOTaus — 2 CTp.
Metopp! — 2-13 cTp.
Pesynbratel — 13-14 cTp.

3akirouenuve — 14 ctp.

S

Heknapauus — 14 ctp.

1. AHHOTAUS.



B 3TOM HccnejoBaHUM OBLTH UCTIONb30BaHbl HOBbIE TIOHSATHS:
rPaBUTALIMOHHBIE CTPYHBI U TPABUTAL[MOHHbIE STYEHKA. DTO HOBOBBeJeHHe
TI03BOJIWIIO TIOJIYYUTh CJIeAYIOIUe HayuYHble pe3y/bTaThl:

Brlsia monyueHa KBaHTOBasi hopmyJia rpaBuToHa. Ha 3Toit ocHOBe Oblia
roJsiyueHa ¢popMyJia MacChl 3/IeKTPOHA BHYTPY YEPHOU JIbIPbI, OTUpArOIasics Ha
Tpu (byHAaMeHTabHbIe KOHCTAHTHI: h, q, ¢. C moMotiibio 3Toi popmy bl Obla
orpe/ieJieHa Macca aToMa BOZIopo/ia Mpy 0O0pa3oBaHUM BOZIOPO/ia U3 BelljecTBa
uyépHou bIpbl. [TomydyeHHasi uepe3 pyHjaMeHTabHbIe (hH3UYeCKre KOHCTaHThI
Macca aToma BOZIopo/ia COBMasia C SKCIieprMeHTaIbHOM MacCou aroMa BOA0po/ia.
(OTHOCHTE/IbHOE PAacXOXKAEeHUe MEeXK/y MacCaMU COCTaBJ/IsieT BCero 5-107 u
TIOJIHOCTBIO CBSI3aHO C Jle(DeKTOM MacChl B pe3y/ibTaTe BblIeTa HEUTPUHO, UTO
MO TBEP>KAAeTCS MPUBEIEHHBIMU PACUETaMU).

bbina monyueHa KBaHToBasi hopMyJia TPaBUTAI[MOHHOM CTPYHbI. JTa
dopmyna Obisa MpUMeHeHa K pe3y/ibTaTaM U3BeCTHOTO SKCIIePUMEHTa I10
n3yuenuto scdekra Kasumupa. HoBast popmyiia 1o3Bosnia onpeAennuTb HUKHUAN
ripefies1 JeMCTBUS TPaBUTALIMOHHBIX CUJI (746 HM), KOTOPBIM COBIMa/a C HaYaja0M
nevictBus 3 dekrta Kasumupa. Takke ObIIO OTpesiesieHO PAaCCTOSTHHE MEXKIY
nactiHamu (30 HM), Ha rpaHuLe KOToporo 06MeH (hOTOHAMU MEXK/y aTOMaMH
TepexoAUT B 0OMeH 3/IeKTPOHaMMU.

B 3TOM HcciejoBaHUM OB OTIpe/iesiEH BepXHUM Mpefiesl MacChl TPaBUTOHA.
[TosryueHHBIN pe3y/ibTaT MOATBEP)KAAeTCsl pe3y/ibTaTaMu acTPOPU3NIeCKUX
Ha0JTI0/IeHUH, TIPUBEIEHHBIMU B 3TOM CTaThe.

bbina monyueHa ¢opmyJsia rpaBUTAaLIMOHHOM MOCTOSTHHOM, a TaKXKe

Tipe/iCTaBJIeHbl pyrye pe3y/ibTaThbl, UMeIoLlie HayuHOe 3HaueHue.

KmoueBsbie csioBa. YépHas [bipa, rpaBUTALMOHHAs CTPYHa,
rpaBUTALIMOHHAS sTUeliKa, TPaBUTALIMOHHBIN 3apsi/], KBaHTOBast popMyJia
IPaBUTALIMOHHON CTPYHbBI, Macca T'paBUTAlLMOHHON sueliku, hopmyia
rPaBUTALMOHHOU MOCTOSTHHOU, HWXKHUU MIpefiesT NeMCTBUSI TPaBUTALIMOHHBIX CUJI,

s¢dekt Kasumupa, popmysia Macchl 3/IeKTpoHa, hopMyJia MacChl aTOMa BOZIOPO/ia,



rpaBUTOH, (hOpMYyJia TPaBUTOHA, TPaBUTOHHAs CBSI3b, SHEPIrUsi TPABUTOHHOM CBSI3U,

BEpPXHMI MpeJiesl MacChbl TPaBUTOHA.

2. MeTojpbl.

2.1. OT0 nccienoBaHre HEOOXOMMO HauaTh C YEPHBIX JIbIP.

YépHble AbIPbI 00pa3yrOTCS B pe3y/ibTaTe CUJILHOTO C)KaTus BelrlecTBa. [1pu
3TOM BbIJIe/ISIETCSl OTPOMHasi SHeprus 3a CUéT Jedekta Macchl. B pe3ynbTaTe
MOJIeKYJIbI U aTOMBbI MPeBPalljalOTCs B OJHOPOAHYI0, UPe3BbIYalHO TJIOTHYIO
Maccy, He UMeroIyro 06bémMa. DTa Macca Mpe/iCTaB/IsIeT U3 ce0si orpoOMHOe
MHOXXECTBO O/IJUHAKOBbIX siueeKC , UMEeIIUX Maccy M., TU sTUYeUKH COCTOST U3
TIJIOTHO CO/TMKeHHBIX UaCTUL]: MPOTOHA U 37eKTpoHa. Kaxkjas Takas siueiika C
(Ha30BEM eé rpaBUTALIMOHHOM siUeiikoil) 06/1ajjaeT 3apsiZioM (Ha30BEM ero
I'PaBUTALIMOHHBIM 3apsiloMd, ) UUC/IEHHO PaBHbIM BeJIMUMHE 2-X 3/1eMeHTapHbIX
3apsoB q, Tae 9=¢ 1,602176634 - 10" K. Otcroza:

q,=3,2043533-10 ° Kn  (1-1)

Takum 00pa3oM, rpaBUTALOHHbIE AYEHKH AB/ISIIOTCA HOCUTE/IAMH
rpaBUTALMOHHBIX 3aPSAJA0B q,- DTU sTUeNKU-3apsi/ibl IPUTATUBAIOTCS IPYT K
ApYyTy 3a cuéT 0bMeHa 3Heprueil B BUjie TPaBUTOHOB G. DHEpPrusi €,0JHOr0
I'PaBUTOHA YMC/IEHHO PaBHa MPOM3BEIEHUIO JIBYX IPaBUTAIJMOHHBIX 3apsi/iOB:

€ =Knep. Qg Qg=Knep. Gy=Knep. 4 q" ¢1,026788-10 [k (1-2)

(Janbiiie B ucciefoBaHUU KO3 duimeHTk ., =¢ 1 Ik Ka ° 0ToOpaXkaTbCs He
OyzeT, UTOObI He reperpykaTb (OPMYJIbI).

[ns oripefiesieHYst MacChl TPaBUTALIMOHHOM STUeMKWM, HanuileM (hopmysiy
paguyca LIBapijuumnbaa:

2G,

R="2M (1-3)
C

reR — rpaBUTAIIMOHHBIN pafinyC YEPHOU AbIPbI, M, G, — rpaBUTAI[MOHHAS
MOCTOSIHHAs B TPAaBUTALIMOHHOM I10J1e YEPHBIX AbIp, M — Macca YépHOM JbIpHI, KT, €

— CKOpOCTH CBeTa, M/C.



2G,
B 3T0i1 (hopMyrie BeipaxkeHUe —— SIBJISIETCS Y/le/TbHOW BeJIMUKMHOM, KOTopasi
c

TOKa3bIBaeT MPOMOPIHI0 MeXy AJUHON U Maccoii:R/M (m/kr). Ho B

0/{HOMEPHOM MPOCTPAHCTBE YEPHOM ABIPHI J/IMHBI He cymecTByeT. [TosTomy

2G,
POJIb y/Ie/TbHOM BeJIMUMHbI —5- B YEPHOMU /bIpe BBITOJIHSIET Macca M,
c

FpaBHTaHHOHHOﬁ H‘—IEﬁKH, KdK € JUHCTBEHHAA MUHHUMAJ/IbHAA € JUHUId U3MEDEHHNA.

2G,
TakuM 06pa3oM To/TydaeTcsi, UToO M, YUCIEHHO paBHO —- . VIjiu B Bujie
C

ypaBHEHHUS:

2G,
m.= knep. CZ (1_4)

(Jasnblile B MccieloBaHUN KO3(PhULIMEHT MepeBo/ia e AMHUL] 3MepeHu
Koep =0 1ke*- m~' oTOOpaXKaThbCst He OyJeT, UTOOBI He Tieperpy>Katb (HOPMYJIbI).

B dopmyiie (1-3) rpaBuTanmoHHas mMocToAHHAsA G uépHOM ABIPHI
SIBJIAETCS y/ie/IbHBIM MOKa3aTe/ieM, KOTOPbIil MOKa3bIBaeT OTHOILIEHHe

SHEPrum rpaBMTOHA¢; K Macce M, I‘paBI/ITaHl’IOHHOﬁ AYEHKHU:

) e
Go=l kit (1-5)

g

(JanbIire B uccieoBaHUM KOIQQOULIMEHT ITEPEBOA eIMHUL] U3MEepPeHUH

K.p =¢ 1M-k2~' OTOOpaXkaThCsi He Oy/ieT, uTOOBI He Tieperpy»Katb (HOPMYJIbI).
2G,
2

C

: . e :
Terneps Ha ocHOBaHUM (opmyJ (1-4) m.=¢ (1-4) u Gy=¢ m—g , TlIe e,=0

4q° (1-2), mosryuuM ciieayroiiee:

m.=¢ q_¢8:¢ 1,5115923- 10 ke  (1-6)
C

Go=0+2 gc=6,7927602-10 " (1-7)
(KosddureHTs! nepeBoja eAUHUL] U3MEPEHUM 3[eCh CIeL[iaabHO He
yKa3bIBalOTCs1, UTOOBI He Meperpy»kath UcCcjieloBaHue).
[To mepBOMy pe3y/ibTaTy BUAHO, YTO Macca M. sgueliK1 UépHOU JIbIPbI

AEﬁCTBHTeﬂBHO OKa3ad/1aCb MEHBIIIe Had 9,7% CYMMEBI MaccC CBO60,Z[HOFO 3JIEKTPOHA



Y TIPOTOHa ( Z (1,6735328-10 " k2 3a CUBT nedekTa Macchl Ipy 0Opa3oBaHUU
YEPHOU [IBIPHI.

[To BTOpOMY pe3y/ibTaTy BUHO, UTO I'PaBUTAL[MOHHAsI TOCTOSIHHAS YEPHBIX
AbIp Go OT/IMYaeTCst OT 0OBIUHOM rPaBUTALIMOHHOM TIOCTOSTHHOM G=6,6743-10 "' Ha
1,7 %. IlprunHa pacxox/eHusi oyzieT 00bsiCHeHa B 9TOM MCC/Ie[IOBaHUU.

Kak y>ke ObI/I0 HarvcaHo BblIllle, TPaBUTAL[MOHHbIE sTUeHKU-3apsi/ibl
oOMeHMBarOTCsl MeXXy co00l SHepruvei B BU/je TPaBUTOHOB. [IpuMeHUM K SHepruu

rpaBUTOHa (hopMyny (PoToHa:

eg:hy (1'8)

2dee, — JHePTUsi TPABUTOHA, e,=1,026788- 10’37,Z[>K.
h — noctosinHas [11aHKa, 6,62607 10> [IK-C.
y—uacrorac ', y=¢1,5496198 -10°° ¢ .

YacroTay rpaBUTOHA HAXOAUTCA B IPAMOHN 3aBHCHUMOCTH OT
OTHOIIIEHHA MACChI 3/IEKTPOHOB K Macce IIPOTOHOB B /IBYX IPaBUTALMOHHBIX
syeiiKax U B 00PaTHOM 3aBUCUMOCTH OT KO/IHYeCTBA CHJIOBBIX CBA3ed MeX/y

YdCTUIIdMHU B IIPOTHUBOII0/I0’KHBIX AYeHKax.

m o0
. k 2 i () me—[)' .
=, "nep. - {, -
4 2m .,l:k l[, m_ ¢ (1-9)
p+é n nep. 4 pto

(Manbliie B MCcief0BaHUKA KO3 QULIMEHT MepeBo/ia e JUHUL] U3MepPeHUiK ., =¢ 1c™'

oTobpakaTbcs He OyzieT, YTOObI He Tieperpy’kaTh (OPMYJIbI).
m,_,,— Macca 371eKTPOHa B FPaBUTALIMOHHOM sTUeHKe, KT.

m . ,— Macca IIpOTOHA B IPaBUTALMOHHOM SUelKe, KT.

n—{ KOJIMYECTBO CBSI3eH MEXAY YacTULIAMU, 20en=4.

ITosicHeHHe. DJIEKTPOH M3 CBOEH STUeHMKU UMeeT 2 CUJIOBbIe CBSA3U C
3JIEKTPOHOM M IPOTOHOM B JIpYTOM siuerike. ITpOTOH U3 3TOU TYEUKU TOXKe UMeeT 2
CUJIOBBIE CBSI3U C 3JIEKTPOHOM M MIPOTOHOM B [IDYTOU siuelike. B cymme
TOTY4YaroTCsl 4 CUJIOBBIX CBSI3U MEXY 4 4aCTULIaMU B [IBYX STUeHKaX.

Coegunum dopmyiel (1-8) u (1-9) 1 nonyurm ¢opmyay rpaBUTOHA:



_ﬁ me—ﬂ . _
® " 4m .(',6(1 10)

pt+o

m ..
e—{

C yuéTtom TOTO, UTO Mc=M, /"1y TIOJIYUUM ;=" ———¢
’ " 4m—m, .

6

Orcroga nosnyunM (popmMys1y Macchl 3/IeKTPOHA B siueiike YUEPHOM AbIPbI:

M _._sem_ 9 3637607 10 *kr (1-11)

h+de,

rae m=¢ 1,5115923- 10 ke (1-6)

Kak BuaiM, Macca 3j1eKTpoHa ™M, _;; B siueiike YépHOMU AbIPbI OueHb O/M3Ka K
Macce CBOOOTHOTO 3/IEKTPOHA, TJI@ M, _;—q 1093897-10 ;K. Pa3HUIIA MKy HUMH
cocrapmsiet 0,2542864-10°" kr unu 2,8 %. Ho nonHoro coemnajeHus 3/1eCh ObITH
He JI0J/KHO, TIOTOMY UTO 3/IeKTPOH BHYTPU STUENKH U CBOOOIHBIN 37IEKTPOH — 3TO
He OJIHO U TO Xe. FIMeHHO Takas Be/IM4rHa M, ;, II03BO/IW/IA B IIPUBE/IEHHBIX HIKE
pacuétax MoJyuuTb TOYHYIO MacCy aToma BOZOPO/a.

dopmyJsia Macchl Y1IEKTPOHA B siuelike (1-11) 6a3upyercs Ha Tpéx
¢pynpamenTanbHbIX pu3nuecKux KoHcranTax (h,q,c é,moromy uro B ocHOBe M.
U €, TO)XKe HaXOAATCA KOHCTAaHThI q M ¢ (1-2, 1-6). OTcroaa nosyuyum

caegywinyo gopmyy:

m -
e—i= ‘32\“2q32‘:9,3637607~10’31(, KT (1'12)
clh+16q°)

(KosdduipeHThl TepeBojja eJMHUL] U3MepPeHU 3/1eCh CIieliuaabHO He
yKa3bIBalOTCsl, UTOOBI He TieperpyaTh UCC/IeI0BaHue).

Tenepb BbIUKMC/IMM MacCy MPOTOHA B SUeKe:

m, —m-m 1,510 6559- 107 kv  (1-13)

Ecnu c/io>kuTh Maccy 371eKTpOHa B siuelike M, _;, ¥ S5KCIIepUMEeHTaTbHYI0
Maccy cBoOOJHOTO TIPOTOHA M-, 1,6726219- 107, TO MOMyumM:
m,.._.. 1,6735583 - 107 xr (1-14)

m,=m

e—i+4i
HOquEHHaﬂ Be/JIMYMHA mh IMPaKTHUYeCKH! IMOJIHOCTBIO COBIIaJia C

SKCIIePUMEHTa/ILHOM BeIMUMHOIN MacChl aTOMa BOZ0po/a, rae m,=¢ 1,6735575- 107

Kr. Pa3HOCTB MeXny m;, num, CoCTaB/IsieT OUeHb Ma/Iyl0 BeJIMUHHY:

Am,=m,—m,=8-10 *ke (1-15)



TakuM 006pa3oM, OTHOCUTEIbHOE pacXoXKaeHue =4 51077,

ITouTy MOJIHOEe COBMAZieHne m, UM,00bACHAETCA TeM, UTO TIPH
onpe/ie/IEHHbIX YCJIOBUSIX U€pPHBIE AbIPbI MOTYT POXK/AaTh aTOMbI BOZIOPO/ia C
O/IHOBPEMEHHBIM UCITyCKaHWeM HEUTPUHO. DTO MOKeT MPOUCXOIUTh MPU
TIOTJIOII|eHUH YEPHOM ILIPOU OUeHb 0OJIBITION YHEPTHH: HallpUMep, TIpU
CTOJIKHOBEHHH C JIPYTOM UéPHOM JILIPOH, 00/1a/1aro1e OrpOMHOM KHHEeTHYECKOH
sHepruel. (CuTyalus C NOCTyIJIeHWeM SHePruM HallOMUHAeT CUTYaL|io
bonbioro B3peiBa). B 3ToM ciydae B rpaBUTAL[MOHHBIE STYEHMKH, UMEIOLLIAEe
SHEprUI0 m,c’, OCTyIaeT BHellIHsAs 3HeprusiE . B pesy/bTaTe 3Heprus MpoTOHa
m ..., B sUeliKe YBeJMUMBAETCS POBHO Ha Be/IMUMHY E BIJIOTh [0 BEJIMUHHBI
3Hepruu CBOOOJHOTO MPOTOHAM, ., ;. [IpY yBeJIMUEeHUU SHePruu-MacChl MPOTOHA
13 STYEUKU BBITECHSIETCS HEe3HAUWTe/IbHAsi SHEPTUs B BUJIe MTyYKa HEMTPUHO:
e=Am,c’=7,19- 10"V (1-14). B utore rpaBUTaIL[MOHHAs stuelika IpeBpaIiaeTcs B
aToM Bojiopozia H;. [ToaTanHo poxkaeHue aToMa BOJOpO/a U3 sTUelKr YEPHOI
JbIPBI BBITJISIAUT TaK:
1)E+m.c® 2)(E+m

+m 3) mp+(;cz+me?[vrzk._c 4) Hl +e

p+ic’e e—ic’l
B COKpaH_[éHHOM BHe 06pa3013aH1/1e dTOMa BOAOpO/Jia H3 FpaBHTaHHOHHOﬁ
STUeVKU BBITJISIAUT TaK:

my=& My, 4+ M0 v
V — IIy4OK HeHATpHUHO, rae v=8-10""*kz (449 sB/c’i.

Kak y>xe ObI/I0 HalmMCcaHO OTHOCUTE/ILHOE PacX0oyKAeHre MeXIy
pacCUMTaHHOM MacCOM aToOMa BOJOPO/ia M 9KCIIePUMeHTa/IbHOU MacCOU aToma
cocrasjser 6=4 5-10.

Ecnu st moc/ieiyroIiiero CpaBHeHUs! CJI0XKUTh IKCIIepUMeHTalbHble MacChl
3/1eKTPOHA U TIPOTOHA, TO TO/TYUYHM:

M, M Lo 1003897-10 520 1,6726219- 1077 $1,6735328 + 107" ke

B pe3ysbTaTe pa3HOCTb C SKCIIepUMeHTabHOM MacCou M, COCTaBUT:

Am,={1,6735328 - 107 —1,6735575- 10 7' =¢ 2,47 10 2 KT.



OTO COOTBETCTBYET OTHOCUTE/ILHOMY PacXoXKzeHuto 6=¢ 1,5 -107° ¢
5KCIepUMeHTaTbHOM MaCcCOM aTroMa BOJ0OpO/a.

Kak Bugum, pacxoxenue 5-10° B 30 pa3 MeHbiie, uem 1,5 -107° .

BeiBoj: BricoKas TOUHOCTH onpeje/ieHUss MacCbl aroMa BOA0Po/a,
KoTopasi Jake 0e3 yuéra sedeKkTa Macchl B pe3y/ibTaTe Bbl/IeTa HEMTPUHO
CoCTaB/IfAeT 5-10 ', AB/IAETCA J0Ka3aTe/IbCTBOM MPAaBUWILHOCTH ()OPMYJIbI
Macchbl 1ekTpoHa (1-11), a Takke Apyrux ¢opmMysi, Ha 0OCHOBe KOTOPbBIX 3Ta

¢opmysia Obl1a OTyUeHa.

BepHémcsi K 00bsICHEHUIO MPUYMHBI Pa3HbIX BeJIMUUH IPaBUTAL[OHHBIX
TTOCTOSIHHBIX G G .

Hauném c Toro, uto Bcst Macca BceneHHOM KOr1a-TO HAXOAWIHMCh B OHOU
TouKe. B 3TOM TOUKe Ka)K/|asA rpaBUTAI[HOHHAsA sTuelKa Maccoi M. ObL1a
CBsi3aHa CO0 BCéMH JPYrMMU iYeMKaMU 'PaBUTOHHBIMH CBA3SIMH, KOTOpbIe
UMeJIM JHeprure,- B pesysibraTe boJibiioro B3peiBa Bc repBUYHast
CBepXIJIOTHasi Macca pasjieTesiach B CTOPOHBI U 00pa3oBasia 00bEMHOeE Bell[eCTBO
(r1a3Ma, ras, XXuaKoe, TBEP/j0e Bell[eCTBO). ITO 00bEMHOE Bell[eCTBO, KaK U
CBepXIUIOTHOE BeLL[eCTBO, TOXKe MOKHO Ipe/ICTaBUTh, KAK OTPOMHOe MHO>KeCTBO
IPaBUTALIMOHHBIX SUeeK C MacCOU M., U TPaBUTOHHBIMU CBSI3SIMU MEXY
siUelKaMU, PaBHBIMHU €. (DTO MOATBEPKIAETCS TEM, UTO aTOMBbI COCTOSAT U3
PaBHOI0 KOJIMUECTBa IIPOTOHOB U 3JIEKTPOHOB, a TAKXKe U3 HEUTPOHOB, KOTOPHBIE
TOXKEe MO>KHO Pa3JIOKUThb Ha Mapy M3 NpOTOHA U 371eKTpoHa). Ilpu boabmom
B3pbiBe rpaBUTOHHBIE CBA3M MeX/y AUeMKaMHU pa3/ieTeBIINXCA MacC
BBITAHYJ/IMCH B JJINHHbIE PAaBUTOHHbIE CTPYHBI, M 3T0 MHOXXeCTBO CTPYH

o0pa3oBasio eJUHOE rPABUTALMOHHOE MOoJ/Ie BcesleHHOI ¢ rpaBUTAl{HOHHOM

o €41
MOCTOAHHO# G=—"". [T03TOMY K/1acchyeckasi jopMyia rpaBUTALMOHHOTO M0/Ist

cl

Maccbl M B cocTaBe €I1HOI'0 'PaBUTALIMOHHOI'O I10J/1A BBIIJIAAWUT TdK:
M
E=G =
R

G — rpaBMTaL[MOHHAs IOCTOsIHHAS, I'le G=6,6743-10"
8



Pa3bepéM KonmuecTBeHHBIN cocTaB G:M 1 €.

3a Maccy M. rpaBUTALIMOHHON TUerKy 00BEMHOTO BelljeCTBa MOYKHO
TIPUHATH aTOMHYIO efuHuIy Macc (1 a. e. M.), Kotopasi paBHa 1,6605391-10 “'ke.
Orcroza nonyyum:

m,=(1,6605391-10 7xe  (1-16)

e 1 o
Teriepp Ha OCHOBe G=m—g TI0/IyYXM SHepruv0 rpaBUTOHHOU CBSI3U
cl

(rpaBUTOHHOM CTPYHBI) /17151 00 BEMHBIX MacC:
e,;=Gm,;=1,1082936-10 " e (1-17)
OTctofia BeJTMUMHA TPaBUTOHHBIX 3apsi/JOB Ha KOHI[aX CTPYH B 00BEMHOM

BelrjecTBe cocTapnsieT (1-2): q,=ve,,=3,3291042-10 ° Kn (1-18)

2.2. 'paBUTAI[MOHHBIE CTPYHBI MEXKy MacCaMU TIOCTOSTHHO KOJ1eOMoTCS.

HPI/I 9TOM KoJiedaTe/1IbHas CKOpOCTB Vv FpaBHTaHHOHHOﬁ CTDYHBI HAXOAUTCA B

00paTHOM 3aBUCHMOCTH OT KBaZipaTa eé JJIMHbI" ivzﬁ (2-1) wm y=¢é vd® (2-2)

OTcrofja moJ/iyurM KBaHTOBYO (DOpMYJly rPaBUTALIMOHHOUW CTPYHBbI:
e=Kyep.-hvd® (2-3)

e — SHeprusi rPaBUTALIMOHHOM CTPYHBI, 1,1082936-10 7 e (1-17)
h — nocrosinHas I1naHka, 6,62607 - 10> Ik c
v—{ KosiebaTesibHasi CKOPOCTh CTPYHBI, M/C.
d—{ pacCTosiHWe MeXAY MJIaCTUHAMU (JJIiHa TPaBUTALMOHHOM CTPYHBI), M.
K,ep. — KOI(PPULIMEHT TIEPEBO/A eIUHUL] U3MEPEHUIH,K o, =¢ 1y~

(Jasnblie B Mcc/iefOBaHUKA KOI(POULIMEHTK ., =¢ 1y~ 0TOOpaXkaThCs He
OyzeT, uToObI He TieperpyaTh (hOpPMY/JIbl).

[TpumeHuM 3Ty (hopmMyJly K 3KCIIepuMeHTy. /st 9Toro pacCMOTpyUM

B3aMMO/IEICTBHE /IBYX OTLIIM(OBaHHBIX He3aps’KeHHbIX Mapasule/bHbIX MJ1aCTHH,
KOTOpbIe TIOCTEIeHHO COMKaroT MeXKy co0oi. Takoi ombIT rpoBoauscs B 2012

roay uccjaenoBaresiMu CDJ'[OPI/I,[LCKOFO YHUBEPCUTETA AJId U3MEPEeHUA CHUJ/IbI

Kasumupa. https://www.nature.com/articles/ncomms2842



B 3TOM 3KCIIepumeHTe UcciejoBaTeny u3Mepsiu cuiny Kasummupa
CrieLiMasbHbIM YCTPOMCTBOM. Y CTPOMCTBO paboTaio B aBTOMAaTHUYeCKOM peXXUMe U
6110 cCHabKeHO TIPUBO/IOM, KOTODLIM pery/iMpoBa PaCCTOSTHHAE MEXKIY
rapasuie/lbHbIMU IJIaCTUHaMu OT 1,92 HMm 10 260 HMm.

N3 popmybl (2-3) BUAHO, UTO MO Mepe YMeHbIIIeHUs] paCCTOSTHUS d MeXY

IJIaCTUHaMH yBe/IMUMBaAeTCA KoJiebaTe/ibHas CKOPOCTB V IrpaBUTAlMOHHBIX CTPYH:
e
V= 2 (2'4)
hd

KonebartenbHast CKOpOCTh TpaBUTALIMOHHOM CTPYHBI UMeeT BepXHUH Tpejier,
KOTOPBIM paBeH CKOPOCTH PacCIpOCTPaHeHUsI CBeTa B BAKyyMe, TO €CTb V= C.
Ortcrofa ciieyet, UTO JO/DKHA CyLeCTBOBaTb MUHUMAJ/IbHASA [/IMHA
I'PaBUTALIMOHHOM CTPYHBI d, (W1 MMHUMAa/IbHOE PACCTOSTHHE MEXXY TUIaCTUHAMHU ),
Ha KOTOPOM 3Ta CTPyHa «00pbIBaeTCsi». [IprMeHNM BBILLIECTOSIIYI0 GOPMYJTy U
[I0JIyUUM:

d,=1—==0,7469457-10 °m (2-5)
9 Vhc

[MonyuenHast BenuurHad ;=746 ,9457 H M yBepeHHO COIJIaCyeTCs C
pe3yJibTaTaMy 3KcrnepuMeHTa PIopuACKOro yHusepcurera. B 3ToM skcrniepumMeHTe
cwia Ka3umupa cymecTBeHHO TIPOsiB/Isiia ce0s yyKe Ha paccTosiHUU 260 HM.
CrnepoBaTesibHO, 3apoXKeHre Cuibl KasuMupa mpoucxouT Ha pacCTOSTHUN
6oJibie, yem 260 HM. [TosTOMy paccTosiHue 0,7469457-10° m HaJj0 pacCMaTpUBaTh
Kak pybex, rie rpaBUTALIMOHHOE B3aUMOZeNCTBYe TTePexX0/IUT B PA3HOBUIHOCTD
3/1eKTPOMAarHMTHOTO B3aMO/eUCTBUSA B BuZe cuibl Kasumupa. OTcroza MOXXHO
CZiesiaTh Ba)KHbIM BbIBO/: paccTosiHue d,=0, 746945710 °m AB/AAETCA HUKHUAM
npeie/ioM AefiCTBUS TPaBUTALIMOHHBIX CHJI.

Kak y>ke ObI/I0 HarvcaHo BblIllle, TIPU CO/MKeHUU TIJIaCTUH (sSiueek) Ha
paccTosiHue 0, 7469457 -10~° M TpaBUTAL[MOHHbBIE CTPYHBI PBYTCSI U C 3TOr'O
paccrossHus d,=0,7469457 - 10" M HAYMHAET [|eHCTBOBATH CHJ/IA Ka3summupa.

TEHEPL BBHHMOAEIZCTBHE MeXAy IjiaCTUHaMHn (H‘—IEI‘/JIKaMI/I) OCYILIECTBJIAETCA

10



nocpeictTBoM (hoToHOB. HauanbHasi s3Heprusi E,3Tux oTOHOB orpefensieTcs uepes
popmyy:

EO:h§:¢1,3297123. 10 Ik (2-6)

20e A — IyIiHa CTOsiuel BO/IHBI (DOTOHA MeXXy siuelikamMu (TiJlaCTHHAMM),
rae A=2d,=1,4938914-10 °m

[Tpu cOMvyKeHUM TUIaCTUH JI/TMHA BOTHBI ()OTOHOB CTAHOBUTCSI KOpOUe, U C
yMeHbIIIeHUEeM JIJIMHBI BOJIHBI pacTéT 5Heprust (poToHoB. [Ipy 5TOM, Kak M3BECTHO
Y3 3KCIIepUMeHTOB, cv/a Ka3sumupa Bo3pacTaeT Ha OTpe3Ke IPOKJeHHOTO
TIJIaCTHHAMU PAaCCTOSIHYSI Ha 2 CTereHH 0oJIbIe, YeM 3/IeKTPOMarHyiTHasi Chia Ha
TaKoM >ke oTpe3ke nyTu. Ciie[joBaTe/bHO, SHeprusi (hOTOHOB TIpHU 3 eKTe
Ka3umupa OyzieT Takke YBeJTMUMBATLCS HA 2 CTeNeHH 00JIbIle, YeM SHEPrHsi
($hOTOHOB MpHY 0OBIYHOM 3/IEKTPOMAarHATHOM B3aUMO/IeHiICTBMHM Ha TAaKOM >Ke
PacCTOSTHUM.

OTcrofa cieflyeT, UTo MpHY MPOXOXK/IeHWUHU T/IaCTUHAMU BCEro PaCCTOSTHUS

d,=0,7469457-10 ° m (TO €CTb TIPH MTOJTHOM COJIMPKEHUH TIACTHH) SHEPrust

repBoHavaibHOTO (oTOHA E BhIpacTeT 10 MakKCMMyMa 1 COCTaBUT:

- -
E, =l h?:8,9009973-10 Sl (2-7)

3ameTHM, uTO BemuurHa E,I104TH cOBMaziaeT C S3Hepruei MoKosi 1eKTPOoHa,
raeE,=m,c’=:8,1871112 -10™** [I)x. Pa3Hu1ja MeXXy HUMM COCTaB/IsgeT 8 %: Ae={
E,o—E.=¢0,7138861-10"" XK.

OTcrofia MOXKHO CZIeJiaTh BBIBOJI, UTO TP JOCTWKEHUH [JOCTAaTOUHO y3KOH
miesiu A d, MeXxly TUIaCTUHAMM Aa/ibHelIIee B3auMOZeHCTBHE MEXY TIaCTHHAMU

OCYIIECTBJIAETCA Uepes3 obmeH 3JIEKTPOHAMM. Pa3Mep 3TOM e/ paBeH:

| E
Ad,id,|1— Ee =3,0579583-10 ° M  (2-8)

max

Ha stoMm paccrosiuum 30,6 HM Mexxzy I1acCTUHAMY SHeprus 3J1eKTPOHOB

paBHa: m,c’=8,1871112-10 ** Jorc . JlanbHeliinee cOMMKeHMe TIACTHH NIPUBOJUT K
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YBeIMUeHHIO SHEPIUH /IeKTPOHOBE 3a CUéT MOsAB/IeHNST KWHETUUYECKOH SHepPTrUuu
Ein:

E=m,c*+Ey, TAe 00 Ey;,<( 0,7138861-10 " Dk (2-9)

ITpu nonHOM cOIkeHnu riacTul (korgak,, =8,9009973-10 107 o)
5/IEKTPOH TIePeX0OUT Ha 00IIyt0 OPOUTY MTPOTHUBOIIOIOXKHBIX ATOMOB.

Ha 0CHOBaHMH BBIIIEN3/I0K€HHOI'0 MOXKHO TTPe/TI0/IOKUTh, UTO eC/IH
HarpaBUTh B I1je/b pasmepom A d,<é 30,6 HM UHTEHCHBHOE PeHTIeHOBCKOe
W3/y4eHKe, TO U3 ITOM ITeJIM MOT'YT ObITh BHIOUTHI 371eKTPOHbL. ([IpH 1[e/Id MeXIy

rtactuHamu A d,>30,6 HM sMpCCHE 371IeKTPOHOB OBLITH HE JOJDKHO).

2.3. 'paBUTOHHBIE CBSI3U MEXKAY TPAaBUTAIJMOHHBIMU sTUeHKaMU SIBJISTIOTCS
TIPUYMHOM TTOSIBJIEHHUST CBOOOJHBIX I'PAaBUTOHOB B KOCMOCE. JTO, B YaCTHOCTH,
TTPOMCXOZUT TIPU CTOJIKHOBEHUU UEPHBIX ABIP. [Ipy 3TOM BHYTPH UEPHBIX JBIP
TIPOMCXO/UT Upe3BbIUaitHO OBICTPOE TIepeMelrieHre IPaBUTALMOHHBIX sTUeeK
OTHOCHTEJILHO JPYT Jpyra. B pe3ynbTaTe rpaBUTOHHBIE CBSI3U MEXKY sTueliKaMu
YaCTUYHO OTPBLIBAFOTCS, U OCBOOOIMBIIIASICS YHEPTHS B BH/Ie CBOOOZHOTO
I'PaBUTOHA BBIPBIBAETCS HAPYXKY. BeiieficTBre 3TOro 06CTOSITE/IHCTBA SHEPTHS
cBOOOHOr0 rPaBUTOHA e, OyieT BCerja MeHbIle SHePTUK TPaBUTOHHOM CBSA3U
MeXy Sueiikamu e, =1,026788-10 " [k, To eCTb e,<6,4087068-10 " sB/c’.
CremoBaTe/IbHO Macca TPaBUTOHA JI0JDKHA HAXOAUTRCS B Auara3zoHe: 00 m, ¢
6,4087068-10" " sB/c* (2-1)

OTOT TeopeTHUUeCKU BLIBO/] TIOITBEP>KIAETCS pe3ybTaTaMu
actpodusnueckux Habmoaenuii. 11 ¢erpasns 2016 roga komtaboparus LIGO
00BsIBH/IA O TIepBOM HabJ/TFOZIeHUM IPaBUTALIMOHHBIX BOJTH B pe3y/ibTare
CTONMKHOBeHMs ABYX uépHbIX AbIp. C Tex mop LIGO coobiiuma o
HOBBIX HAaOFOZIEHUSIX TPAaBUTAIJMOHHBIX BOJIH OT C/TUBAIOIIUXCS IBOMHBIX UEPHBIX
ne1p. I1o pe3ynbTatam HaO/MOeHUH BEPXHIOIO TPAHHUIy MacChl FPaBUTOHA
OLIeHW/I, KaK M, & 1,2 107 ?3B/c.

ITOT pe3y/IbTaT OPraHUYHO BNHCHIBAETCS B MO/ TyYeHHBIHN JHaNa3oH
3Ha4YeHHMM Macchl rpaBuToHa: 001,2 <10 % 5B/c*<6,4087068-10 " sB/c’.
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Takum 06pa3om, pe3yabTaThl aCTPOPU3NUECKUX HAOIIOIeHUM
MOATBEPXXAAOT AUATa30H 3HaUeHWU MacChl rpaBUTOHA (2-1), 3a rpe/iesbl
KOTOPOT'0 Macca rpPaBUTOHOB BbIXO/IUTh He MOXKeT. [Ipy 3TOM rpaBUTOHBI MOTYT
VMeTh CaMble pa3Hble MacChl B 3TOM JUaria3oHe.

https://en.wikipedia.org/wiki/Graviton

https://en.wikipedia.org/wiki/Gravitational wave

3. Pe3ysibTarthl.

OrnipefiesieHa SHEPTUs CBS3W MeXK/ly TPaBUTAl[MOHHBIMU STUelKaMU UepHOMN
JBIPBI U Macca rpaBUTALIMOHHBIX siueeK. Ha 3Toii ocHOBe Obljia rosiyueHa
KBaHTOBas (hopMyJia rpaBUTOHA U (hOpPMYyJsia MacChl 37IeKTpOHa Ha 6a3e Tpex
(dyHIaMeHTa/lIbHbIX KOHCTAHT: h, q, . 3TO M03BOMIIO OMpefennuTh Maccy aroma
BoZiopoza. [TonyueHHasi Macca coBrasa C 3KCllepUMeHTa/IbHOM MacCou aToMa
Bo/10poZia. OTHOCUTETbHOE PACXOXKEHNEe MeXKIy HUMU COCTaBU/IO BCero 5-10 .
OT0 pacxox/eHure 00bsicHsieTcs1 AeheKTOM MacChl B pe3y/bTaTe BbljieTa HeUTPUHO,
UYTO MO TBEp)KAaeTcs IpUBeEHHbIMU paCuéTaMu.

bblna nonyueHa kBaHTOBasi (popMysia rpaBUTALMOHHOW CTPYHBI. JTa
dopmya Obisa MpUMeHeHa K pe3y/ibTaTaM 3KCIIepUMeHTa 10 u3yueHuto 3¢ dekra
Ka3umupa no c6/mxeHUIo napasiebHbIX MaacTud. HoBasi popmysia mo3Bosuia
omnpe/ie/IUTh HYXKHUM TIpefiesT 1elCTBUS TPaBUTALIMOHHBIX CUJ (746 HM), KOTOpPbIU
coBMas ¢ HauaioMm felictBus 3¢ dekra Kasumupa. Takxke G710 ompejeieHO
paccTosiHue Mexxay ractiHamu (30 HM), Ha rpaHuiie KoToporo obMeH hoToHaMu
MEXKJy aTOMaMHU 11epexoJuT B 00MeH 3/1eKTPOHaMHU.

B 3TOM HccnejoBaHuM OB OTIpe/iesiéH BepXHUM Mpefiesl MacChl TPaBUTOHA.
[TonyuyeHHBbIV pe3ynbTaT MOATBEP)KAAETCS pe3yabTaTaMH aCTPO(pHU3NUeCKIX
Hab/roieHn , TIpUBeIEHHBIMU B 3TOM CTaThe.

bbina nonyueHa ¢opmyJia rpaBUTAaLIMOHHOM MOCTOSTHHOM, a TaKXKe

Tipe/iCTaBJIeHbl pyrye pe3y/bTaThbl, UMeIoLlie HayuHOe 3HaueHue.

4. 3aK/IIoueHue.
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https://en.wikipedia.org/wiki/Graviton
https://en.wikipedia.org/wiki/Gravitational_wave

OTO HcciejoBaHNe TIPOBe/IeHO Ha TeopeTHuecKoi 6a3e, OCHOBaHHOM Ha
CyLLIeCTBOBAaHUM I'PAaBUTALIMOHHBIX CTPYH M I'PaBUTALMOHHBIX sTYeeK. JTO
aBTOPCKOE HOBOBBe/IeHHE MMO3BOJIUJIO TIOTYUHUTh 3HAUMTE/IbHbIE HayUHbIe
pe3ybTaThbl. OTIMUKTE/IEHOW 0COOEHHOCTBIO 3TOTO UCC/Ie/JOBAHKS SIBISIETCS TO,
YTO BCe To/TyUeHHbIe (h)OpMYyJibl OMHUParOTCs Ha (hyHjaMeHTalbHbIe (hH3udecKre
TOCTOSTHHBIE (, C, h (HaripuMmep, (hopMysia rpaBUTALIMOHHOM CTPYHBI, (hopMYyJia
MaccChl 3/IeKTPOHa, (popMyJia MacChl aToMa BoZiopoja u Ap.). ccienoBanue B 3TOM

HallpaBJIEHWH IIPOAOJ/IXKaeTCl.

5. Jeksapauus

1. ABtop uccienoBanusi: AH/peli UepHOB.
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