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Peann3oBana cxeMa H3MEPEHUS TPABUTAIIOHHOTO CMEMIEHHS 9aCTOTHI BOJOPOIHBIX YaCOB MPH
HX IEPEMEILECHUU MEXIY ABYMs TOUKaMU, PACIOIO0KEHHBIMY Ha PAa3HBIX OPTOMETPUUECKUX BBICOTAX
C OJTHOBPEMEHHOH Nepeiaueii CUrHasia 4epe3 paguo- 1 ONTOBOJOKOHHYO JTMHHHU CBSI3H.

IIpakTuyeckuil HHTEpEC K UCCIEOBAaHUSIM I'PaBUTALIMOHHOIO CMELICHUS 4aCTOTHI KBAHTOBBIX
CTaHJIapTOB CBsI3aH C HEOOXOMMOCTBIO €ro y4eTa JUIsl HOBBIILICHUS] TOYHOCTH B HABUTAIIMOHHBIX CITyT-
HUKOBBIX cHcTeMaxX. Takue u3MepeHus BBINOIHSINCH C TOMOIIBI0 KOCMHYIECKOT0 KaHalla CHHXPOHH-
3aIU{ [0 CUTHAJIaM II00ATbHBIX HABUTAIIMOHHBIX CITyTHHKOBBIX cucTeM. OCOOEHHO 3TO CTajlo aKTy-
QJIBHBIM IPH TTOBBIIICHHN METPOJIOTHYECKUX XapaKTEPUCTUK KBAaHTOBBIX CTAaHAAPTOB YacTOTHI M Bpe-
MEHH, B YaCTHOCTH, C MCIIOJb30BaHHEM TPAHCIOPTUPYEMBIX YaCOB HA OCHOBE ONTHYECKUX PELIETOK
TIpH NIepejade CUrHaNa Yepe3 BOJIOKOHHO-ONTHYIECKHE TMHUH CBsi3H. C IPpyroi CTOPOHBI, € HCHOJNIB30-
BaHHEM KBAaHTOBBIX YAaCOB BBIINOJIHAIOTCA U3MEPEHUS PA3HOCTH OPTOMETPHUYECKUX BBICOT C UCIIOJIB30-
BaHHEM METOJa PEJIITUBUCTCKOH CHHXPOHHU3AIMH ¥ OJJHOBPEMEHHOTO UCTIONB30BaHus 3¢ dexra kpac-

" Cmamos nonyuena 29 aszycma 2024 2.

Paboma evinonnena 6 pamkax npoexma «Paszpabomxa u uccredosanie npopuléHbIX MEXHOAOUL
6 obracmu QusuyecKoll U persmueUCMCKOU 2e00e3ull 8 UHMepecax pa3gumus QyHOAMEeHmMAaIbHO20
obecneuenus cucmemvt I JTIOHACC» (HUP «'EOTEX-Keanmy).
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HOT'O CMEILEHHS CTaHJapTa YaCTOTHI BCICICTBUE 3aMEIJICHHUS! BPEMEHH B IPaBUTALIMOHHOM HOJIE U -
(hexTa KpacHOTO CMEIIeHUS (POTOHOB, MPEOTOJIEBAIONINX IPABUTAIIOHHOE TOJIE.

B Hacrosieii paboTe npeacTaBieHbl pe3yiIbTaThl U3MEPEHHs TPAaBUTALIMOHHOTO CMEIICHHUS Ya-
CTOTBI BOJOPOJHBIX YacOB IPH UX MEPEMEIICHHN MEXIy AByMs TOUKaMH, PacIONOKEHHBIMU Ha pa3-
HBIX OPTOMETPUYECKUX BBICOTAX C Iepejaueii CUrHajla yepes3 ONTOBOJIOKOHHYIO JIMHUIO CBSI3U U 110
paguokaHaiy. B mepBoM ciydae 1o ONTOBOJIOKOHHOM JIMHHU CBSI3H IE€PEAaBalIOCh H3TydeHNE ANOMI-
HOTO JIa3epa Ha JAJIMHE BOJHEI 1,5 MKM, aMIUTUTYJHO-MOIYJIHPOBAHHOE CHTHAIOM OT TPaHCIOPTHpPYe-
MBIX BOJIOPOJHBIX YacoB Ha yacTtoTe 10 MI'L, koraa B kauecTBe penepa UCIOIb30BATHUCH CTALHOHAP-
HBIE BOJIOpoAHBIe Yackl. [lepenaya mo pajgnokaHay OCYMIECTBIUIACH IO KOAKCHAIEHOMY pajioda-
cToTHOMY Kabemnro. M3mepeHus: IpoBoAMInCh Ha Teppuropun 3anaaHo-Cubupcekoro Gpunmnana OGITYIL
«BHUUDTPW».

KitoueBbie C0Ba: BOJOKOHHO-ONTHYECKHUE JIMHUM CBS3H, aTOMHBIE 4Yachl, BOJAOPOIHBIA CTaH-
JapT 4aCTOThI, OPTOMETPUYECKAs BHICOTA, [PABUTALIMOHHOE CMEIIIEHHE YaCTOThI, OTHOCHTEIIbHAS pa3-
HOCTb YacTOT, IIepeiaua YacToThl, pa30BOe KOMITAPUPOBAHUE

BBEJIEHUE

[NepBbie n3MepeHHs TPaBUTALIMOHHOTO CMEIICHHUS YaCTOTHI OBLTH BBHITIOTHEHBI
B cepun dkcnepumentoB [laynma, Pe6ku u [lnaiinepa (Pound — Rebka — Snider)
B Havgasre 1960-x Ton0B ¢ ucmonp3oBanueM 3¢ dekra Meccbayapa [1-3].

B Hacrosmieii paboTe ObUIH POBEACHBI U3MEPEHHS TPABUTAIIIOHHOTO CMeTIle-
HUSI YaCTOTHI BOJOPOAHBIX YacOB MPH MX TEPEMEIICHUN MEXIy IBYyMs TOUKaAMH,
PacIoNoKeHHBIMH Ha Pa3HbIX OPTOMETPHUYECKUX BBICOTaX. MIcX0/Is U3 MOITydeHHBIX
3HAYCHUHA CpEIHEH OTHOCHUTENBHOW PAa3HOCTHOM YAaCTOTHI OBLI MPOBEICH pacdyeT
Pa3HOCTH OPTOMETPUYECKUX BBICOT B 3aBHCUMOCTH OT IOJIOKCHUH MEPEBO3UMBIX
KBaHTOBBIX 4acoB. V3MepeHwus MPOBOAMINCH TP OJHOBPEMEHHOH Iepeaade CHT-
HaJla TI0 PaJlO0YacTOTHOMY KaOeTFHOMY H 10 BOJOKOHHO-ONITHYECKOMY KaHaJlaM.
[Ipu 5TOM H3MeEpEeHUsI, MPOBOIUMBIE TIO0 OIITUIECKOMY KaHAIy, UMEIOT OOJIBIIYFO TO-
TPEIIHOCTh. DTO OBLIO CBS3aHO C TEM, YTO BBIXOJHOW CHUTHAT MOAYJISATOPA CHIBHO
MCKa)XalCsl C TeYSHHEM BpEMEHH BCIIEACTBHE HECTAOMIBHOCTH ero pabodei xapak-
TEPUCTHKH.

1. OCHOBHBIE COOTHOILIEHUS

B o0mieMm cityyae ¢ yueToM MomnpaBoYHOro KO3QQHIIMEeHTa O K 001Iel Teopun
OTHOCHTEIbHOCTH DHHIITEIHA pa3HUIIa YaCTOTHl 4acoB AV =V| —V, IpH IoMele-

HUM UX B IBYX Pa3/IMYHBIX 'PaBUTAIMOHHBIX OTCHIIUAIaX ch u ch BBIYUCIIACTCA

o hopmyiie
AD
Av=v0(1+oc)—2. (1)
c
3mecb V( — uacToTa TeHeparopa B OTCYTCTBUE TIPABUTALMOHHOTO OIS,

a AD=®; —D,. B cepunt pa3Iu4HbIX IKCIIEPIMEHTOB C HCIIOIb30BAHHEM TPaHC-
MOPTUPYEMBIX YacOB HA OCHOBE OMTHUYECKUX PEIIECTOK 3HAYCHUE () C TOYHOCTHIO

JIO TIOTPEIIHOCTH U3MEPEHU HE TTPEBBIIIANIO0 BEIUUUHY 107 [13]. B cBsi3u ¢ aTum
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B HacToALlel paboTe OyIaeM paccMaTpuBaTh 3a/1ady B paMKax oOLIel TeOpUuu OTHO-
CUTENBHOCTH, Koraa oL = 0. OTMETHM, YTO 4acTOTa YacoB C YBEJIWYEHUEM I'paBUTa-
IIMOHHOT'0 IOTeHIMana OyIeT YMEHbIIAThCS, TOCKOIbKY BenuunHa @ sBnsercs oT-
puLarenbHONU BeIMYUMHOU. «IIoKkpacHeHMe)» 4acTOThl 4aCOB MOKHO YIPOIICHHO UH-
TEPIPETUPOBATh KaK HAIMYUE JONOIHUTEIBHOIO «TPEHUSD, KOTOPOE UCIBITHIBAOT
KBAaHTOBBIE OCLMJUIATOPHI, IOMEIIEHHBIE B IpaBUTalMOHHOE none. C pocTOM BbI-
COTHI BIIMSIHHE I'PAaBUTALMOHHOIO MOJIs OyAeT majnaTh, a 4acToTa KBAHTOBBIX 4acOB
Oyzer Bo3pacTaTb U CTPEMUTHCSA K HEBO3MYILIEHHOMY 3HA4EHUIO V) .

Jlist u3MepeHns pa3sHOCTH TPAaBUTAMOHHBIX MOTEHITHAIOB HEOOXOIUMO BBI-
IMOJIHUTHb UBMCPCHU Pa3HOCTH YaCTOT 4YaCOB KaK B O)Z[HOI\/‘I U TOHU XKe TOYKE, TaK U IIPU
MepPEeMENICHUH OAHOI0 U3 CTAHJIAPTOB B JIPYTYIO TOUKY.

[Ipumem, 49TO cramMoOHApHBIE Yachl OYAyT PacIolaraTtbCs TOJBKO B OJHOU
Touke 1, re yacrora

)
Va1 =Veo| 1+ |, 2)
C

a BTOpBIE TPAaHCIOPTUPYEMbIE Yachkl MOTYT pacrmojiaraTbcs Kak B TO4ke 1, Tak
u B Touke 2. [Ipu 3TOM nX 9acToThl OyAyT PaBHBL:

D

Vi1 =Vio 1"'_21 ; (3)
C
O]

Via =Vio| 1+ | (4)
C

3neck Vg U Vg — BUPTYalbHbIE YaCTOThl CTALMOHAPHBIX U TPAHCIIOPTUPYEMBIX
4acoB B OTCYTCTBHE I'PaBUTALMIOHHOTO 110J1s1. BBenem o0o3HaueHue:

Vi =Vso(l—x). (5)

[Tocne mpocThix npeoOpa3zoBaHuil, BBOAS 0003HAYEHHE PAa3HOCTH YACTOT Ya-
COB, MOMEIICHHBIX B EPBYIO TOUKY £21] =V — V;1 , OIY4YUM

D
QH:VSOx 1+—21 . (6)
C

[Ipu nepeMeleHrH TPAaHCTOPTHPYEMBIX YaCOB BO BTOPYIO TOUKY UX YaCTOTA
Oymer paBHa

o
Vi3 =Vo(1—x) 1+—22 . (7)

c
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BMmecTte ¢ TeM Ui M3MEpeHUsT pa3HOCTH YacTOT KBAHTOBBIX YaCOB, PACIIOJNO-
JKEHHBIX B JIByX Pa3jM4YHBIX TOYKAaX, HEOOXOJUMO TepeaTh CUTHAT OJHUX YacoB
B TOUKY pacnoioxeHust Apyrux. OObIMHO JUIst OTOrO yuuThIBaeTcs (ha3oBblii Haber
JIIEKTPOMATHUTHON BOJIHBI, PACHPOCTPAHSIONICHCS B HAMpaBJICHHUH OT IEHTPA
3emumn uepe3 3aganabie Touku 1 u 2 [1-3].

31ech pacCMOTPUM 3TO SIBIICHHE C HECKOJIBKO APYrol cTopoHbl. Kak u3BecTHo,
Macca (poToHa IPONOPIHUOHAIILHA €T0 YacTOTE:

E=hv=mc>. (8)

Hazn moBepxHOCTBIO 3eMIIM CHITa BO3JICHCTBYSI TPABUTALIMOHHOTO TOJIS Ha (ho-
TOH OyJIeT HallpaBlieHa K IIEHTPY 3eMJIM U paBHA

GM

r 2

F=-gm=- m. )

Torna u3menenue >Heprun GortoHa dE Oyner ompememsTbesl COBEpLIaeMOn
paboTo¥ B rpaBUTALIMOHHOM IIOJIE:

_GM

2

dE =

mdr. (10)

[Mockonbky sHEprus (OTOHA CBSI3aHA C €r0 YaCTOTOM, TO MPH MepeMelneHr: GoToHa
U3 TOUKHU 2 B TOUKY | B IIPEIIOJIOKEHUH V5 = vi 5 =V MOXHO 3aIUCaTh CIAEAYIOIIEe
PaBEHCTBO:

1
Vio~Vio _E1 -

(11

Y hv

Wnterpupys (10), momryuum

1
VooV _M|\Nn=h | (12)

A% C2 nn

3mecn vl — 3HaueHME YACTOTHI TPAHCTIOPTHPYEMBIX 4acoB, NepeJaHHON U3 TOUKH 2
12

B TOUKy 1. U3 mpencTaBiieHHOTO BEIpaXKEHUS CIIEAYET, YTO IPHU JABIKEHUH (DOTOHOB
OT IEHTpa IUTAHETHI OyAET MPOUCXOANTh UX «IIOKPACHEHHE», a TIPH HalpaBICHUN
U3JTy4eHUsl K IEHTPY 3eMJI yacToTa (POTOHOB OYyJIeT BO3pacTaTh.

D PexTUBHBIN IpaBUTAIIMOHHBIN TOTeHIIHAT O BO BpaIaroIIencs: CHCTEME KO-
OpIIMHAT BKIIFOUAET CTATHUCCKHI IPaBUTAITMOHHBIN TOTCHIMAI V' ¥ IEHTPOCTPEMU-
TEJIbHbIA TTOTEHIMAJIbHBIN YJIEH, KOTOPBII OMpPEAENSIETCS YII0BOM CKOPOCThIO Bpa-

meHud 3eMiId og =7,2921 151467-107 paz[-c_l, paguycoM A0 LEeHTpa 3eMiH 7
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U IOJISIPHBIM YTJIOM 6, HU3MCPCHHBIM BHH3 OT OCH BpaH.IaTeJ'IBHOﬁ CHUMMCTpPUHU. B nep-

BOM IIOPSIJIKE 110 ManocTu V' / ? CIIPaBEUIMBO COOTHOIIEHUE [5]

. 2
2;_12 l(mErsm(Bj ' (13)
c” ¢ 2

c

LenTpocTpeMHuTEIbHBIN TOTEHIMAIbHBIN 4eH OyleT UMETh HyJIeBble 3Haue-
HUSI Ha TOJIIOCaxX M MaKCHMAaJIbHBIE Ha 9KBATOpPE, TJe BOJIU3U MOBEPXHOCTH 3eMIIH

-11
(r = @) ero 3HaueHne He OYIET MPEBHIIATh BEIMIUHEI 10 .
B ciyuae, korma 9acel pacmoioKeHBI HaJl IIOBEPXHOCTHIO 3emid (7 > a), cTa-
TUYECKHI MOTCHIIUAN ONPEACISACTCS BRIpaXKCHUEM [ 5|

a

2
y=-t 1—J2( ] Py (cos®) | (14)

r r

Toraa rpaBUTAIIMOHHBINA TOTEHITNAI B 33aHHOM TOUKE

2
q):_% 1_J2(ﬁj P, (cos®) —l(wErsin®)2, (15)
r r 2

a pa3HOCTb MOTEHIMANOB OyAeT paBHa

a

7

CDI_(D2 Z—&‘f‘&‘f‘i‘]z(

2
J Py (cos®,) -
onn

2 o 2
LA (fj Py(c0s©)) —L[(r2 sin©,) — (1 sin @1)2} .
2

l"l r

[eoneHTpUUecKas rpaBUTalOHHas nocTosiHHAss W= GM g, 3HaYeHue KOTo-

poH paBHO 3,986004418-1014 M /c? (G — rpaBuTaunoHHas noctosiHHas Hpro-
toHa, My — macca 3emnn), K03p(UIUEHT KBAAPYNOJIBHOTO MOMEHTa 3eMin
Jy, = 1,0826300-10_3, SKBaTOPUANBHBIA paguyc 3emiud a = 6,3781370~106 M,
noiauHoM Jlexxanapa BTopoit creneHu P, (cosB) =[3 cos? 0 - 1]/2, 3HadyeHUE KOTO-
poro MoxxeT MeHsThes oT —1/2 Ha HOxHOM momtoce 1o 1 Ha CeBepHOM moitOCce
U PaBHO HYJIO B «OCOOBIX» TOUKaX IpPHU 0 =arccos3™ "2, xorma 0, = 54,73550

u 0,=7—54,73550 (a cooTBeTCTBYIOIIME MIMPOTHI PaBHBI £35,2645°).
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Hatinem n3menenue rpaButaiiuoHHoro norennuana A® npu Ar/r, AB < 1:

A 3J2[a
Ap="HR o
ror 2 w

2
3cos? @1
j ( )_ (DE2r3 sin?©

2 2
~A® 3—“J2(ﬁj sin20 - £ (42 in20) |.
2r r 2

B o6mem ciryuae amst qr00bIxX 6 Kak BTOPOM, Tak M TPETUH cliaraeMbie B IEPBOU
KBaJIpaTHOM CKOOKE He TPEBBIIIAIOT BEJTMYHHBI JIOJTU MPOIICHTA, 4 YWICHOM C MHOKU-
tenem AO ipu A < Ar/r ¢ Tako# ke TOrpenIHOCThI0 MOXHO IpeHeOpeub. B pe-
3yJbTaTe B MIEPBOM MPUOIMKCHUH PA3HOCTh TPABUTAIIMOHHBIX MTOTEHIIMATIOB Oy IeT
MPOTOPIUOHAIIFHA PA3HOCTH OPTOMETPUIECKUX BBICOT:

Acp:“—AZ’. (16)
r

ITocne moactanoBku BeipaxkeHus (9) B (15), ocTaBisist 4ieHBI IEPBOTO MOPSIKA Ma-
JIOCTH, TIOITy9UM

1 O, uin-n
Vi =Vg0 1—x+—2——2 — . (17)
¢\ nn

B a3ToM ciydae pa3HOCTh 4acTOT MEXIy CTAIMOHAPHBIMU YacaMH W H3ITyYEHUEM
TPAHCIIOPTUPYEMBIX YacOB OyJeT paBHa

Win—n
912 =V X+2—2 (18)
C nmn
1
31ech BBEJIEHO 0003HaUeHHE Qi) =V — Vo .
Ecnu u3 Beipaxkenus (9) Beraects paBeHCTBO (16), TO MOYKHO TTOTYIHTh
n—r
Qll_glzz_vso x+2% 1 2 (19)
¢\ nn

U3 mpeacTaBieHHOTO BBIPAKECHHS CIEAYET, YTO Pa3sHOCTh OPTOMETPUYCCKHX
BBICOT MPOTIOPIIMOHATbHA PA3HOCTH U3MEPEHHBIX 3HAYCHHI OUECHHIA YaCTOT CTAIH-
OHapHBIX M TPAHCIOPTHPYeMbIX 4acoB €211 —£2|,, KOrga CTalMOHApHbIC Yachl
YCTAHOBJICHBI B TOUKE 1, a TPaHCIIOPTHPYEMbIe — B TOUKax | U 2, IpHYeM 3TO 3Ha-
YeHHE CKIIABIBACTCS U3 JBYX PABHBIX BEJIMYUH, CBSI3AHHBIX C BIMSHHEM TPaBHTA-
IIMOHHOTO TIOJIS KaK HAa YaCTOTY YacoB, TaK U HA 4aCTOTY (POTOHOB.
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2. AHAJIM3 PE3YJIbTATOB U3MEPEHUI
I'PABUTAIHMOHHOTI'O CMEIIEHUA YACTOTbI
IO PAIMOKAHAJTY

W3mepennsi TpOBOIMINCH Ha TeppuTOopuHu 3amagHo-Cubupckoro ¢uimana
OI'VII «BHUNDTPUy. CrarmoHapHbIii akKTHBHBIH BOIOPOAHBINA cTaHmapT UY1-75A
pacroyioxkeH Ha 4-M dTake, a TMAaCCUBHBIC TPAHCIIOPTHPYEMBIC BOIOPOIHBIC YaChl
U1-1006 mornu mepememarbes ¢ —2-ro 3taxka g0 10-ro sraxa. PazHuna BbICOT
MEXIy STUMHU TOUKaMmu coctaBuia 41,26 m.

XpOHOJIOTHYECKA M3MEPEHHS TMPOBOIWINCH [0 CIEAYIOIMEeH CcXeMe:
10-i1 aTaxk — moxgBan — 10-i1 aTaxk. Havaneras ¢a3a uamepeHuit npeamnonarana
WCCIIEJIOBAaHNE TEeMIEepaTypHONW 3aBHCUMOCTH BBIXOJAHOW YacTOTHI CTaHAapTa
C IeJhI0 MaKCHMaJIbHO WCKIIFOYHTHh YaCTOTHBINH TPEHJ, BBI3BAHHBIN (IIOKTya-
UHMEN TEMIIEPATYPHI.

Jnst 00pabOTKH SKCIIEPUMEHTANBHBIX JTaHHBIX MOXKET OBITh MCIOJb30BaH aj-
TOPUTM (PUIIBTPAIIMH C IPUMEHCHUEM CIUIAXKHBAIOIIUX KYOUUECKUX CIUTAHOB, OTIH-
caHHBIN B pabote [15].

Ha puc. 1 nmpuBeaensl pe3yibTaThl U3MEPEHUN MO pe3ynbraraM 18 cyTok
Habmoaernii Ha 10-M sTake. TemmepaTypa B IOMEIIEHUN TUCIOKAIIMH POBEPHOTO
cTa"mapTa GUKCUPOBAIACH C IEPHOAOM 6 HacOB, U TaHHBIE CUUTHIBAIIICH C CEpBEpa
MOHHUTOPHWHTA KIMMaTHUECKUX MMoKa3aTelelt Zabbix. Mi3smepeHus teMiepaTyphl I0-
Ka3aHbI HA pHC. 2.

OTHOCHTENLHasl PaSHOCTS ACTOT, x107"
FEC TN RS P T
. “‘_:"3 b f??? s >y "*-'r.'t‘ "?
> .-'.‘1: W S'-,? [P IrCy 'I'. '-"-%‘“.. 0“:':" B - “"
o *» ., . x.° ._“ "k
LS

' .m-,:

4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
BpeMs, CYTKH

Puc. 1. CrinaxxeHHbI€ TaHHBIE

Fig. 1. Smoothed (fitted) data
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TeMIieparypa, °C

19
18

17

BpeMsl, CyTKH
Puc. 2. I'pacuk u3meHeHus temrepatypbl Ha 10-M sTaxke

Fig. 2. Graph of a temperature change on the 10th floor

ITocyTouHO€e ycpeHeH e JaHHbIX TTOKa3aHo Ha puc. 3.

_'_l—'—‘—

OTHOCHTENLIAA PASHOCTE MAcTOT, XIU'H
6

-6,5 -

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
BpeMs, CYTKH

Puc. 3. TlocyTouHoe ycpenHeHHE
Fig. 3. Daily averaging

BrIxoa kprBoii OTHOCHUTENBHOM Pa3HOCTH YacTOT Ha IJIaTO HAOOJaeTcs B Ie-
puon ¢ 12-x mo 18-e cyTku HaOoIeHNH. B 1aHHBIi HHTEPBaJI BpEMEHU KPUBAst TEM-
MepaTyphl TAKXKE BBIXOMIIA HA TUIATO C COOTBETCTBYIOIIUM YMEHBIICHUEM (PIyKTY-
aruit (cM. puc. 2). Takum oOpazom, paboyasi Touka IO TeMIIepaType JOKHA HAaXO0-
IUTHCSl HA OTHOCUTEIBHO TOPH30HTAIBHOM YUaCTKEe KPUBOH TEMIIEpaTypHl.

[Ipu coxpaHeHHH TeMIepaTyphl MOCTOSHHON okojo 18,2 °C ¢ duykryanuei
0,2 °C 6bLIH CHATHI U3MEPEHMSI Ha YeThIpeX Mepuojiax HaOrofeHuit Ha 1-M aTaxe
(puc. 4-7). Cpenuue OTHOCUTENBHBIC PA3HOCTH YaCTOT M3MEPSUINCH C MHTEPBAJIoM 1 C.
Taroke U1 KaKI0ro MHTEpBaa ObLIM MOCUYUTAHbI cpeanue 110 ancamomo m(f):

10-# stax, 3-9 utons, m(f)=-7,7876- 10_14;
10-i sTax, 8-9 utoms, m(f)=—8,6576-10714;
10-it atax, 9—13 wmroms, m(f) =—8,3343-10714;
10-i1 atask, 15-19 mrons, m(f)=—-8,2108-1074;
noasai, 28 utons — 5 urond, m(f)=-9,1905 10714,
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noasai, 7—8 uronst, m(f)=-9,1165- 10714,
nozxBan, 57 uromst, m(f)=—-9,2814-10714,

OTHOCHTEIbHAs Pa3HOCTh YacTot, x107"

= 7 T r T T e s o =

& =

Otcuersl, x10°
Puc. 4. OTHOCHUTENBHAS PAa3HOCTH YAaCTOT HA nepuof 3—9 urons Ha 10-Mm 3Taxe
Fig. 4. Relative frequency difference on the 10th floor for the period 3—9 June

OTHOCHTE/IbHAsl pa3HOCTh 4acToT, x10™"¢
(-} =P [ E—— —— ST S T pee—

Otcuersl, x10°
Puc. 5. OTHOCUTENBHAS PA3HOCTh YacTOT HA Tiepuo 8—9 uioHs Ha 10-M sTaxe

Fig. 5. Relative frequency difference on the 10th floor for the period 8-9 June

OTHOCHTEJIBHAA pasHOCTh YacTOT, x107"
T T T T

c T T T T
5k : . H "

20

0 05 1 15 2
TCcUeThl, x10°

Puc. 6. OTHOCUTENBHAS PAa3HOCTB YAaCTOT Ha nepuof 9—13 utond Ha 10-m sTaxe

Fig. 6. Relative frequency difference on the 10th floor for the period 9-13 July
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~ OTHOCHTeJIbHAA pasHOCTb YaCTOT, ><10_]4
| | 1

20 T

b 65 T 15 B g5 9 95 10 105
Ortcuetsl, x10°

Puc. 7. OTHOCHUTENBHAS Pa3HOCTD YacTOT Ha mepuos 15—19 urons wHa 10-M sTaxe

Fig. 7. Relative frequency difference on the 10th floor for the period 15-19 July

YCpeZLHGHHC JaHHBIX (pI/IC. 4—7) JJacT 3HA4Y€HHUE OTHOCHTEIIHLHOM Pa3sHOCTHU

yactoT Ha 10-m staxe (—8,2475- 10_14).

CpenHexBanpaTHIeCKOe OTKIOHEHHE pa3HOCTU 4acToT Ha 10-M 3Taxke cocra-
Buiio 6 = 0,3117. Ha ocHOBaHMU HecMeIEHHOM olleHkU qucnepcun 6 = 0,3599.

B nogBanpHOM oMetieHNH Ha —2-M 3Take €CTeCTBEHHOE TEPMOCTATHPOBAHUE
MO3BOJIIIIO YMEHBITUTE (BirykTyaruio temmepatypbl 1o 0,05 °C, moatoMy ObLTH
CHSATHI JaHHBIE 3a TpU nepuoaa umepenuit (puc. 8—10). CpenHue OTHOCUTENbHBIC
Pa3HOCTH YaCTOT U3MEPSUTUCH C MHTEpBajoM 1 c.

OTHOCHTEJIbHAas pasHOCTb 4acToOT, XIO-H
T T T

20 -

)
=~
[T -
o
-

Otcuerst, x10°
Puc. 8. OTHOCHTENBHAS PAa3HOCTH YaCTOT HA TIEPHO 28 HIOHS — 5 MO Ha —2-M dTaXe

Fig. 8. Relative frequency difference on the —2 floor for the period 28 June — 5 July
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OTHOCHTEJIEHAA PasHOCTE YaCTOT, XJO‘H
| T T

Ortcyertsl, x104

Puc. 9. OTHOCUTENBHAS PAa3HOCTh YAaCTOT HA EpUOJ] 7—8 U0 Ha —2-M ITaxe

Fig. 9. Relative frequency difference on 7-8 July on -2 floor

OTHOCHTEIbHAs Pa3HOCTh 4acToT, x 1014
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Otcuetsl, 10

Puc. 10. OtHOCUTENTBHAS PAa3HOCTH YaCTOT HA MEPHOJ 5—7 UIONA Ha —2-M dTaxe

Fig. 10. Relative frequency difference on the —2 floor for the period 5—7 July

Ycpennenne maHHbIX (puc. 8—10) maer 3HaYeHHWE OTHOCHTENBHON pPa3HOCTH

yactotr Ha —2-M ataxe (—9,1961- 10714 ).

CpenHexBapaTHUIeCKOE OTKIOHEHUE Pa3sHOCTU YacTOT Ha —2-M 3Ta)Ke COCTa-
BuJio ¢ = 0,0674. Ha ocHOBaHMM HeCMeIEeHHOM olleHKU aucnepcun 6 = 0,0826.
Hcxons w3 mNOMy4YeHHBIX JaHHBIX YAacTOTHOE cMelleHne wmexay 10-m

1 —2-M TaXOM COCTAaBHIO —8,2475-1071% = (=9,1961-107'4)=9,4863-10713.
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3. AHAJIM3 PE3YJIbTATOB U3MEPEHUI
I'PABUTAIMOHHOI'O CMEIMEHUSA YACTOTbBI
11O BOJIOKOHHO-OIITUYECKOMY KAHAJIY

3.1. CXEMA 3KCHHEPUMEHTAJBHOMN YCTAHOBKH

Wsmepennst mpoBomwinchk Ha Teppuropun 3amnanHo-CuOupckoro Quinana
OI'VIT « BHUNDTPUy. CTanmioHapHBINH aKTUBHBIH BOIOPOAHBIN cTaHmapT Y1-75A
pacroyioxkeH Ha 4-M dTake, a TMaCCUBHBIC TPAHCIOPTHPYEMBIC BOIOPOIHBIC YaChl
U1-1006 mornu mepememarbes ¢ —2-ro 3taxka g0 10-ro sraxa. PazHuina BbICOT
MEXIy dTHUMH TOYKaMu cocTaBmia 41,26 M. Cxema m3MEpeHHI IpencTaBiicHa Ha
puc. 11.

|
} |
j |
e
| 6 i
{ |

|

I noaean (-2 atax) o I
| TBCY :
| - I
l | l
| [
1 | |
| (0000 |
| |2 |
| 1 | |
| : !
| |
| ; |
| : '
|

Puc. 11. Cxema 5KCIEpUMEHTANBHOM yCTaHOBKHU:

1 — BOJIOKOHHBIH Ja3ep; 2 — IEKTPOONTUYECKUIT MOIYJIIATOP;

3 — UCTOYHUK MOCTOSTHHOTO HAIPSKEHHUS; 4 — TPAaHCHIOPTHPYe-

MBI BOZOPOIHBIN CTAaHAAPT YACTOTHI; 5 — CTAllMOHAPHBIHN CTaH-

JIapT 4acTOThI; 6 — KOMIaparop; 7 — (OTONMPUEMHHUK (CILIONI-

HBIMH JINHASIMA 0003HAY€HBI ONTOBOJIOKOHHBIC CBSI3H, IITPH-
XOBBIMH — JJIEKTPHIECKHE)

Fig. 11. Experimental installation scheme:

1 is a fiber laser; 2 is an electro-optical modulator; 3 is a DC
voltage source; 4 is a transported hydrogen frequency standard;
5 is a stationary frequency standard; 6 is a comparator; 7 is
a photodetector (fiber wires are solid, electric wires are dashed)
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Curnansl ¢ Bbixona (OTONpPUEMHHIKA HANPaBISUTUCh HAa (Da30BBI MHOTOKA-
HalbHBINA KoMmapatop Y7-315, riae ux yacTtora cpaBHUBaJACh ¢ YaCTOTOW CTallMO-
HapHOTO 3TajoHa. Bpems ycraHoBieHuss pabodero pexxuMa Kommaparopa 2 9
(7200 c), moaTomy B paboTe MpeAcTaBICHBI Pe3yIbTaThl, 3aHCAHHEIE TIOCIIE 3TOTO
uHTepBana. HecTaOMIBHOCTh YacTOTHI, BHOCHMMas NPHUOOPOM, HE TIPEBBIIIAET

3,0-1071° I

B Mmecte mpoBeneHHs HalIMX JKCIIEPUMEHTOB 3HA4YE€HHUE TOJSPHOTO yIiia
0 = 35,26°. Ilpu pa3melieHnN 4acoB BONM3M MOBEPXHOCTH 3E€MJIM BTOPOH WiCH
B (DUTYpHBIX CKOOKax Oyzaer paBeH —1,62 - 10_3, a TpeTHi paBeH —7,3- 107>

DTO 03HAYAET, YTO C TOYHOCTHIO JIO TPETHETO 3HAYAIIETO YHCIIA MOXKHO MOJb-
30BaThCS MPOCTHIM COOTHOILICHUEM

(20)

TIe pa3HOCTh YacTOT YacoB, IOMEIICHHBIX Ha Iepernajne BeICOT H, OyneT paBHA
Y =V, —V{, a yacToTa CTaHiapTa OyJeT UMEeTb MUHMMAJIbHOE 3HA4YEHHUE Ha IIO-
BEPXHOCTH 3eMJIH, KOTla » = a:

_ __u
v=vy|l 22 21

Ha nosepxHocTn 3eMiu BenmuurHa W/ (ca)2 =1,09-10716 p~ !

3.2. SKCIIEPUMEHTAJIBHBIE PE3YJIbTATbBI

Ha nepBoM 3Tane s3kcriepruMeHTa TPaHCIOPTUPYEMBbI CTaHAAPT YacTOTHI ycTa-
HAaBJIUBAJICS PSAIOM C dTaoHOM (Ha 10-M 3Taxke), YTOOBI YCTAHOBUTH Pa3HOCTh Ya-
CTOT MEXIYy HUMH. JJaHHBIC HEMPEPBIBHO 3aIMCHIBATIMCH (PA30BBIM KOMIAPATOPOM
Ha npotskeHnu 360 069 c, pe3yapTaThl U3MEPEHH MpUBEIEHBI Ha puc. 12.

Cpe):[Hee 3HA4YCHHE OTHOCHUTEIIbHOM Pa3sHOCTHU 4aCTOT (Vi - Vf )/Vf COCTaBHJIO

-1,0161- 10713 , a I3MEPEHHOE CpeHee KBAAPATHIECKOE OTHOCUTEIHHOE IBYXBHI-

6opounoe otkionenue (CKJ10) 3a 50 000 ¢ pasuo 8,1219- 10715, [Ipu HanoxeHNUN
JUHEWHOTO TPEH/Aa Ha 3KCICPUMEHTAJIbHBIC JaHHBIC KOA(P(GUIIMEHT HAKJIOHA CO-

CTaBJIsET 1,28~10_20. Ha BpeMeHHOM uHTEpBaJle U3MEPEHUM 3TO MO3BOJIAET OLE-

HUTbH NOTpeIHocTs B 2,30+ 10713

Ha cnenyromiem stamne TpaHCIIOPTUPYEMBIN CTaHAAPT YacTOTHI NEepeMentancs
Ha 41,26 M HUXKe, a ero 4acToTa HaBepXy CpaBHUBAJACh C YACTOTOH 3TanoHa. M3me-
pEeHUs TPOBOMIIUCH HEMIPEPHIBHO B TeueHue 563 612 c. Ha puc. 13 npencrapieHs
JaHHBIC YCPEAHEHHBIX 3HAYCHUH pa3sHOCTH 4acToT 3a Kaxkaple 1000 c. Macmrab co-
OTBETCTBYET puc. 13.
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OTHOCHTENbHAA PA3HOCTh YacToT, X107
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Bpems, x10° ¢

Puc. 12. Pe3ynbraT cpaBHEHHUS Y4acTOT STaJIOHA M TPAHCIOPTHPYEMOTO CTaHAAPTA TIPH UX
PacIoiOKEeHUU B OTHOM TOUKeE

Fig. 12. The result of comparing the frequencies of the reference and transported standard
when they are located at the same point

~ OTHOCHTEJIbHAS Pa3HOCTh YacToT, x 107!
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Puc. 13. VI3mepeHHas pa3HOCTh YaCTOT ¢ ycpeaHeHueM 3a kaxasie 1000 ¢

Fig. 13. Measured frequency difference with averaging every 1000 sec
CpenHee 3HaUY€HUE OTHOCUTEIBLHOM PA3HOCTH 4aCTOT [(Vtz ) -v] } / v] cocra-
1

BUJIO —1,1224'10_13, n3mepenoe CKJ/IO 3a 100000 c pasHO 3,2814~10_15.
Taxoke MOTPelIHOCTh U3MEPEHUH MOKHO OLIEHUTD, HAKIAAbIBasl JIMHEHHBIA TPEeHA
Ha SKCIIepUMEHTaJbHbIE JaHHbIe. KoadduimeHT HakioHa B 9TOM ciIydae cOCTaBHII
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9,36- 10_21, YTO MPU UHTEPBAJIC U3MEPEHUS OKOJIO 5+ 105 C MO3BOJISICT OICHUTH I10-

TPEUTHOCTh U3MEPEHHH 3a cueT Apeiida yacTOThl CTaHAapTa Ha ypoBHe 2,33 10713,

[TomyuenHast Ha IByX 3Tamax pa3HOCTh CPEAHUX 3HAYEHHH 1, 063-107'4 os-
BOJIIET OIICHUTH PAa3HOCTh OPTOMETPHUUECKHX BHICOT B 48,8 + 9,8 M, uTO cornacyercst
C U3MEPEHUSMHU, BBHITIOJHECHHBIMH C TIOMOIIIBIO ITOBEPEHHOTO Taxeomerpa (41,26 m).

3AKIIOYEHHUE

Bbrin ipoBeieHbl M3MEPEeHUS TPABUTAIIMOHHOTO CMEIIEHUS YaCTOTHI BOAOPOI-
HBIX 4acOB, PA3HECEHHBIX Ha 41,26 M mpu OJHOBPEMEHHOW Mepeaade CUrHaua 1o
pasroKaHaIly ¥ BOJIOKOHHO-ONITHYECKOH JTMHUH CBS3H.

CpaBHuBas pe3ynbTaThl H3MEPEHUSI OTHOCHUTEIBHON Pa3HOCTHOW YacCTOTHI IO

JIBYM KaHaJiaM, OTMETUM, YTO OHH OTIMYaroTcs Ha 1,1437- 1071, [Ipu 3TOM H3ME-
pEeHHSI, MPOBOJMMEIC 10 ONTHYECKOMY KaHally, UMeNld Oojiee HU3KHE 3HAYCHUS
CKIO. Ilpu u3yyeHUn UCTOUYHUKOB JOMOJHUTENBHBIX MOTPEIIHOCTEN U3MEpEHUs
IpU Tepesladye CUrHajla depe3 BOJIOKOHHO-ONTHYECKYIO JIMHUIO CBA3H OBUIO BBISB-
JICHO, YTO BBIXOJAHOMN CHUTHAJI MOIYJIATOPA CHIIBHO HCKaXKaJICA C TeUEHUEM BpEMEHHU
(HauMHAIM TOSIBIATHCSA JOMOJHUTEIbHBIE TAPMOHHMKHM M NPOUCXOAMIIO YIABOEHUE
yactoTsl). Takoe moBeneHne 00yCIOBICHO HECTAOMIBHOCTBIO paboyueil XapaKkTepu-
CTUKHM MOAYJATOpa. i yMEHBIIEHUS MOTPEIIHOCTH HW3MEPEHHsI OTHOCUTEIbHOM
Pa3HOCTHOM 4aCTOTHI CTALIMOHAPHOTO M TPAHCTIOPTUPYEMOTO BOJOPOIHBIX CTaHAAp-
TOB HEOOXOJMMO BBEJCHNE 0OPaTHON CBSI3M ISl CTAOMIM3aluK padodel TOUKH MO-
DyJsITopa.

CIIMCOK JIMUTEPATYPBI

1. Pound R.V., Rebka Jr. G.A. Gravitational red-shift in nuclear resonance // Physical Review
Letters. — 1959. — Vol. 3 (9). — P. 439-441.

2. Pound R.V., Rebka Jr. G.A. Apparent weight of photons // Physical Review Letters. — 1960. —
Vol. 4 (7). — P. 337—341.

3. Pound R.V., Snider J.L. Effect of gravity on nuclear resonance // Physical Review Letters. —
1964. — Vol. 13 (18). — P. 539-540.

4. Ashby N. Relativity in the global positioning system // Living Reviews in Relativity. — 2003. —
Vol. 6. — Art. 1. — P. 1-42. — DOI: 10.12942/1rr-2003-1.

5. Test of general relativity by a pair of transportable optical lattice clocks / M. Takamoto, I. Ushi-
jima, N. Ohmae, T. Yahagi, K. Kokado, H. Shinkai, H. Katori // Nature Photonics. — 2020. —
Vol. 14 (7).— P. 411-415. - DOI: 10.1038/s41566-020-0619-8.

6. Real-time geopotentiometry with synchronously linked optical lattice clocks / T. Takano,
M. Takamoto, I. Ushijima, N. Ohmae, T. Akatsuka, A. Yamaguchi, Y. Kuroishi, H. Munekane, B. Mi-
yahara, H. Katori. — ArXiv preprint. — URL: https://arxiv.org/pdf/1608.07650 (accessed: 28.11.2024).

7. Delivery of high-stability optical and microwave frequency standards over an optical fiber
network /J. Ye, J.-L. Peng, R.J. Jones, K.W. Holman, J.L. Hall, D.J. Jones, S.A. Diddams, J. Kitching,
S. Bize, J.C. Bergquist / Journal of the Optical Society of America B. — 2003. — Vol. 20 (7). —
P. 1459-1467.

8. Geopotential measurements with synchronously linked optical lattice clocks / T. Takano,
M. Takamoto, I. Ushijima, N. Ohmae, T. Akatsuka, A. Yamaguchi, Y. Kuroishi, H. Munekane, B. Mi-
yahara, H. Katori // Nature Photonics. — 2016. — Vol. 10. — P. 662-666. — DOI: 10.1038/
nphoton.2016.159.

9. Geopotential difference measurement using two transportable optical clocks’ frequency com-
parisons / D. Liu, L. Wu, Ch. Xiong, L. Bao // Remote Sensing. — 2024. — Vol. 16. — P. 2462-2477.




74 AK. IMUTPHUEB, A.IT. KAPITUK u 0p.

10. Geodesy and metrology with a transportable optical clock / J. Grotti, S. Koller, S. Vogt,
et al. // Nature Physics. —2018. — Vol. 14. — P. 437-441. — DOI: 10.1038/s41567-017-0042-3.

11. A clock network for geodesy and fundamental science / C. Lisdat, G. Grosche, N. Quintin,
et al. // Nature Communications. —2015. — Vol. 7. — P. 1038-1051. — DOI: 10.1038/ncomms12443.

12. High-accuracy coherent optical frequency transfer over a doubled 642-km fiber link / D. Ca-
lonico, E.K. Bertacco, C.E. Calosso, C. Clivati, G.A. Costanzo, M. Frittelli, A. Godone, A. Mura,
N. Poli, D.V. Sutyrin, G. Tino, M.E. Zucco, F. Levi // Applied Physics B. — 2014. — Vol. 117. —
P. 979-986.

13. @amees B.D., Poibaxos E.A. DxcriepuMeHTalbHAs TPOBEPKa KBAHTOBOT'O HUBEJIHMpPA Ha MO-
OUIBHBIX KBaHTOBBIX Yacax // Jloknansl Poccuiickoit akagemun HayK. Ou3nka, TEXHHYESCKUE HAYKH. —
2021.—T. 496. - C. 41-44. — DOI: 10.31857/S2686740020060097.

14. @amees B.@. PenstuBucTcKas TeopHs U IPUMEHEHHE KBAaHTOBOTO HUBENUpa U ceTu «KBaH-
TOBBIN (pyTIITOKY // AbMaHax coBpeMeHHOH MeTpororun. — 2020. — Ne 3. — C. 11-52.

15. Bockoboiinuxos IO.E. YacToTHast MOJIENb CTIIAXKUBAIOIIETO KyOHMYECKOTO CIDIaliHa U €€ Xa-
pakrepuctuky / CoBpeMeHHbIe HayKoeMKkue TexHonoruu. — 2020. — Ne 5-1. — C. 18-23.

JImumpues Anexcandp Kanumonoeuu, noxtop pU3NKO-MaTeMaTHIECKUX HAyK, mpodec-
cop, mpodeccop kadeapsl JTa3epHBIX CUCTEM, ITIABHBII Hay4YHBIN COTPYAHHUK JIA0OPATOPUH KBaH-
TOBOH KPHOTE€HHOH 31eKTpoHUKH HOBOCHOMPCKOro rocy1apcTBEHHOTO TEXHUYECKOTO YHUBEP-
cutera. Bexymmuii Hayunslii corpyaqank HUP TEOTEX, Cubupckuii rocyaapcTBEHHBIN YHHBEP-
CHTET TE€OCHUCTEM U TexXHOJOornid. OCHOBHOE HAINpaBJICHHE HAYYHBIX HCCIICIOBAaHMIl: Ja3epHast
¢m3uKa, creKTpockonust, (heMTOCeKyHIHBIE JIa3ephl, MeTponorus. Mimeer 6onee 200 mevaTHbIX
pa6ot. E-mail: dmitriev@corp.nstu.ru

Kapnux Anexcanop Ilempoeuu, TOKTOp TEXHUYECKUX HayK, mpodeccop, pekrop Cubup-
CKOT'0 TOCYIapCTBEHHOTO YHUBEPCHUTETA TeOCUCTEM U TexHomorui. imeet 6onee 300 mevaTHBIX
pabot. OCHOBHOE HalpaBJIeHUE HAYYHBIX UCCIIEIOBAHMIL: T€0/Ie3Us, CIlyTHUKOBAs HaBUTalHs.
E-mail: kaf.astronomy@ssga.ru

Toacmuxog Anexcandp Cepzeesuy, TOKTOp TEXHHYECKUX HAYK, BEAYIIMH Hay4HBIH CO-
TpyIHUK oTaena 8 «I'ocyjapcTBeHHas CIyk0a BpEMEHH, YaCTOTHI M OIPE/ICIICHUS TapaMeTpOB
Bpamenns 3emnm» amanHo-Cubupckoro ¢ummana OI'VII «BHUHUDTPU». IMpodeccop ka-
(enps! cenuagbHBIX YCTPOWCTB, HHHOBATHKH U MeTposiorni CHOMPCKOTO TOCYJapCTBEHHOTO
YHHUBEPCHTETa FeoCHcTeM U TexHooruid. [Ipodeccop kadenpsl cuctem coopa U 00pabOTKH J1aH-
HBIX HOBOCHOMPCKOro rocyAapCcTBEHHOTO TEXHUUECKOro yHuBepcuteTa. Mmeer Gonee 100 me-
4yaTHbIX padoT. OCHOBHOE HaNpaBiIeHHE HAayYHBIX HCCIIEOBAHMI: METpPOJIOTHs, HaBHTaIIHs.
E-mail: tolstikov@sniim.ru

Tonosun Hukonaii Huxonaeguy, KaHIUAAT TEXHUYECKUX HAyK, CTapIIUil mpenoaaBaTeb
Kadeaphl 1a3epHBIX CUCTEM, MIIAAIINHA HayYHBIH COTPYJHHUK JJa0OPAaTOPUH KBAHTOBOI KPHOTCH-
HOU 3J1eKTpoHHKH HOBOCHMOMPCKOrO rocynapCTBEHHOTO TEXHHYECKOTO yYHUBepcHTeTa. Miaa-
mmit Hayusslit cotpyaunk HUP TEOTEX, Cubupcknii TocyjapcTBEHHBIH yHUBEPCHUTET I'eo-
cucreM H TexHosoruii. OCHOBHOE HampaBieHHE HAYYHBIX HCCICIOBAHUH: Jla3epHas (H3HKa,
crekTpockomnys, (emrocekyHIHble iasepbl. Vmeer Oonee 35 mnewarHeix pabor. E-mail:
n.golovin@corp.nstu.ru

Casunos Koncmanmun Huxonaesuu, acCUCTEHT Kadenpbl JIa3epHbIX CHUCTEM, MIIAAIINH
Hay4YHBI COTPYJHUK Ja0OpaToOpHy KBaHTOBOW KPHOTEHHOI 3JekTpoHukn HoBocuOupckoro
rocy/IapCTBEHHOTO TEXHMYECKOro YyHMBEpcUTeTa. Muanmuii HayuHblii coTpyanuk HUP
I'EOTEX, Cubupckuii rocy1apCTBEHHBIH YHUBEPCUTET T€OCUCTEM U TexXHOIOruid. OCHOBHOE
HalpaBJICHHE HAYYHBIX HCCIIENOBaHMI: JlaszepHas (usmka, crangaptsl gactotsl, KIIH peso-
HaHchl. Mmeet Gonee 20 mevatHeix pabot. E-mail: k.n.savinov@yandex.ru

bonovipes Bauecnas Cepeeesuu, CTyNeHT HU3NKO-TEXHUUECKOTO (hakynbTeTa HoBocHOUp-
CKOT'0 TOCYIapCTBEHHOTO TEXHUUYECKOro yHUBepcuTeTa. OCHOBHOE HAIpaBJICHUE HAYYHBIX HC-
clleioBaHMi: Jla3zepHas (u3uka, cnekrpockomus. Vmeer onHy medaTHyro pabory. E-mail:
simplemail2019@mail.ru

Tycap [Amumpuii @edoposuy, KaHIUAAT TEXHUIECKUX HAYK, HadaJIbHUK cektopa 811 ot-
nerna 8 «['ocynapcTBeHHas Ciiyx0a BPEMEHH, YaCTOTHI U OIPEICNICHHUs apaMeTPOB BpaICHUS
3emum» 3amagno-Cubupckoro ¢prmana OI'VIT «BHUMOTPW». OcHoBHOE HanpaBiIeHHe Hayd-
HBIX HCCIIEIOBAHUIT: METPOJIOTHSL, DIEKTPOHHKA.



H'mftepeuue cpasumayuOHHO20 CMewjeHus 4acmomeaol 6 eodopodubzx uacax npu nepe()aue cuenaud... 75

Anexceuiyes Cepeeti Anexcanoposuy, KaHIUAAT TEXHUYECKUX HAyK, JOLUCHT Kadeapbl
cucteM cbopa u 00paboTkn naHHBIX HOBOCHOMPCKOTO rOCY1apCTBEHHOTO TEXHHYECKOTO YHH-
Bepcutera. meet 6omnee 40 medaTHpIX paboT. OCHOBHOE HAIPaBIICHHE HAYYHBIX UCCIICIOBAHHNA:
reozesusi, HaBuranus, CBU-rexnuka. E-mail: alekseytsev.94@mail.ru

Tomunos Anopeii Cepzeesuu, HadansHUK otaena 8 «['ocymapcTBeHHas Ciryx0a BpeMeHH,
JaCTOTHI U OIPE/ICNICHIS TapaMeTpOB BpaeHus 3emum» 3anagao-Cubupckoro drmnaxa GIYIT
«BHUUDTPU». Umeet 9 nevaTHbIx paboT. OCHOBHOE HAIpaBIICHHE HAYYHBIX UCCIICIOBAHMIA:
MeTpoJiorus, Hapuraims. E-mail: tomberl @yandex.ru

Hesanenxo Anexceii Braoumuposuy, Kanauaat GU3NKO-MaTeMaTHIECKUX HAyK, CTapIINH
Hay4YHBI COTpyIHHK NabopaTopun HenuHeitHol (oronnkn HoBocHOMpCKOro rocyaapcTBeH-
Horo yHuBepcuteTa. OCHOBHOE HAalpaBJIeHHE HAYYHBIX HCCICIOBAHUN: JTa3epHast pU3MKa, KBaH-
toBas kpunrorpadus. Umeer 6onee 100 meyatHsix padot. E-mail: ivanenko.aleksey@gmail.com

Dmitriev Alexander K., D.Sc. (Phys.&Math.), professor at the Department of Laser Sys-
tems, chief researcher in the Laboratory of Quantum Cryogenic Electronics, Novosibirsk State
Technical University. Leading researcher of R&D GEOTECH, Siberian State University of Ge-
osystems and Technology. His research interests are currently focused on laser physics, spectros-
copy, and femtosecond lasers. He has more than 200 publications. E-mail: dmitriev@corp.nstu.ru

Karpik Alexander P., D.Sc. (Eng.), professor, Rector, Siberian State University of Geosys-
tems and Technologies. He has more than 300 publications. His research interests are currently
focused on geodesy, satellite navigation. E-mail: kaf.astronomy@ssga.ru

Tolstikov Alexander S., D.Sc. (Eng.), leading researcher at the Department "State Service
of Time, Frequency and Determination of the Parameters of the Earth's Rotation", West Siberian
Branch of the Federal State Unitary Enterprise VNIIFTRI. Professor at the Department of Special
Devices, Innovation and Metrology, Siberian State University of Geosystems and Technologies.
Professor at the Department of Data Collection and Processing Systems, Novosibirsk State Tech-
nical University. He has more than 100 publications. His research interests are currently focused
on metrology, satellite navigation. E-mail: tolstikov@sniim.ru

Golovin Nikolai N., PhD (Eng.), senior lecturer at the Department of Laser Systems, junior
researcher in the Laboratory of Quantum Cryogenic Electronics, Novosibirsk State Technical
University. junior researcher of R&D GEOTECH, Siberian State University of Geosystems and
Technology. His research interests are currently focused on laser physics, spectroscopy, and
femtosecond lasers. He has more than 35 publications. E-mail: n.golovin@corp.nstu.ru

Savinov Konstantin N., assistant at the Department of Laser Systems, junior researcher in
the Laboratory of Quantum Cryogenic Electronics, Novosibirsk State Technical University. jun-
ior researcher at R&D GEOTECH, Siberian State University of Geosystems and Technology.
His research interests are currently focused on laser physics, frequency standard, and CPT reso-
nances. He has more than 20 publications. E-mail: k.n.savinov@yandex.ru

Boldyrev Vyacheslav S., student at the Physical Engineering Faculty, Novosibirsk State
Technical University. His research interests are currently focused on laser physics and spectros-
copy. He has 1 publication. E-mail: simplemail2019@mail.ru

Gusar Dmitry F., PhD (Eng.), Head of Sector 811, Department 8 "State Service of Time,
Frequency and Determination of the Parameters of the Earth's Rotation", West Siberian Branch
of the Federal State Unitary Enterprise VNIIFTRI. His research interests are currently focused
on metrology and electronics

Alekseytsev Sergey A., PhD (Eng.), assistant professor at the Department of Data Collec-
tion and Processing Systems, Novosibirsk State Technical University. He has more than
100 publications. His research interests are currently focused on geodesy, satellite navigation,
and microwave technology. E-mail: alekseytsev.94@mail.ru

Tomilov Andrey S., Head of Department 8 "State Service of Time, Frequency and Deter-
mination of the Parameters of the Earth's Rotation", West Siberian Branch of the Federal State
Unitary Enterprise VNIIFTRI. He has 9 publications. His research interests are currently focused
on geodesy and satellite navigation. E-mail: tomberl@yandex.ru

Ivanenko Alexey V., PhD (Phys.&Math.),, senior researcher at the Laboratory of Nonlinear
Photonics, Novosibirsk State University. He has more than 100 publications. His research inter-
ests are currently focused on laser physics and quantum cryptography. E-mail: ivanenko.ale-
ksey@gmail.com



76

A.K. IMUTPUEB, A.Il. KAPITHUK u op.

DOI: 10.17212/2782-2001-2024-4-59-77

Measuring the gravitational frequency shift in a hydrogen clock
when transmitting a signal via optical and radio frequency
communication channels”

A.K. DMITRIEV"*%, A.P. KARPIK"®, A.S. TOLSTIKOV"*3¢, N.N. GOLOVIN"*4,
K.N. SAVINOV'?¢, V.S. BOLDYREV'/, D.F. GUSAR?, S.A. ALEKSEITSEV'3%,
A.S. TOMILOV?", A.V. IVANENKO*!

! Siberian State University of Geosystems and Technologies, 10 Plakhotnogo Street, Novosibirsk,
630108, Russian Federation

2 Novosibirsk State Technical University, 20 K. Marks Prospekt, Novosibirsk, 630073, Russian
Federation

3 West Siberian Branch of the Russian Metrological Institute of Technical Physics and Radio
Engineering, 4 Dimitrova Prospekt, Novosibirsk, 630004, Russian Federation

4 Novosibirsk State University, 2 Pirogova Street, Novosibirsk, 630090, Russian Federation

@ dmitriev@corp.nstu.ru " rector@ssga.ru ¢ tolstikov@sniim.ru

4 n.golovin@corp.nstu.ru  ° k.n.savinov@yandex.ru ' simplemail2019@mail.ru

& alekseytsev.94@mail.ru " tomberl@yandex.ru " ivanenko.aleksey@gmail.com
Abstract

A scheme for measuring the gravitational frequency shift of hydrogen clocks during their
movement between two points located at different orthometric altidudes with simultaneous signal
transmission via radio and fiber-optic communication lines has been implemented.

Practical interest in studying the gravitational frequency shift of quantum standards is as-
sociated with the need to take it into account to improve accuracy in navigation satellite systems.
Such measurements were performed using a space synchronization channel using signals from
global navigation satellite systems. This became especially relevant when improving the metro-
logical characteristics of quantum frequency and time standards, in particular, using transportable
clocks based on optical lattices when transmitting a signal via fiber-optic communication lines.
On the other hand, using quantum clocks, measurements of the difference in orthometric heights
are performed using the relativistic synchronization method and the simultaneous use of the fre-
quency standard redshift effect due to time dilation in a gravitational field and the redshift effect
of photons overcoming the gravitational field.

This paper presents the results of measuring the gravitational frequency shift of a hydrogen
clock when it is moved between two points located at different orthometric heights with signal
transmission via a fiber-optic communication line and via a radio channel. In the first case, the
radiation of a diode laser at a wavelength of 1.5 pm amplitude-modulated by a signal from the
transported hydrogen clock at a frequency of 10 MHz, was transmitted via a fiber-optic commu-
nication line when a stationary hydrogen clock was used as a reference. Transmission via a radio
channel was carried out via a coaxial radio frequency cable. The measurements were carried out
on the territory of the West Siberian branch of the FSUE "VNIIFTRI".

Keywords: fiber optic communication lines, atomic clock, hydrogen frequency standard,
orthometric altitude/height, gravitational frequency shift, relative frequency difference, fre-
quency transfer, phase comparison
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