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ATOMHBIE YaChl (CTAHAAPTHI 4YACTOTHI). OCHOBHbIE IPUHIHUIIBI.
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nQMMeHeHMe dTOMHbIX YaCoB
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I_IGBI/IGBBIG ATOMHBLIC YdChbI ITYYKOBOI'O THIIA

CekyHnma paBHa 9 192 631 770 neprogam U3y4€HUs, COOTBETCTBYIOIIETO EPEXOLY
MEX]Ty IByMSI CBEpPXTOHKMMHU YPOBHSIMH OCHOBHOT'O COCTOSIHHS aToma I1e3us-133.
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ATOMHBIE YaChl OIITUYECKOI'O AU AITd30HA.

[Ipeumyiecrna:

[Ipn IprOIM3UTEIHLHO OJIMHAKOBOM a0COJIOTHOM
MTOTPENIHOCTH YaCTOThI, OTHOCUTEIbHAS TOYHOCTh MOMKET
OBITH YJIy4llIEeHAa Ha HECKOJIBKO MOPSIKOB.

IIpu neneHun ONTUYECKOU YaCTOThI 0 paaruoaruarna3oHa
OTHOCHUTEJIbHASA TOYHOCTh COXPAHSAETCH.

*Henocrarku:

[ IponoprioHagIbHO YaCTOTE YBEINYUBACTCA BIUSIHUE d(PPeKTa
Jloriepa u 3pdekra oTAaum — YMEHBIIAKTCS CTA0OMIBHOCTD U
TOYHOCT.

e JleiieHne ONTUYECKOM 4acTOTH B 10° pa3 — TEXHUYECKH
HETPUBHUAJIBHBIN IIPOIIECC.



OayH 13 NePBLIX ONTHYECKHX CTAHAAPTOB YaCTOThI
(He-Ne/CH, — pe3oHaHCchbI HACKIIIIEHHOTO MOTJIOIIEHUS)

B NJI® CO PAH




IIepBas cucTeMa JeaCHUS ONTUYSCKOM YaCTOThI
B pagnoauarasoH (1981 r.)




CxeMa COBpEMEHHOI'0 ONTUYECKOTO CTaHAapTa YaCTOThI
C HCIIOIb30BAaHUEM YIIETPAXOJOIHBIX aTOMOB MU HOHOB
(oTHOCHTEIbHAS HeonpeneaeHHocTs 10717-1018)
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OnTunyeckune CTaHOapTbl HaCTOTbl Ha YJIbTPAXOJ1I04dHbIX aTOMaxX U NOHax ﬁ

AHcamMmbnn HenTpanbHbIX aToMoB: 171Yh, 87Sr, 885y 199Hg, 11Cd...
87Sr  Avlv = 2x1018 | 5 = 4.8x1017/(1)Y2(JILA, USA, 2015, 2019)
87Sr Avlv = 7x1018 (RIKEN, Japan, 2015)
87Sr Avlv = 1x10Y (BHUNDTPU, 2022)
19Hg  Av/v = 7x107 (RIKEN, Japan, 2015)
189Tm  Av/v = 5x10-18 (DUAH, 2018)
171Yh  Avlv = 1.4x10°18 | 5 = 6x1017/(1)V2 (NIST, USA, 2018)
OpguHo4Hble MoHbL: Hg*, Al*, Yb*, Sr*, Ca*, In*, Lu*...
19Hg* Av/v = 1.9x10'17 (NIST, USA, 2008)
88Srt Av/v = 1.1x1017 (NRC, Canada, 2017)
171¥h* Avlv = 3.2x10-18 (PTB, Germany, 2016) (E3+HRS)
171Yp* = 6.5x1015/(1)12 (MNP CO PAH, 2022) (E2)
171Yp* Avlv = 4x1017 (PUAH, 2022) (E2)
40Ca* Avlv = 3x1018 (APM, China, 2021)
176 u* Av/v = 6.3x10-18 (CQT, Singapore, 2022) (HRS)
2TAIT Avlv = 9.4x10-1° (NIST, USA, 2019) (Quantum logic)
o = 1.2x1015/(7)1/2



MoOnJbLHBIC OIITHYECKHUE YACHI

PTB’s Transportable Strontium Lattice Clock
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Optical lattice clocks have currently reached remarkable performances that exceed the stabil-
ity and uncertainty of the Cs fountain clocks. In particular optical lattice clocks based on *'Sr
hold the record for accuracy and stability [1. 2]. The scientific community is working on a
possible redefinition of the second based on this kind of clock [4]. leading to the need of
clock comparisons in the optical regime that cannot be achieved with satellite links. Further-
more, applications of such a good frequency reference include among others chronometric
leveling-based geodesy with a precision in

the order of centimeters [3]. 0™
A transportable clock at this level of accu- i
. . . 151 Sy M
racy enables such applications. Especially  _ .| s 1 L
chronometric leveling strongly benefits & -q'"""-'-.'."_:;,.;__,.--J =
from the ability to operate optical clocks at g )
remote locations. which are interesting for 3 .« I b
] =
geodesy. € 'H-ﬁlw‘l\ i
Here we present the progress on our trans- ‘
?orr:{ble lattice clock based on the fermionic L e ‘m.\i
Str. To characterize the system. we have —s— stationary 57 - Amatng siiizaion
i i i i

performed a series of comparison measure- e P ™ e o
ments (Fig. 1) of the transportable clock to averaging time (s

our stationary strontium clock at PTB [3]. Fig 1: Allan deviation for the comparison measure-
We measured the Stark-shift-cancellation ment between the two strontium lattice clocks at
wavelength for the transportable clock and PTB. We reach an instability of 3 = 1077 after
investigated the uncerfainty budget of the 1000s of averaging The stability is limited by the
system at the low 107" level We will also instability of the transportable clock laser.

present the results of the first transportation

tests of the system as a whole.
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Abstract 4 transportable optical clock based on the
4528, 5-34%Dsp electric quadrupole transition at 72% nm
of a single **Ca* ion trapped in a mini Paul trap has been
developed. The physical system of the *°Ca* optical clock
is re-engineered from a bulky and complex sefup fo an
integration of two subsysterns: & cormpact single ion unit
including ion trapping and detection modules, and a com-
pact lazer unit including lazer sources, beam distributor and
frequency reference modules. The systematic fractional
uncertainty has been evaluated to be 7.8 107", and the
Allan deviation has been rescaled to be 2.3 % 10'14/«\/? for
a gingle clock by self-comparizon with a probe pulze time
of 20 ms. Apart from the electronics, the whole setup hasz
been constructed within 2 volume of 0.54 m® This size is
to our knowledgs currently the best achieved compactness
with any type of optical clock. Moreover, this transportable
clock iz planned to be used for high precizion measure-
ments and it's the first step to a space optical clock.

1 Introduction

Due to the impressive progress in recent years, optical
clocks are deemed for the redefinition of SIsecond in future
as they have surpassed the performance of the current pri-
mary frequency standard of Cs clocks in both accuracy and
stability [1-4]. At the same time, these ultra-precise opti-
cal clocks offer new possibilities for high precision tests of
fundamental physics [3-8], geophysics [9, 10], improved
timekeeping and gatellites navigation [11, 12]. On the other
hand, a more accurate and direct mean of optical frequency
cormparizon i3 required for today's best clocks over quite
long distance. However, the uncertainty of satellite links iz
limited and dedicated equiprnent should be emnploved [13,
14], and optical fiber links are also not feasible enough
especially for intercontinental comparison [15, 16]. For
theze reasons, it iz quite necessary to develop the applicable
optical clocks on ground and even in the space.

Tt ie feacihle tn dewelan a tranennrtahle antical clack in



YnbTpacTabu/ibHble Yackl € ByMs aHCaMOJ/IIMU
yabpTpaxosoHbix aToMoB (Ludlow et al.) 6x10-17 /t1/2
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[Ipen3voHHOE M3MepeHUE IeOlNOTEeHI[MAJA C
[IOMOIIbIO yaJIeHHbIX CHHXPOHU30BaHHbBIX 4YaCOB
(Katori et al.)
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I ImoHEpHI ONTHYECKHX YacOB
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MeToa MarHMTO-MHAYLMPOBAHHOM
CMEeKTPOCKOMUU

CunbHO 3afpeeHHbIX nepexoano8
Y1bTPaXO10AHbIX aTOMOB B
ONTNYeCKUX pelleTkax



Bo36yxaeHue cunbHO 3anpeLleHHoro nepexoaa 'S,—3P,
B C/ly4yae He4YeTHbIX U30TOMNOB aTOMOB (nosnyuenbin

e MOMEHT aapa
—F Apa) L —
3P1 [ p—
/( ‘/S” F=S, B marHuTHOM nosne

=~ F —_

[N HeYeTHbIX N30TOMNOB COCTOAHME 3P, COAEPXKNUT Manyt NPUMEChb COCTOSHUSA
3P, n3-3a B3anmMoaencTBms ¢ MOMeHTOM sigpa S,. B atom cnydae nepexon
1S,—3P, CTaHOBUTCH YaCTUYHO pa3peLleHHbIM (eCTECTBEHHas WwnpnHa ~ mHz).
- Mbl MOXXeM ero Bo36yanTb 06bl4HBIM OAHOGOTOHHBIM 06pPa3oM MPU TUMNYHBIX
S, NHTEHCUBHOCTAX NpobHoro nasepa. Yactora Pabu ~ 1 Hz/kW/cm?.

OcHOBHbIEe HeOOCTaTKMU:
1. llnHenHasa 4yBCTBUTESTbHOCTL K MAarHUTHOMY MOS0 U3-3a MOMEHTa a4pa u
CMeLLMBaHus ¢ coctosiHueM 3P,. TpebyeTcs akCcTpeMarnbHO CUbHOE
9KpaHMPOBAHME N KOHTPOSIb MAarHUTHOrO NMosis Ha ypoBHe ~ uG, 0ObLIYHO Nnone Ha
Tpu nopsigka bonbe (~mG).
2. QPG eKTbl ONTUYECKON HAKaYKN B CITOXKHON CUCTEME MarHUTHbLIX NO4YPOBHEWN.

C MeTpOonormyeckon To4Kn 3peHunst YeTHble (S, =0) M30TOoNbI BbIMMSAAT fAyylle.




Haw meton MarHUTO-nHAyunpoBaHHOIoO BO36y)KF|,eHVIFI

nepexona 'S,—3P, Ans YeTHbLIX N30TOMNOB
3) Taichenachev, Yudin et al., PRL 96, 083001 (2006).

Ons cmewmBaHnsa cocTosiHUA 3P; 1 3P, Mbl Npeanoxunm
QB A32 Aicnonb3oBaTb BHELLHee MarHUTHoe rnore.
—————— — P 3aecbk nepexop 1S,—3P, 6yaeTt yacTU4HO paspeLleHHbIM
0 | N ero MmoxxHO BO30OYyANUTb 0OAHOMOTOHHLIM 06pa3oM
OaHumM npobHbIM nasepom. BeposTHOCTb nepexona

o QL ®,, KOHTPONMPYETCS BENUYMHOMN MAarHUTHOIO Mons.
B npo6bHoM none Ee-'®t B TO4HOM pe3.-ce C Nepexoaom
1g , 1S,—°P, (n=w,,) acpdekTnBHasa yactora Pabu V,, paBHa:
° 1)
QrQp

QL:<3]€1-E|1)/5 yactoTta Pabu Ha paspelueHHOM nepexoge 1S,—3P;
Qp=(2|i-BI|3)/h MaTPUYHbIA ANEMEHT MarHUTO-MHAYLMOBAHHOIMO CMELUNBaHWS
~ Ha nepexopge *P;—3P,

E BekTOpHas aMmnnuTyga NpobHOro nasepHoro nons;
B BEKTOp BHELUHEro ctaTuyeckoro rons.

Vi, — ([l (f|L|2uA|iiE -B) (|lpell) = +/2/3 pp BNA Weno4HozemenbHbIX aTOMOB
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Sr optical clocks.
H. Katori et al. 2011
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FIG. 8 (Coler online) Energy kvels for ®8r and % 8r atoms.
Spin-polarized ukracold 7 8r atoms were prepared by optical
pumping on the 'So(F = 9/2) — °P(F = 9/2) transhion at
A = 638 nm with cweularly polarized hight. The first-order
Zeeraan shift and the vector light shift on the ckck transition
at A = 698 nm were eliminated by averaging the transition
frequencies fy.

Optical frequency comib
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FIG. 10 (Color online) Twe optical lattlce clocks with dif
ferent motopes and lattice confipuratons were operated to
investigate ther heat note.

24Mg — Leibniz Univ Hanover, 2015
8Sr - BHUU®TPH, 2015
8Sr — NPL, 2015 (MUC+uniep-Pamcu)



0O000menHbId MeTo1 Pamcn,
Pa3HECEHHBIX
OCHMJIJIMPYIOIIHUX MMOJIEeH

B npeyn3noHHOM CNEKTPOCKONUMU
Y/IbTPaxo/I0AHbIX aTOMOB M MUOHOB



MoTuBanus

J1J1s1 HEKOTOPBIX MEPCIIEKTUBHBIX ATOMHBIX YaCOBBIX CUCTEM,
OJTHOM M3 KJIFOYEBBIX HEPEIICHHBIX MPOOJIEM SIBJISICTCS CIABUT
pPENEPHOM YaCTOTHI 32 CYET UMITYJILCOB CAMOTO IIPOOHOTO MO

« MUC cuiibHO 3amnperieHHbIX nepexoaoB 1S,—>P,,.
Jnnamuueckuu IlITapk n kBagpaTuyHbIA 3€EMaH.

e JIByxX(bOTOHHAsI CIEKTPOCKOIUA S—S U S—D nepexonos.
Jnaamudeckun 1ITapk.

 E3 nmepexonpr (Hanpumep, 2S,, — °F-/, B none '*Yb* B moByiike).
Jnuamudeckuu lTapk.
3anpemennbiec (M3, E4) nepexoasl B MHOT03apsIHBIX HOHAX.

DTH CABUTH MOTYT OKa3aThCs IIPENSATCTBUEM IS JOCTHIKEHHSI
ypoBHs (1017 — 10-18) B 5Tux crucremax.




IToaeBbie casuru B metoae MUC.

[lonHBIW CABUT €CTH CyMMa.
. /. 2
A = kl, + 3B

|p — UHTCHCHUBHOCTD HpO6HOI‘O I10JI4, B — BHelIHee MarHuTHOE II0JIE.

Kak KOHTpOIHMpOBaTh 3TU CABUTH?

CraHIapTHBIN HOAXO:

Tounoe onpeaeneune K 1 b, 1 BrICOKast CTeICHb KOHTPOJIS
monen |, u B.

Takou moaxon BCTpevaeT TPYAHOCTU KaK TEXHUYECKOTO, TAK U
[IPUHIUITAAIIBHOTO Xapakrepa.




AnrsrepHaruBHbIi mogxox (Yudin&Taichenachev et al., PRA, 2010):

Cnekrpockonuss  Pamcu  (OCHWIIMpYIOIUME — MOJIS
PA3HECEHHBICE BO BPEMEHH) OITHYECKUX MEPEXOI0B
YIILTPAXOJIOJHBIX aTOMOB U HOHOB.

CIBUTH IPUCYTCTBYIOT TOJBKO BO BpEeMs JAEUCTBUA UMITYJILCOB. BO
BpeMsI CBOOOTHOM 3BOIIOIAN CJBUTH PABHBI HYJIIO.




CrangaprtHas cxema Pamcu. [IpoGaemel.

MakcuMalibHbIU KOHTPACT
IICHTPAJIBHOTO pe3oHaHca (~1) npu
1Q,=(21+1)=/2 (1=0,1,2,...). s 1=0
(1Q,=n/2 ) BepiMHa pe3oHaHca é}"__:‘_ A
CIBUHYTA:

1 A
2T Q)

Aw, =&

£=2.

Takum 00pa3oM, LIEHTPaJbHBIA PE30HAHC CYIIECTBEHHO CABUHYT
Y HMCII0Jb30BaHUE MeToAa PamMcH BBIMISAUT OECIIEPCIIEKTUBHBIM.




Ckauku 1o yacrore u ¢ase.
CursaJj omuoOKHu.

Kak nmpaBu10 moneBoi CABUT MHOTO OOJIbIIIE 4acTOThI Paou.
IIpocToe penieHue: Mbl MOXKEM JOOABUTH CABUI YACTOTHI BO
BpeMsl ACUCTBHUS UMITYJIbCa, YTOObI KOMIIEHCUPOBAThH C/IBHUT .

Agige >> €2
A= Ashift o Astep <L)

Ckauku (a3sl (T1oc—MuHYC T/2) garT yaoOHbBIM crIoco0

(bopMHpOBaHUS CUTHANA OIIMOKH, KOTOPBIM oOpalaeTcs B
HYJIb B TOUKE MPHUBI3KHU:

AE(S)=P(z/2,8)—P(~x12,5) =0



O011ag TpexuMnyJjabCHas paMceeBCKasi cxeMa
C KOMIIO3UTHBIM BTOPbIM MMIIYJIbCOM

A

Pulse area 91 | 92 93 : 94
: Puls.e T 1 ,7,;,?( T —« T 3 H.( T 4 77>§
uration | | |
O, = —Q, =
Field l 1 7 L —] _t
amplitude l it
) : Q,
Frequency |
detuning 9 S Oy 9, t

OpurunanpHas runep—pamceeBckas (HR) cxema [Yudin et al., PRA
(2010)]:
1, =10,12=1,=1;T = 4r;

Q,=Q,=Q,=7/(27);6,=0;=0, =0 + Ay,



HR scheme. Excitation prob., error signal and shift.
The excitation probability depends on the phases of all the three

pulses:

Population transfer (%)

Error signal AE(HR) (%)

100

P(o., 05, 0,);

AE(HR)=P(x/2,7,0)—P(-x/2,7,0)
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DKCIIepUMEHTalIbHas peann3anusa Meroga HR
I ogrHo4uHoro nona 1'tYb* B PTB, I'epmanus

{a) &, = 1090 Hz

k endi
FRL 109, 213002 (2012 PHYSICAL REVIEW LETTERS 21 NOVEMBER 2012

frequency offset (Hz)
L]

-30 .20 -10 0 10 20 30

{0} A, =605 Hz

frequency offset (Hz)

0.5 0.5
VR 5 z ;
uncompensated light shift A -A; (Hz)

FIG. 4. Frequency offset of the probe laser stabilized at
Ar — Ag relative to the fully compensated caze Ag = Ap,
for conditions (a) T =36 ms, 7 = 9 ms and (b) T = 144 ms,
7 = 36 ms. The zolid red line indicates the predicted depen-
dence if the discriminator signal of the stabilization is gen-
erated by alternately stepping the phasge of the initial pulse
by £7/2. The dashed line in {a) shows the position of the
central minimum of the HRS spectrum. The inset in (b) iz
an enlarged view showing the frequency offset in unita of the
frequency v of the Yb™ octupole transition.
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Generalized Ramsey Excitation Scheme with Suppressed Light Shift

N. Huntemann,* B. Lipphardt, M. Okhapkin, Chr. Tamm, and E. Peik
Physikalisch-Techrnische Bundesanstalt, Bundesallee 100, 38116 Braunschweig, Germany

A. V. Taichenachev and V.1. Yudin

Institute of Laser Physics SB RAS, Novosibirsk 630090, Russia, Novosibirsk State Universiry, Novosibirsk 630090,
Russia and Novesibirsk State Technical University, Novesibirsk 630092, Russia
(Received 10 September 2012; published 21 November 2012)

We experimentally investigate a recently proposed optical excitation scheme V.1 Yudin et af. [Phys.
Rev. A 82, 011804{R) (2010)] that is a generalization of Ramsey’s method of separated oscillatory fields
and consists of a sequence of three excitation pulses. The pulse sequence is tailored to produce a
resonance signal that is immune to the light shift and other shifts of the transition frequency that are
correlated with the interaction with the probe fisld. We investigate the scheme using a single trapped
Y1¥b* jon and excite the highly forbidden 25, o= ’F, 12 electric-octupole transition under conditions
where the light shift is much larger than the excitation linewidth, which is in the hertz range. The
experiments demonstrate a suppression of the light shift by four orders of magnitude and an immunity
against its fluctuations.

[IponemMoOHCTpUPOBaHBI
MO/IABIICHUE TIOJIEBOTO C/IBUTA HA
YEeThIpe MOpPsJIKa U
HEUYBCTBUTEJIILHOCTh METOJIa K
(IyKTyanysiM THTEHCUBHOCTH
MPOOHOTO TOJIS.



PRL 116, 063001 (2016)

PHYSICAL REVIEW LETTERS

week ending
12 FEBRUARY 2016

&4

Single-Ion Atomic Clock with 3 x 10~1® Systematic Uncertainty

N. Huntemann,m C. Sanner, B. Lipphardt, Chr. Tamm, and E. Peik
Physikalisch-Technische Bundesanstalt, Bundesallee 100, 38116 Braunschweig, Germany
(Received 27 November 2015; published 8 February 2016)

We experimentally investigate an optical frequency standard based on the QSl/Q (F=0)— 2F7/2(F =3)
electric octupole (E3) transition of a single trapped '7'Yb™ ion. For the spectroscopy of this strongly
forbidden transition, we utilize a Ramsey-type excitation scheme that provides immunity to probe-induced
frequency shifts. The cancellation of these shifts is controlled by interleaved single-pulse Rabi
spectroscopy, which reduces the related relative frequency uncertainty to 1.1 x 10718, To determine the
frequency shift due to thermal radiation emitted by the ion’s environment, we measure the static scalar
differential polarizability of the E3 transition as 0.888(16) x 107 Jm?/V? and a dynamic correction
17(300 K) = —0.0015(7). This reduces the uncertainty due to thermal radiation to 1.8 x 10~'8, The residual
motion of the ion yields the largest contribution (2.1 x 10718 to the total systematic relative uncertainty of

the clock of 3.2 x 10718,

DOI: 10.1103/PhysRevLett.116.063001

PRL 116, 063001 (2016) PHYSICAL RE’
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FIG. 1. (a) Error of the Yb™ clock frequency vy in the

realization of the unperturbed transition frequency vq as a
function of an error §; in the estimate of the light shift for Rabi
and for hyper-Ramsey spectroscopy (HRS). Here, Ramsey pulses
of 30.5 ms and a free evolution period of 122 ms are assumed
according to the experimental conditions. The very different
sensitivities of o to 67 allow one to engage a servo that uses
the difference ¢ between v Obtained for Rabi spectroscopy
and HRS as the discriminator signal. In (b) the instability (Allan
deviation) of experimental & data is shown that follows
230 Hz/7 (s) (dashed line) for 7> 1000 s. The green solid
line indicates the expected quantum projection noise limited
combined instability of the wvgu, and pyrs measurements of
7 Hz/\/7 (s).

TABLE 1.  Fractional frequency shifts 6v/vy(107!%) and related
relative uncertainties u/vy(107'8) in the realization of the
unperturbed 2SUQ(F =0) — QF?/Q(F = 3) transition frequency
1o of a single trapped '"'Yb™ ion.

Effect ov/vy (10718) u/vg (10718)

Second-order Doppler shift —3.7 2.1
Blackbody radiation shift —70.5 1.8

Probe light related shift 0 1.1

Second-order Zeeman shift -40.4 0.6
Quadratic dc Stark shift -1.2 0.6
Background gas collisions 0 0.5
Servo error 0 0.5
Quadrupole shift 0 0.3
Total —115.8 3.2




A Table of Generalized Ramsey methods
[Zanon-Wilette et al., Rep. Prog. Phys (2018) and other refs.]

Theory/Proposal Experimental realization
Hyper-Ramsey (HR), Yudin et al., PRA Huntemann et al., PRL (2012), E3 in Yb+;
(2010). Best single-ion optical clock - PRL (2016)

Modified HR, Hobson et al., PRA (2016) Hobson et al., PRA (2016), MIS in Sr-88

Generalized HR, Zanon-Willete et al.,, PRA No
(2016)

Synthetic frequency protocol in Ramsey No
and HR, Yudin et al., PRA (2016)

Autobalanced Ramsey (ABR), Sanner et Sanner et al., PRL (2018), E3 in Yb+;

al., PRL (2018) Boudot et al. APL (2018), Rb-87 CPT clock
Generalized ABR, Yudin et al., PR Applied No

(2018)

Combined error signal Ramsey, Yudin et Shuker et al., APL (2019), cold Rb-87 CPT
al., New J. Phys. (2018) clock

Displaced frequency jump Ramsey, Shuker Shuker et al., PRL (2019), cold Rb-87 CPT
et al., PRL (2019) clock



ATOMHbIe Yacbl C N0AaBNEHHbIM
BBR capurom

CneKTPOCKONUA CUHTETUYECKOM
4acToThl



CaBur 3a cuer uznydeHuss 4yepHoro teiaa — BBR ciaBur BeI3BaH
TCIJIOBBIMA ~ PAaBHOBECHBIMH  (JOTOHAMH  C  CIEKTPaJIbHOM
IJIOTHOCTBIO SHEpruu (hopmyia Ilmanka):

E*(w)dw = Bz(a))da)zﬁ(
7T

cf)j3 hdw
c ) explhiom/k,T]-1

Cpennuii kBajipaT BBR mosns:

) 1%, 401V %
(E (t)>:§_([E (w)dw:—(%j (k.T) !

3

X

- dx =
T e” -1

4(xY 4 2 4
:E(h_cj (ksT)* =(8.3V /cm)™[T(K)/300]

Gallagher&Cooke, PRL 42, 835 (1979); Farley&Wing, PRA 23, 2397 (1981);
Itano, Lewis, Wineland, PRA 25, 1233 (1982).



BBR casur aroMHOro ypoBHs a u3-3a guH. 3pdekra IllTapka:

/

a 100 a
- AE® :—ZjEz(w)a( (w)dw
P 0

|,e> CxajisapHas MOJIAPU3YEMOCTh COCTOSHHS d

(a=Qg,e) Ha YacToTe @ - CyMMa II0 BCEM
BO3MOXKHBIM TIEPEX0IaM C YaCTOTaAMH @
R clock transition
RN e? f
\\ \\ (a) —_ |
\ a (C()) = E > >
B i @ @

Juddepenunanpubiik BBR caBur yacToTsl
pEIIEpHOTO IIepexoa §)—|e) nmeer BuUI:

(a) 4
Av=AvS AV Ay =22 3(0) (kBTj 2. PP (x);

7tC h i
o 3
Xi:%; CD(Xi):_[ xX . 2dX'
KgT - e" =11—-(x/X)



Hama nens — orH. Heompenemennocts wactorel 1017-1018 B
aToMHBIX yacax. BBR caBur — o1HO U3 r1aBHBIX IPUITSITCTBUH.
Ouenku otHocutTensHoro BBR casura nmpu 300 K:

specles|  transition Av/v| x 101®
PLN_ ISD —'}SPU 3(3)
In™ 1%[;. ﬁ‘*BPU < 70
Ag Slj’? — Dﬂfg 190
‘f}_'}_'_ 51f2 — FTKQ 23—1(110)
Hg 1So —3Po 240
Mg 1So =3Py 394(11)
‘fh_l_ QSIXQ %QDBKJQ 580(30)
Srt QSUQ %QDE,XQ 670(250)
Ca 1So —3P1 2210(50)
Yb 1Sy —3Pg 2400(250)
Sr 1S, =3P, 5500(70)
Cs F=4 —=F=3] 21210(260)



Tpu moaxoxa k npodaeme BBR caura:
1. Mcnonb30BaTh KPUOTCHHYKO TEXHUKY W mojgaBuTh BBR 1o

IPUHEOPEKUMOIO YPOBHS.

Levi, et al. IEEE Trans. Ultrason. Ferroelectr. Freg. Control 57, 600 (2010);
Middelmann et al., IEEE Trans. Instrum. Meas. 60, 2550 (2011).

Katori et al. Nature Photonics (2015).

2. BTopoi moaxo/1 OCHOBaH Ha BEIOOpE aTOMa MJIM MOHA, B
KOTOPOM 00a YPOBHS pENEPHOTO Nepexoaa UMEIOT
npuOan3uTeNIbHO oauHakoBble BBR cauru. Hamnbonee ynauHblit
BapuanT - Al

Wineland et al. Science 309, 749 (2005); Rosenband et al. PRL 98, 220801
(2007); Chou et al. PRL 104, 070802 (2010).

3. IIpeunmsuonnoe usmepenne qudd. nomspuszyemoctu (0.2%) u
KoHTpoJIb TeMmireparypsl (0.1 K). Huntemann et al. PRL (2016).



Spectroscopy Using Quantum Logic

P. O. Schmidt,*+ T. Rosenband, C. Langer, W. M. Itano,

J. C. Bergquist, D. ). Wineland

N=1 — — — e
M = — — N B
Spectros- RSB (Al') RSB (Be’)
copy (Al')
‘\L) N=1 e— — E— = -.- e
=0 =@= =@ - =@ =@ =@ == =@=

S L S L S L S L

Fig. 1. Spectroscopy and transfer scheme for spectroscopy (S} and logic {L} ions sharing a common
nermal mede of motion, the transfer mode, with excitation #. {Only the ground and first excited
states of the transfer mode are shown.) {A} Initialization to the ground internal and transfer-mode
states. {B) Interrogation of the spectroscopy transition. {C} Coherent transfer of the internal
superposition state of the spectroscopy ion into a motional superposition state by use of an RSB #
pulse on the spectroscopy ion. {D) Coherent transfer of the motional superposition state into an
internal superposition state of the logic ion by use of an RSB n pulse on the logic ion.

TABLE I.  Systematic effects that shift the clock from its ideal
unperturbed frequency. Shifts and uncertainties given are in
fractional frequency units (Az/#). See text for discussion.

Effect Shift (1071%) Uncertainty (10718

Excess micrommotion -9 6

Science 309, 749 (2005)

o = P—_
?p, F'=3me=3 -

A ;=313 nm A=167 nm
2 Raman 3P1—|T)s
Piat— F=7/2
Doppler spectros
cooling+ copy

detection

Fig. 2. Partial ®Bet and Z7Al™ energy level dia-
grams {not to scale). Shown are the relevant
transitions for Doppler and Raman coeling on the
®Be™ ion, the spectroscopy transition, and the
difficult-to-reach Doppler cooling transition at
167 nm en the #7Al* ion.

Blbody mdsion it 5 : Chou et al. PRL 104, 070802 (2010).

Cooling laser Stark shift —-3.6 1.5
Quad. Zeeman shift —1079.% o7
Linear Doppler shift 0 03
Clock laser Stark shift 0 02
Background-gas collisions 0 05
AOM freq. error 0 02

Total —-1117.8 8.6




CneKkTpoCKoNMA U KBAaHTOBAA
MHPOPMATUKA
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Nnea cuareTnyecKoM 4acTOTHI MOYTH cB000IHOM OoT BBR caBura

['maBHast TeMIepaTypHas 3aBUCUMOCTE T4
le,) Aggr(T)=aT*
PaccmoTpum yactotel 1 BBR casuru npyx
PENEPHBIX MEPEXOI0B B OJHOM U TOM ke T/[
OKPY>KCHHUU:

V(T)=v,(0)+a; T%  LV,(T)=0,(0)+a,T*
Beenem k03 QUIUEHT €,,=0.,/0L,.

transition 2
)

18,

BunHo, uto nmH. komOuHanua v, (T)—e,0,(T) He conepxut BBR cuur:

V(T)—€1,0,(T) = V(0)—€1,0,(0)

MoskeM onpeaenTh CHHTETHUECKYI0 4acTOTy cBoOoaHYyI0 oT BBR caBura:

Usyn:R(Ul_Slzuz)

rie R — Hekoropslid koddouimeHt. Jactora Ly, MOXKET OBITh HCIONB30BaHA B
KaueCTBE pENEPHOM B AarOMHbIX 4acax. KoapduiueHt €, MOXET OBITh
OTHOCHUTEJIBHO JIETKO OIPEJEICH W3 3KCIEPUMEHTOB (HE HYyXHa KaJIMOPOBKA
nHTeHcuBHOCTH). [ Yudin, Taichenachev, Bagayev et al. PRL, 2011].



dusznyeckad peanusanus CHHTETUYECKOM 4aCTOTBI C

HCIIOJIb30BAaHUEM (beMTOCEKYHIHOTO CHHTE3aTopa 4aCcTOT
CTaOMIN3UPOBAHHOIO I10 IBYM PENEPHBIM 4aCTOTaM:
M ; (comb)

1I'}1( T) 1’12( T) VH}-‘I‘[

H Lfr (ﬁ:z_” |)f;

’,..-—_——-"'n""-——_—-.._‘f.-—-"'\"-_-.\

1<

0) _
(comb) __ 1 €12V

syn

1_812




Bo3MmokHEBIC BAPpHUAHTHI pCaIn3allrn CUHTETUYCCKOU YACTOTHI:

1. Non 71Yb?

F=2
32 F= 1

436 nm 3 T

467 nm

) F=1
81:2 12 6 GHz
F=O —

2. Mepexoapbl 1S;,—3P, B wWenovyHozemenbHbIX (M NogobHbIX) aTomax
(Hanpumep, Sr n Yb) B onTUYECKUX peLlleTKax B 04HOU U TOW XKe
BaKyYyMHOM Kamepe.



OcHoBHoOe orpanuyenue Meroga CH

O(f)= 2 (2k+I!C@k+AHA 1)™ | Agg(T)=aTHBTO+yTE...

LY
Y\ 2.44pm AVyeq 2T/ 300)* +b(T /300)° +¢(T /300)° +d (T /300)"*
{a,b,c,d}={-0.28255, -0.0321, -0.0034, -0.0006} Hz
, F =3
Dafz F=1
— =4 -
Fio  Av,, ~a'(T/300)" +b'(T /300)° +c'(T /300)° +d (T /300)"
436 nm
467nm  f5' b ¢',d 3={-0.095577171, 0.000090867, 4.05x107, 1.9x10°}Hz
, F=1
S 12 6 GHz
F—O —

OcTtatouHbii BBR cosur nopsigka 1017 n
MOXET ObITb CHUXEH A0 YPOBHA HMXKE 10-18

V. I. Yudin, A. V. Taichenachev et al., Phys. Rev. Lett.

107, 030801 (2011). (C NCNOoJIb30BaHNEM 3KCNMepMMEHTalribHbIX

OaHHbIX N TEeOPETUYECKNX pacquOB).
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Combined atomic clock with blackbody-radiation-shift-induced
instability below 10—1° under natural environment conditions
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Abstract

We develop a method of synthetic frequency generation to construct an atomic clock with
blackbody radiation (BBR) shift uncertainties below 10~'? at environmental conditions with a very
low level of temperature control. The proposed method can be implemented for atoms and ions,
which have two different clock transitions with frequencies v, and 1/, allowing to form a synthetic
reference frequency vy, = (v, — cv2) /(1 — £), which is absent in the spectrum of the involved
atoms or ions. Calibration coefficient £ can be chosen such that the temperature dependence of the
BBR shift for the synthetic frequency v, has a local extremum at an arbitrary operating
temperature Tj. This leads to a weak sensitivity of BBR shift with respect to the temperature
variations near operating temperature Tj. As a specific example, the Yb™ ion is studied in detail,
where the utilized optical clock transitions are of electric quadrupole (S — D) and octupole

(S — F) type. In this case, temperature variations of +7 K lead to BBR shift uncertainties ofless
than 107", showing the possibility to construct ultra-precise combined atomic clocks (including
portable ones) without the use of cryogenic techniques.



ATOMHbIE Yacbl HA OCHOBE
MarHUTOOUMNOSbHbIX
nepexoaoB MHOro3apsaaHbIX
MOHOB

Ha mytu k ypoBHio 1071 — 1020 oTHOCHTEIBHOM HEOIPEIETIEHHOCTH
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Magneto-dipole optical hyperfine transition for hydrogen-
and lithium-like highly-charged ions (N.=1 and 3)

le m:‘|‘1
= < m=0
m=1
clock
transition
F =0
[sotope || Np | Ne | Z; 4+ 1| Aclock (p#m)|vsp/27 (Hz)
“Pb |82 1| 82 0.836 6.2 Hyperfine  transitions  in
2057 |81 1| 81 0.335 114.2 hydrogen- and lithium-like
205 |I81| 3 | 7€ 277 277 highly-charged ions (Ne=1, 3)
2031 g1l 1 | 81 0.338 111.2 with Wavelgngths xc,ock_<3 um.
2031 |1g1] 3 = 299 297 nge we list -stable Isotopes
100 _ _ with nuclear spin I, =1/2.
“"Hg ||80 1 80 1.15 2.8
195pg |78 1| 78 1.08 3.4
Wyp |l70] 1] 7 2.16 0.43




Magneto-dipole fine transition 3P,,—3P5,
for single valence p-electron (N,=5,13,31,63)

F=5/2
P, 32

T——F=112

clock
transition

P, F=3/2
a— Ay A V)

To suppress the quadrupole shift we should use isotopes with nuclear spin
|.=1,3/2.

The residual ion charge Z; is determined by requiring that A .. IS In the
optical region. For example, for Al-like ions (number of electrons N.=13) our
calculations show that for 20< Z, <30 A,,,=0.5-3 um. For the P1,2—> Ps/,
transition the linear Zeeman shift can be eliminated by averaging over two
clock transitions with opposite magnetic quantum numbers m, which are
shifted oppositely.



Magneto-dipole fine transition 3P;—>3P,
for two valence p-electron (N.=6,14,32,64)
°) ~ F=5/2

TT———F=3/2

F=3/2

(ns) (np) ——F=1/2
clock

In=1 /2 ; PU transition
F=1/2
By choosing isotopes with 1.=1/2, 1, 3/2 one may also either eliminate or
substantially suppress the quadrupole shift. Indeed, for the 1.=1/2 isotopes the
proper choice of the clock transition would be |°P,,F=1/2)—|*P,,F=1/2) with
Identically vanishing quadrupole shift. For the 1.=1 isotopes one should use the
*Po,F=1)—>[3P,,F=0) transition, and for the |1=3/2 isotopes - the
Py, F=3/2)—|*P,,F=1/2) transition. Compared to the single p-electron case (see
previous page), an additional benefit of such HCIs is the simple single-
component structure of the ground state which simplifies the initial state
preparation.




AoepHble onTuyeckne 4yachol

* OCHOBHbIE NAEU N METOAbI



[lMOHepCKoe npegnoxKeHue
(E. Peik, Chr. Tamm, Europhys. Lett. 2003)

OcHoBHa4 UACH — AAPO U IIEPCXOAbl MCIKIAY AACPHBIMHA SHCPICTUICCKUMU
YPOBHAMMU 1opa3go MCHCC 9YBCTBUTCIIbHbLI K BHCIITHUM ITOJISIM U UX (l)JIYKTyaI_II/IHM,
9EM IICPCXOAbI B 3H€KTpOHHOI>i IIOACHUCTCMC aTOMa WJIX MOHA.

OcHoBHas mpobeMa — sJiepHbIe Mepexo/bl, Kak MPaBuio, JIeKaT B raMma
JMarnasoHe.

EMMHCTBEHHOE M3BECTHOE MCKIIFOUCHHE — SApo Th-229, mepexo MeX Ty OCHOBHBIM
1 METacTaOMIbHBIM (M30MEPHBIM) cocTossHUEM ¢ sHeprueit ~8.1 eV (153 um).

Bo3MOoxkHO TIpsiMO€ BO30Y X JECHHUE YIABTPACTAOMIBLHBIM JIA3€POM U JIA3€PHOE KE
JNETEKTUPOBAHUE MTEPEX0/Ia M0 U3MEHEHUIO BEJIMYMHBI CBEPXTOHKOTO PACHIECIIIICHMUS.

229mTh, I=3/2 o
A
153 HM e o, | o,
H D v
M1-nepexon TS
3.104 N
- 10 _10 CeK. o, — nucleus in isomeric state
229Th, nucleus in ground state

1=5/2



CoBpeMEeHHbIN BAPMAHT AAEPHbIX YaCcOB U OLLEHKA
norpewHocten (Kuzmich et al. PRL, 2012)

 JIist yMEHBIIEHHS KBAAPATHYHOTO 36EMaHOBCKOTO CABUIa U IIUPHHBI
pE30HaHCa HAZ0 UCIOIL30BaTh ITOIYPOBHH OCHOBHOT'O DJIEKTPOHHOTO
cocTosHUs noHa 229Th3+

Effect |Shift] (1072°)  Uncertainty (10~2%)
32° [631] 5F, Ex cess micr:nm:)[i on 10 10
= 10-10"s Gravitational 0 10
Cooling laser Stark 0 5
Electric quadrupole 3 3
Secular motion 5 1
163(10) nm Linear Doppler 0 1
nuclear M1 g S Linear Zeeman 0 1
S Background collisions 0 1
_ Blackbody radiation 0.013 0.013
Clock laser Stark 0 < 0.01
512" [633] PN Trapping field Stark 0 < 0.01
Quadratic Zeeman 0 0
—— Total 18 15

Bo3MO)HO JOCTUXEHNE OTHOCUTENBbHOW HeonpeaeneHHocT YactoTbl 10-1°



Experiment Munich -2016 with 22°MTh

L.v. d. Wense, P. Thirolf et al., Nature 533, 47 (2016)
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Laser spectroscopic characterization of the nuclear clock isomer 229mTh
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MEPhHI-LPI: excitation of 22°™Th nuclei in laser
plasma by inverse electronic conversion

Pioneering work [V.F. Strizhov and E.V. Tkalya, Sov. Phys. JETP 72, 387 (1991)]

When intense laser radiation is applied to thorium-
containing targets, the electrons of the laser
plasma from states of the continuous spectrum
with energy E populate the levels of the Th + ion,
that is, they enter the states of the discrete
spectrum with energy Eb. The nucleus is then
excited by a virtual photon, which is produced at
this transition. The process in consideration is the
inverse of the process of decay of the isomeric
nuclear state through the internal electron
conversion channel of gamma rays and has an
extremely high cross section as compared to direct
excitation by electrons or plasma photons.

~ 108 229mTh nuclei
Per one laser shot
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Excitation of the low-energy ***”Th isomer in the electron bridge process via the continuum

P. V. Borisyuk,! N. N. Kolachevsky.>!** A. V. Taichenachev.*> E. V. Tkalya® >"" . Yu. Tolstikhina®,> and V. I. Yudin*>-"-'
| National Research Nuclear University MEPhI, 115409, Kashirskoe shosse 31, Moscow, Russia
2P.N. Lebedev Physical Institute of the Russian Academy of Sciences, 119991, 53 Leninskiy Prospekt, Moscow, Russia
3Russian Quantum Center, 143025 Skolkovo, Moscow, Russia
*Novosibirsk State University, 2 Pirogova St., Novosibirsk, 630090, Russia
> Institute of Laser Physics SB RAS, Prospekt Akademika Lavrent’eva 13/3, Novosibirsk, 630090, Russia
®Nuclear Safety Institute of RAS, Bol'shava Tulskava 52, Moscow 115191, Russia
"Novosibirsk State Technical University, Prospekt Karla Marksa 20, Novosibirsk, 630073, Russia

M (Received 8 July 2019; published 10 October 2019)

The paper studies the excitation of the **’Th nucleus to the anomalously low-lying isomeric state 3,/2%(8.28 +
0.17 eV) in the electron bridge process via the continuum of the electron spectrum. Resonant excitation of the
nucleus was found to be always possible in the scheme, no matter where the electron levels of an atom or
ion were located. Formulas for the excitation cross section by narrow and wide laser lines are obtained. In the
resonance, where the process under consideration turns into laser photoionization followed by nuclear excitation
in electron capture, the cross section of the process was shown to be comparable in magnitude with that of the
photoionization of the thorium atom. Experimental schemes for testing the effect were proposed, which would
allow measuring the frequency of the nuclear isomeric transition 3/2% — 5/27 to a high precision, which is the
first-priority (and still unresolved) task for creating a nuclear clock.

DOI: 10.1103/PhysRevC.100.044306
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Transition energy (eV)

Figure 2: 2*Th energy values published since 1994. Starting from
the left, the points come from Ref. [2] (closed circle), Ref. [3]
(closed square), Ref. [4] (closed triangle), Ref. [5] (open circle), Ref.
[6] (open square), Ref. [7] (open triangles), and Ref. [1] (red stars),
which are the four new values from Sikorsky and co-workers. The
blue line indicates the weighted mean of the eight most recent
values, 8.12 +0.11 eV, corresponding to a wavelength of

152.7 & 2.1 nm.
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Pa3paboTKa coBpeMEeHHbIX

ONTUYECKMX CTaHAAPTOB YaCTOTb
B NJ1d CO PAH

HenTpanbHblie aTOMbl MarHmMa u
OAMHOYHbIN MOH NTTEPOUSA



ATOMbI MarHua ABRAKTCA NepCcnekTUBHbLIMU ANS CO34aHUS
cTaHgapTa YacTOTbl C OTHOCUTENBHOW NOrPELLHOCTLI0 MeHee 10716

1

Cyb6aonneposckoe 35 (3) D 1,2,3
oxnaxaeHue

3P2-->3D3

383.83 Hm

['=25Mly

; 383.23 Hm TD=0.6 mK
Trec=2.6 MkK

(3) P,
382.94 Hm

3
(3) Po12
“Hacosble” nepexoabl

=79 My
285.21 Hm

[ [

MNepBbiv aTan

oxnaxgeHus o _—_ 3 "
MOf S P, I'~36Ty
T=19 MK 'S, — P, T'~0.1mly

'S, — P, [~10"H
Marnyeckaa i~ 468 HM

"Hanbornee npocTon LWenovYHO-3eMESbHbIN aTOM, AN KOTOPOro
peanu3oBaHbl OXINaXaeHne 1 nokanmsauus.

[MpocTas cTpyktypa (1s2,252,2p6,3s2) — Kkak y Al*

3 nzotona - Mg (79%), 2°Mg (10%), 2Mg (11%)

= Y3knun 1S0 ->3P1 nepexoa (36 'w)

*Manbin BBR casur - -0.26 'y (300 K/T)#



ﬁk Mg MOT

INSTITUTE of LASER PHYSICS
NOVOSIBIRSK, RUSSIA

[—— —

z
|—~ UHYV chamber

R@ r P < 1079 torr Nat ~ 106 _107
. Cloud diameter ~ 0.2 -0.5 mm
o T ~ 3-5 mK

TDS 1002B
W D
\

et
=
\ Yk
L ’ C/‘ "

) S (v




Laser systems for Mg frequency standard

Laser system for laser cooling Clock laser system at 457 nm
based on dye laser/SHG based on Ti:Sa/SHG
A =285 nm P=100 mW P=150 mW



Ramsey-Borde resonances with Mg atoms in MOT
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£* Allan deviation measurement

INSTITUTE of LASER PHYSICS
NOVOSIBIRSK, RUSSIA

6E-14 A

4E-14 -

2E-14 -

~ 1E-14 —

C 8E-15 ] =P
6E-15 A

4E-15 -

2E-15 A

I.:E‘J.S LELELILE | Trr T T r rrrr T T LN A B
1 10 100 1000

T.5

Black line — Alan deviation with standard frequency is defined by Yb:YAG/I2 etalon
laser

Red line - Alan deviation with standard frequency is defined by stable Yb* etalon laser
system

Blue line — Allan deviation of Mg frequency standard



Cxema aHepreTnyeckux yposHen 1’1Yb*
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370 nm
cooling

3/2]3,

32, O

E2 760nm
repump

935 nm
repump

E2 436 nm
clock

E3 467 nm
P clock
A4

NoH ntTepbuna-171 nmeet asa CBEPXY3KNX
nepexoaa B ONTUYECKOM gManasoHe
(KkBagpynonbHbIA nepexoq 2S,,, — 2Dy, C
ANVHON BOMHbI 435.5 HM 1N ecTeCTBEHHOMN
lwnpuHon 3.1 'y, a Takke OKTYNOSbHbIN
nepexoa 2S,,, — 2F,, C ANNHON BOMHbI 467
HM U LUMPUHON HECKOSTbKO HaHorepu,. [na
A0MnNSIePOBCKOro OXMaXaeHnsl oHa
NCNonb3yeTcs ANNONbHbIN nepexos %S, —
2P/, C ANnHOM BOMHbI 369.5 HM K
€CTEeCTBEHHOW LWIMpUHOU NnHun 23 MIu.



OCHOBHbIe pe3ynbTaTbl N0 UTTEPOUEBOMY NMPOEKTY J

- Co3mana PY nosymika.

°COBZ[8HI)I JIA3CPpHas CUCTCMA JI OXJIAKICHHWSA HOHOB U
CUCTCMaA OIITHYCCKOI'O ICTCKTUPOBAHHWA NOHOB B JIOBYIIIKC I10

(IyOopeCLECHIIMH.

* OTpa®OoTaHbl IPUHLMIIBI JIA3EPHOTO OXJIAXKICHHUS, 3aXBaTa U
yaep>xanud B PY noByIIke OAUHOYHBIX HOHOB UTTEPOUS.

* Pa3zpaboTraHa ja3epHbIe CUCTEMBI J1JIs1 BO30YKI€HUS YaCOBBIX
IIEPEXOJI0B.

* DKCIICPHUMEHTHI 110 CIIEKTPOCKOMUHU KBaJIPYIOJIHHOTO
nepexoaa. O1eHka CTaOMUJIbHOCTH.



PAOANOYACTOTHAA NOHHAA JTOBYLLUKA

3ne|<Tpop,b| JIOBYLWIKU, NeYb OAnd ncnapeHmna atoMmoB
I/ITTep6VIFI, OOMNOJTHUTENbHbIE 3ANEKTPOAbI
NCMNonb3yrTCA A4 nogadn rnoCTtoAHHOINo HarnpsaXXeHu4,
KOMnNeHcnpyrwwero HeCMMMETPUYHOCTbL MOJ1A B
JIOBYLWIKE BCrieagcrtene HenaeaslibHOCTU KOHCTPYKUNU
U NpUCyTCcTBUA Napa3nTHbIX nonemn.

MoHHas noeyLlKka ¢ BakyyMHOW CUCTEMOWN.
YpoBeHb Bakyyma < 5:-10-10 Topp.



NNASEPHOE OXNTAKKAOEHWE N OETEKTUPOBAHUE NOHA %

[onnnepoBckoe oxnaxaeHne n oeTeKTMpoBaHNE NOHa NPOM3BOAMTCS C MOMOLLbIO MOAYNIMPOBAHHOIO MO
yacToTe uany4vyeHunsa Ha gnmHe BonHbl 370 HM. M3nyyeHune anoaHoro nasepa (Toptica DL Pro) mogynupyetcs
OOM Ha yacTtoTe 14.75 [Ty ona reHepauum CcnekTpanbHOM COCTaBNSAOLLEN, BO3OYKAatoLWen CBEPXTOHKYHO
KOMMOHEHTY oxnaxgatowero nepexoaa 2S,,, (F=0)—2?P,,, (F=1), KoTopas He BO30y>K0aeTcs pe30HaHCHbIM
oxnaxgawowmum nanydeHmem. OTHocUTENbHAsSA MHTEHCUMBHOCTb MOAYMNALNOHHBLIX KOMMOHEHT cocTaBnsaeT ~ 1
% OT Hecywen. [ina oxnaxaeHus ncnonb3yetca 3 UBT nanyveHuns, cdoKyCMPOBaAHHOIO B NEPETSKKY
pasmepom 50 MKM.

N3nyyeHune dnyopecueHunn oT MoHa, HAYLMPOBaAHHOE OXSaXgatoLWwmm fiasepom, npoeLmpyeTca ¢
NOMOLLbKO MHOTONMH30BOro o6bekTBa Ha OIY n Ha NM3C kamepy.

F=1"T%,

Driver FoOm=s D12
14.75 GHz 1:
A2
370 nm
BCIL cooling
/4['_07 IS0 ( 370 nm,
Y,
v
o Ve F=1=
H ZS
N2 Fogmmm
] n PMT
\ i U CCD
Objective

Optical PM fiber @ 370 nm

lon trap



PMT signal, s
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30HAUPYIOLLMIA (HACOBOW) IA3EP

[na Bo3byxaeHnA KBaapyNoNbHOro YacoBoro nepexoaa %S, , (F=0) - 2D, (F=2) ucnonb3syetca nsnyyeHne BTOPOii
rapMOHMKMN ANOAHOTO Na3epa C BHELHUM Pe30HaTOPOM C AJIMHOM BOAHbI 871 HM.

BblcOKaA KpaTKOBpeMeHHasn cTabunbHOCTb U y3Kaa IMHUA U3NYHeHUS AOCTUraloTCcA NyTeM CTabuansalmm 4actoTbl
Nasepa Mo pe3oHaHCcaM OoTpaXKeHus BbicokogobpoTHoro ULE uHtepdepometpa. [lonrospemeHHas ctabunbHoOCTb
CUCTEMbI AOCTMUrAETCA C MOMOLLLbIO NOACTPONKM YacToTbl AOM Ha MaKCMMYM CUrHaNa BEPOATHOCTU BO3BYKAeHMsA
4acoBOro nNepexona OAMHOYHOrO MOHA, I0KAZIM30BaHHOIO B PaiMOYaCTOTHOM /TOBYLLKE.

To fs synthesizer

lon
trap

PDH AFC

PMT

Reference
cavity

" PC

[ins nogaBneHnst HN3KO4aCTOTHLIX KonebaHuii OnopHbIN aTanoH OcTpoTa ONMopHOro atanoHa F
pa3mellieH B BaKyyMHOW KaMepe Ha cucTeme NoABECOB, Kamepa ~3 5.1()5
YCTaHOBIIEHa Ha NacCUBHOW BUOPOM3ONALMOHHONM NNnTe.

LLnpuHa nuka ov = 4.2 kl'y,

[1na ymeHbLLUEHUS TepMUYECKOro gpenda temneparypa arasnioHa
ctabunuampoBaHa B6NM3un T.H. «HyrneBon Toukny, rae CTE =0 (T =
26° C).



OETEKTUPOBAHWUE KBAAPYMNOJIbHOIO MNEPEXOAA ‘%

[MoaroToBKa M ONPOC 3HEPreTUYECKUX COCTOAHNI MOHA NPON3BOAUTCHA C MOMOLLIbIO
crneumanbHo nogobpaHHON nocnefoBaTesibHOCTU fla3epHbIX UMMYNbCOB. BepoAaTHOCTb
BO30YXOEHMSA SHEPreTU4eckoro ypoBHsi °Dy, (F=2, m=0) (T.H. KBAHTOBbIE CKa4KN)
perncTpupyeTcs Kak oyHKUMS YacToThbl "4acoBOro" nasepa.

OEeTEKTUpOoBaHME OXNaxXgeHne OCH. COCToAHNE

13/2]3, E: \\\\\‘

Oxnaxpgatowum nasep

: nopor
3121y, [ZE=
) E2
2P, P21 ; 760nm MepekaunBatoLLme Nasepbl
F=0x: - ;
repump
A
] L Fop Dar YacoBoWt nasep
= F=4
370 nm|; 2F,,
cooling | F=3
MarHuTHoe none
E3 467 nm
P clock
F=r—
e o ! ! ! >
F= < . Bpewms

<« »

JnutenbHocTb umkna 100 mc

BpemeHHas nocnenoBaTenbHOCTb BO30YXKAEHUSA N AETEKTUPOBAHUSA YaCOBOIO
nepexopa 1’1yb*



OETEKTUPOBAHWUE KBAAPYMNOJIbHOIO MNEPEXOAA %

[leTekTMpoBaHHbIN CNEKTP BO3OYXOEHNA KBAAPYNOSIbHOrO nepexoga COCTOUT U3 HECKOSbKUX
pe30HaHCOoB, KOTOpbIe coaepxaT MHOPMaLMIO O COCTOSAHUN NOHA, ero ABUMXEHUN B NOBYLLKE
N B3aMMOLENCTBUN C OKpyxatoLlen cpegon. LLlmpuHa 3apernctpmpoBaHHOro pesoHaHca Ha
LEeHTpanbHOW YacToTe rnepexoga coctaenset okono 30 u.

| Laser pulse length 1ms, B ~ 6 uT |
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CnekTp BO30yAeHMsA KBagpynonbHOro nepexoaa 2S,;,, (F=0) — 2Dy, (F=2) noHa ntrepbus-171.
CneBa: cnekTp MarHMTHbIX MOAYPOBHEN nepexoaa; crnpasa: CrekTp LeHTparnbHOW KOMMNOHEHTbI
Amg=0.



~

OLIEHKA O/ITOBPEMEHHOW CTABU/IbHOCTW YACTOTHh! 4«

KpaTtkoBpemeHHass HecTabunbHocTe OCHY B OCHOBHOM ornpefenserca LWUPUHOW JUHUK
3oHAMpYyoWwero nasepa, CrabunuMsnpoBaHHOrO MO OMOPHOMY 3TanoHy. 3a cyeT apenda
4acToTbl 30HAVWPYIOLLEro nasepa o,(T) AocTUraeT Makcumyma Ha 1= 80t, (unn 7= 1.5t ) 1
NpW BKITIOYEHUN CUCTEMbI CTabunmMsaumm 4acToThbl fla3epa rno pe3oHaHCYy YMeHbLUAeTCs Kak
Y2 pna 1 > 100t.. lMpn KoppekTHOM Bbibope kOaPULMEHTOB neTnn obpaTHOW CBA3M
AonroBpeMeHHas CcTabunbHOCTb OrpaHuMyeHa TOSIbKO KBAHTOBbIMWU (PNyKTyaunsaMm Wn He
3aBUCUT OT YaCTOTHbIX LUYMOB fnasepa.

C yuetom Habrogaemon 3aBucumoctn o (1) ~ T2 ana cosgaHHoro OCH cyTouHas
HecTabunbHOCTbL cocTtaBngaeT ~ 1017,
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CTABUJIBHOCTb Yb+ OCH % .

AHanornyHole CUCTEMbl B pas3HOE BpeMs coO3faBafiiCb B HECKOSIbKUX BeayLimX
3apybexHbix nabopartopusix . B Tabnuue npnBeneHbl XxapakTepucTmkmn ctabunoHoctn Yb*
- OCH Ha kBagpyrnonbHOM W OKTYMNosfibHOM nepexogax. [Ons cpaBHEHUS NpuBeEOEHbI
OaHHble Nno Haubonee CcTabunbHOMY Ha [daHHbIA MOMEHT MOHHOMY OMTUYECKOMY
cTaHgapTy Ha ocHoBe Al*. Kak cnegyetr v3 npuBeAeHHbIX AaHHbIX, CTabunbHOCTb
paspabotaHHoro OCY He ycTynaetr 3apybexHbiM aHanoraMm. bonee BbICOKYHO
CTabUNbHOCTb OEMOHCTPUPYIOT TEXHUYECKN ropas3go 6bornee CroXHble CUCTEMbI Ha
OKTYNOSIbHOM Mepexoae MoHa NTTepbust 1 MoHe arntoMUHKS.

oc

171yh* kagpynons (M1d CO PAH, 2020) 6.5x1015 /vt(s)
171Yph* kgagpynonb (PTB, Germany, 2015) 8x107% /vt(s)
171Yb* ksagpynons (NPL, UK, 2015) 1x10** /V(s)
171Yp* oktynonb (PTB, Germany, 2016) 5x10*> /vt(s)

27A1* (NIST, USA, 2019) 1.2x10°15 /v(s)
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BHELLUHWI B N COCTAB

i €— YnpaBnsowasn aneKTPoHUKa

1 MoHHaa noByLlKa
: YnpaBneHune LUMKIoOmM

<4— Ila3zepHblit 6nok

MepBbin B P® onTUyeckun ctaHaapT 4acToTbl HA OAUHOYHOM MOHE



[Inanel HA Oyaylee

Maruauii: peanuzanus Cyoa0MIEPOBCKOTO OXJIAKICHUS, 3arpy3Ka B
OINITUYECKYIO PELMIETKY HA MAarn4eCKOU JUIMHE BOJIHBI, MATHUTO-
uHayuupoBanHasa criekrpockonus 0 -> 0 nepexoia B penieTke, rurep-
Pamcu.

W TTepOuii: CHEKTPOCKOMUS OKTYIIOJIBLHOTO TIEPEX0/Ia, peaanu3alus Turep-
PaMCHUEBCKOM CHEKTPOCKOIUU U CHEKTPOCKONIMU CUHTETAYECKON
YaCTOTHI.

Teopusi: pazpaboTKa U UCCIIEAO0BAHUE HOBBIX METOAOB MPEIIU3UNOHHOM
CIIEKTPOCKOIINU YIBTPAXOJIOAHBIX ATOMOB, UCCIIEIOBAHUE MOJIEBBIX
CIABHUTOB YaCTOThI pa3JIMYHOMN MIPUPOIBI U pa3pabOTKa METOA0B UX
MUHUMMU3ALHN.

M OHBI: KOMITAKTHBIE TPAHCIIOPTUPYEMEIE aTOMHBIE Yackl (10717-10-18),
PEIATUBHUCTCKAS I'€0IE3Hs; MHOTOMOHHBIE JIOBYIIKH, KBAHTOBAS
HH(GOpPMATHKA U KBAHTOBAs METPOJIOTHSI, MHOTO3aPSIIHBIC HOHBIL, SICPHBIC
Yachl; BEIXOZ Ha ypoBeHb 10719-10-20,

HeiTpanbHble aTOMBI: aTOMHBIE HHTEPPEPOMETPHI —
BbICOKOUYBCTBHUTEJILHBIE JTATYNKU TPABUTALUU, YCKOPEHUN U BPALICHUM.
Marnuii, pyouauii, ne3uii, bBOK.



1.

3aKa4yeHue

OcBOEeHbl TEXHO/IOTMKU ONTUYECKUX CTaHAOapPTOB
YaCTOTbl HOBOIoO NOKOJ1IEHUA.

[MpurotoBaeHUE YyAbTPAX004HbIX aTOMOB U
MOHOB

YnbTpacTtabuabHbie Na3epHble CUCTEMDI

[Mpeun3noHHas CNeKTPOCKONUSA 3anpeLLeHHbIX
nepexoaoB (YacTOTHbIe penepbl): HOBbIE
MeTOoAbl M NOAXO0AbI

CDEMmOCEKdeHbIE cuHmMmesamopbsl Yacmom



Cnacubo 3a BHMMaHue!




