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Paul trap
B —A7Z > BF&T (H. Dehmelt, 1973-) o { e
- Al*, Hg*(NIST), Yb*(NPL,PTB), Sr*(NPL,NRC), In*(MPQ)... —
AEHTEREEESOEOEICNSYT S e 7
AFURSYIORVBALADISET, BRISFy | [
TS5 INERETES (ST Hi) B

C e
B—AFUICKYERERSTRHEL 7
RS | S5f/f,~ 1018 EIRTT4E

(NIST) S. M. Brewer et al., “?’Al* Quantum-Logic Clock with a Systematic
Uncertainty below 10-18,” Phys. Rev. Lett. 123, 033201 (2019)

27A1* Quantum-Logic Clock with a Systematic Uncertainty below 1013

S.M. Brewer,"” J.-S. Chen,'”" A. M. Hankin,"** E.R. Clements,"” C. W. Chou.' D.J. Wineland,"**
D.B. Hume,' and D.R. Leibrandt'**

TABLE I. Fractional frequency shifts (Av/v) and associated
systematic uncertainties for the 2Al" quantum-logic clock.

UV Pathlength Stabilization

Effect Shift (107'®)  Uncentainty (107'%)

Excess micromotion —458 59
Blackbody radiation =305 42
Quadratic Zeeman —9241.8 3.7
Secular motion —17.3 29
Background gas collisions —0.6 24
First-order Doppler 0 22

§ -EB Clock laser Stark 0 2.0

= 1 AOM phase chirp 0 <1

3 ! .

= ! Electric quadrupole 0 <1

=

| Total —9336.0 94
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Uncertainty below 1018, Phys. Rev. Lett. 123, 033201 (2019)

W}

X

E
B—AFA DEF/AX (N=1) NREEZHIR (S/NAELY)

1Hz 1
o (7)== =1x107P \/;
y( ) 10°Hz J1/sx7s /

e dirocs e
oo, it




JEHFET DA NixE

A& FBFET (H. Katori, 2001-)

- Sr (RIKEN/Tokyo, JILA, SYRTE, PTB, LENS, NICT, NMIJ, NPL, NIM),
Yb (NIST, NMIJ, INRIM, KRISS), Hg (Tokyo, SYRTE) ,Cd(RIKEI\i??

HEREDRFEAEFRTUOYILTINSYT
[RFEHEFDIE (BISREMEVF ST L TAv7r

RiE— kT S5—YIMDBRE

BERFRICEFEZET ST I NIEEEL TREL

\“-'" “u'n
IERES | 5f/f,~ 10718 F|ETTRE _— ﬁ MN

Av~5v 1
v v IN

1Hz

ZEE | N~10°ED L0 EFEE L
1005 & DA A BEt ) [E B I 51 1 E ¥
1018 D RFEEICEZET H1=0HIZ.

FACASH I RJLE

—~
O
~

FEFOE&IRILEF—

Katori, FMS (2001)
Katori, Takamoto, Pal’chikov

1 1Hz 1
B 105 N 10° HZCG & Ovisannikov, PRL 91, 173005 (2003)
F@l/leO : 10 /S@ Takamoto et al., Nature (2005)

10 days averaging of N=1 ion

1s averaging of N=10° atoms

B AL R ERR TS SR H A




2. A FRFETDEGIEER

FratENMEDRIRENF 1D ZRFRBITERIR




Takamoto & Katori, Phys.

I FRFET D EFEEER Rev. Lett. 91, 223001 (2003)
— IR FPDSrRFDFEE 73 (2003) —

L—H—4&H & #EFIZLB NSV / A& FH
L—H—

% % FIT7AIN
| AOM
M e A
& % | \T ZEILL—F—
\:E:*s

s
o
|

o
o

o
o

o
I
. ] .

FIFHRDSrRF
DHEHIEBIRTKL

00— 7T T 7T T T
-200 -150 -100 -50 0 50 100 150 200

Clock laser detuning (kHz)

o
no

| L= —mHicht:
ZFD/?"?AJ??
(umr_"'mK)

Photon counts (arb. units)

)v

4
%'\



SIS FHFET D EEFEER
—Sr|R FIAEFRFET D B K 20 ET:81(2005) —

L—H—%# & XEFICKDBES9T ST H
% % HIT7AIN L—5—
| AOM
B 7IEH
z & | LT EfEL— S —
SRR T8 — HERTELLR:SE
s
Il
gai -l t“/'?fﬁ?ﬁ?f ERHEOXRFE
/ \ j | EIREaL
CEO rep
ERETE | |opomie H| ‘
TAL s | L° SRR ; ‘ | |
N f

fo=f +nf_ +0O| | HREKEE429 THOMDS
0 CEO rep RFE i 5~ 5>




Vol 435[19 May 2005|doi:10.1038/nature03541 nature

Je 5 7B 50D B 4381 0D 28 (2005) LETTERS
(BFEtELTOENMEDHDZEESE) An optical lattice clock

Masao Takamoto', Feng-Lei Hong®, Ryoichi Higashi' & Hidetoshi Katori"*

The precision measurement of time and frequency is a prerequi-  can confine atoms in a submicrometre region, and its periodicity
site not only for fundamental science but also for technologiesthat  allows the production of billions of micro-traps in a volume of
support broadband communication networks and navigationwith | mm’. These features are indeed attractive for fine spectroscopy with
global positioning systems (GPS). The SI second is currently  enhanced stability.

realized by the microwave transition of Cs atoms with a fractional In general, such a lattice-trapping field significantly modifies the
uncertainty of 10~ ' (ref. 1). Thanks to the optical frequency comb  internal states ofatoms by so-called light shifts, and so the system was
technique™’, which established a coherent link between optical  not seriously considered for atomic clocks until the demonstration of
and radio frequencies, optical clocks' have attracted increasing the light shift cancellation technique'®". The transition frequency »
interest as regards future atomic clocks with superior precision.

i?(\ L< ?—%‘ % % Q Z‘g g;]‘::“; =1 To date, single trapped ions** and ultracold neutral atoms in free
F~ 19 ~ % s X [E o —'é'_‘-‘ = f:. fall”® have shown record hlgh perf(llnnance that is appr(?aching
Thofings sy ERREEDIRT [] | St it
[l = | VR % a-& ?16 % 3_) . b quantum references. The ‘optical lattice clock™'® demonstrates a
B f ks linewidth one order of magnitude narrower than that observed for
% 0")': J]" fg% Pz? # ﬁ ig.’ E’z %%%@blmm SR neutra.l-atomupticalclud(gsl’l“"”,anditsstability is better than that
g if\?\ MNIE S = D A5 E‘ of single-ion clocks**. The transition frequency for the Sr lattice
Ab P = 2L — /, o | P is, as determine an optica
SBESURICE mxmumon—v |5 | S
A — —— Accurate atomic clocks rely on the observation of a narrow atomic
D IR B I D - Bl By e O) rest.mancct Air at a transitil.?n frtequsncy vot that is inscnsititve to
N !EJ] W& B O 73 & A A3 B == external perturbations to the highest possible degree. An indicator
ﬁj: zgz ?& T IEWY UL 5 '—&E g %-—- of clock performance is the fractional instability, which is minimized
T~ MO IETH 2 N gy by repeatedly measuring the high-Q (Q = »/Av) transition. The
j% = ? {[{Ayll 1;—],'9 ﬁif; ;goj E‘EE 7L:f 6&\ % fractional instability is given by the Allan deviation"”
F 15 2% 4 = == % o " =i a,(7) = Ap/(yr /N7 m
HEeahiall |E o _
onpilitdy =1k ne, = 429 228 004 229 952(15) Hz
Pross gl D
c®_ _moEEULE D ! B3t A
glg%%%{gbg%?g = | LE It IRREAS
= (N i D (40 G T o
USDErm@mEn 3 (3 55 { = -14
3T 18 i & -
\ E — D8 ° En c
{rgsemdxargﬁu.ﬁm & b =2 %\ % ;aﬁ L %jlj( 2 5100 5
EEOA MOAVFOLAEF H K SHEL 5D *d, 5w 3 . = .
ERRULCHETREOD F T met S K gd g o LRI RS
BE=1TH. RAKT¥HT 9 FH OB EFELC =8 g ELTHEIELTF
| —2E 2 i =
7 AEXDhEBBECERILDU S L E o7 : = -
Bl A S M BENED OB WEET IC Dk B St et DK%
Mo AW EE 10 £ 2 &t & YmD 2T T I 5w o AR FEE D RIR
)16(7) :_/ 7:)>'§"bif C“} N L'/_Ef}mab = Y6.B ‘J:Eu’:’i‘ ) Clock laser freauency (M)
R ZESESHMERO GBI D AR L LS
LRI DR i el ngh 2855 T e
a w B X Tk B .
_ﬁ?%=§ﬁggwﬁéqmzﬁﬁwf%% Data e
S A Pn = e y) 3 = 3 TiE v 3
Qfﬁ- 5’5 |J'ﬁgﬂ?,‘f‘sh o %7§ _gﬁf/f)l} i 10 Figure 4 | Absolute frequency measurement of the 'S, — Py transition of
T = B NS ) A CpE o AT BRI S atoms in an optical lattice. The inset shows the typical clock transition




SrytH&FRFET D B 2N ETHI (2006)&
H-k-{LD3T IL—TDFEREIED—EK

= - — —
o o By -~
3 - - ) = 3
- - A y
. ) » S %
Y B . )
— * > y
( < . .\'\f
¢ -

~ 42'9228004-24 ’éé o | A o)
7 . N O YRIE Tokyo-NMmI1J ~
S 429,228,004, 23C0NRIRIN L g T
O . &y [ *
I o A R ey e |
S =
L
T Weighted average =
429,228,004,229,850+ 499 998 004,229,877 Hz
429,228,004,229.840{ ~  @sof2006.09
JILA: Ludlow, et al., PRL 96, 033003 (2006)
Tokyo-NMIJ: Takamoto, et al., JPS] 75, 104302 (2006) Measurement

SYRTE: Targat, et al., PRL 97, 130801 (2006)
2006 EREEHMEERICKYSITRFERAL IR FEEANTFO Z KRR IITER



18T ERIRICE =& XD ZHRE : RIAEERSH T

 FEBFOEZEEIL

=2 (300K)

| — / |
4x blackbody: flux

10 100
f (THz)

KB FL—H—(ZLBHETH
(XEERETHE

g [WI(THz m?)]

o

B ERFEHT I

mE T CEVEH(Z3H 5 EHERST
=8 (7=300 K) TI&,
— ARITMILDE—%:17 um
— E(rms) =8.319 V/cm
BRESIZE>TELSHI T

B SrIRFDRFEGICKDERB I
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Atom  Segge (Hz) vy (Hz) Segrpd vy Uncertainty
Mg —0.258(7)  655x 10" 30xi107® 1x07V
Ca —1.171017)  454x 10" —26x100B 4= 1077
Sr —2354(32) 420% 10" _—ss5wioc’ 7%l
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Laboratory-based optical clocks with 18-digit accuracy

Optical lattice clocks
Sr (RIKEN) 1. Ushijima et al., “Cryogenic optical lattice clocks,”
Nat. Photon. 9, 185 (2015)

Sr (JILA, USA) T. Nicholson et al., “Systematic evaluation of an
atomic clock at 2 X 1018 total uncertainty,” Nat. Commun. 6,
6896 (2015)

Yb (NIST, USA) W. F. McGrew et al., “Atomic clock performance
enabling geodesy below the centimetre level,” Nature 564, 87 &
(2018) ‘

Single ion clocks
Al* ion (NIST,USA) S. M. Brewer et al., “?’Al* Quantum- Loglc i
Clock with a Systematic Uncertainty below 10-18” Phys. Rev. Lett. :
123, 033201 (2019) . [%

Yb* ion (PTB, Germany) N. Huntemann, C. Sanner, B. Lipphardt,;s
C. Tamm, and E. Peik, “Single-lon Atomic Clock with 3 X 1018
Systematic Uncertainty,” Phys. Rev. Lett. 116, 063001 (2016) “
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» BHERADAV)—Dih LS. REBRICENZT N AR FIFEEHE
» 2BDEHELT7FA/N—TILE, BIEEZEAr~450mIZL D
Bl DA 7T DL NG Vreqshife 2 A1 TE
» SEZE: Ah~450 m = SVyegshire~ 21 Hz (6v /vy ~5 X 10714)
» REIFEE: 10718/(5 x 10714) ~1075
» SEEAEL—F—BIESIUGNSSTEREEIZEIE
™ §Vredshift/Vo = (1 + @) gAh/c* IZEWT, aDOM DY Nz i

= — &R D AR EE R ER

® Pound-Rebka experiment (Harvard tower: Ah = 23 m)
la] < 0(1072) (PRL 4, 337 (1960))

™ Gravity Probe A mission, NASA (Launched H-maser: Ah = 10,000 km)
la|~1.4 x 107* (PRL 45, 2081 (1980))

™ Galileo satellites, ESA (Atomic clocks on elliptic orbits: Ah = 8,500 km)
a = (0.19 + 2.48) x 1075 (PRL 121, 231101 (2018))
a=(—09+ 1.4) x 10~> (PRL 121, 231102 (2018))
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A. Derevianko et al., “Fundamental Physics with a State-of-
the-Art Optical Clock in Space,” arXiv 2112.10817 (2021)

S. Kolkowitz et al., “Gravitational wave detection with
optical lattice atomic clocks,” PRD 94, 124043 (2016) P. Gill et al., “Optical Atomic Clocks for Space”
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