Integration for Innovation

SI 21O EICRIF EEMOE)R]

ZHIESE
YIRETRANRAEATTERFT R IRERTI I —T

sDHEAETIA—-S A\ 1408 ES
iR D25 TE2EAREM  — FrSIEAF R —
29 Sep. 2016

National Institute of Advanced Industrial Science and Technology

National Metrology Institute of Japan



Integration for Innovation

2

[ IOBEECMEIITTEEDE =
JEERENRAE(C B I 2T DOEIT IR
CCTFBLUCCL-CCTF WGFSOEE)
[#IOBEEICEFO-RIYT

o T

National Institute of Advanced Industrial Science and Technology

National Metrology Institute of Japan



Integration for Innovation

BOER

H oI R

o 18844, ERFHFMREFETITIADIUZYSKETO
RKE Rz 7T SRDBSNTFX

e 1# =¥HXEZEHO 1/ 86400

JIZySRIZE
RFEFETADIEAT

1955: AFUXDEIZYIBFHATTFT(NPL) CHREZH]
DCsRFRFETHEAE . ZTEE(L, 10710 12E,

1967: ERESEEHEST. ROERZEIRIZETE
UTCCsIRFiFsth TN 3.,

= ori .7 =~
e — T

SRR H) D Cs/R FhEEH(NPL)

IREOESE “FAIBCSIRFORRIARED 2 D DB MBS EMOE DB (X

JLIDEID 9 192 631 770 AHADHK TR E Thd. ”

National Institute of Advanced Industrial Science and Technology

National Metrology Institute of Japan



NS
N
|

R1E

Integration for Innovation

HEDRDZEDD

518 295 836 590864 [o =1 #

National Institute of Advanced Industrial Science and Technology

National Metrology Institute of Japan

AYTIED LRF
DIEED
(RigFigEH)




Integration for Innovation

JEASFHFET

National Institute of Advanced Industrial Science and Technology
National Metrology Institute of Japan




Integration for Innovation
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e 2001 : FERAF FEEIEIR (HEF) (CLB3EFER,
e 2003 : APOFIALIRFZRVEEEEER,
e 20064 : CIPM #0O2RFIRUINIEER,
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CCTF Strategy Document, Annex 1 (Towards a new definition of the second in the Sl, F. Riehle)

National Institute of Advanced Industrial Science and Technology

National Metrology Institute of Japan



Integration for Innovation

E TSV INCL B AR EIZEEDIEL)

RFMNACHEVTESHNL cmZB LU S
Z1t Ag ~ 3><1O‘8 ~ =3uGal

2

5 AT IvILDZEE AU ~ 0.15—2

Af N AU ~10°%

E N uef oy N
E/EZ}‘?&/?I\ f C

0

10718 : cm A=Y DEFIDIENAHZY

S
Rt

([Tull]

HBk_E TIIEDNSENSNZ,

BHRTEPIDEN

O 0
55T DiEAH 75 DIEL

National Institute of Advanced Industrial Science and Technology

National Metrology Institute of Japan



Integration for Innovation

HO2DRFIFEHER SN B E KRR

CCTF BLUEDEFDCCL-CCT WGFSTIE. BEEDIEEBSERZVAMEL TET,

[#21D2IRFRIR

Secondary representations of second

Realization
Opt comms of metre
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» BT VMR EIEEIRAE 1 DEFLERENELE 7 DHEEEINTULD,

Clock Atom or ion, Transition Frequency / Hz Uncertainty

Optical lattice clock 87Sr 156-*Po 429 228 004 229 873.2 5 x 10716

Optical lattice clock 71Yb 1S50-Po 518 295 836 590 864.0 2 x 1015

Single ion optical clock | ’Al* 156-*Po 1121 015 393 207 857.3 1.9x 101

Single ion optical clock | *°H8"  %5,,,-°Ds), 1 064 721 609 899 145.3 1.9 x 1015

Single ion optical clock | Y*Yb*  25,,-°Dy) 688 358 979 309 308.3 6 x 1016

Single ion optical clock | Y'Yb* 25, ,-°F;), 642 121 496 772 645.0 6 x 10716

Single ion optical clock | %Sr* 2S1/2°Ds ) 444 779 044 095 486.6 1.6 x 1015

87Rb

Microwave clock ground-state hyperfine 6 834 682 610.904 310 7 x 10°16

transition
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Comparison of two %’Al* standards at NIST:

27TAl* / °Be* ug~2.3X107Y
VAl Mgt Uy~ 8.6X 10718

Fractional frequency difference:
-1.8(£0.7) X 107Y

Chou et al., PRL 104, 070802 (2010)
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Comparison of two cryogenic 8’Sr lattice clocks at RIKEN:

Fractional frequency difference:
(1.1 2.0(stat) =4.4(syst)) X 1018

Ushijima et al., Nature Photonics 9, 183 (2015)
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171¥b* 6s 2S,,, — 4f*36s2 2F,,, electric octupole

Yb" octupole
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R. M. Godun et al.,PRL 113, 210801 (2014), N. Huntemann et al., PRL 113, 210802 (2014)
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PTB — NPL
GPS Precise Point Positioning (GPS PPP)
Remote comparison of ’1Yb* (E2) optical clocks

Fractional difference: (-1.3+1.2)x1071>
J. Leute et al, accepted for publication in IEEE UFFC (2016), DOI: 10.1109/TUFFC.2016.2524988

NICT B PTB eostationary satellite
Carrier-phase-based two-way satellite time —or—
and frequency transfer (TWCP) M/ \ﬂ
Remote comparison of 8Sr lattice clocks | | ~—= i | B = S o |
separated by a baseline of 9000 km e s | S

[ tomaer |

fiber link

Fractional difference: (1.1+1.6)x1071°
i _l,l“ R Ll l.l}h mu_ .,

(averaging time 83 640 s)

s 3 |
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= Srclock @ Yb* clock : l Sr clock
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PTB-SYRTE Sr lattice clock comparison:

Total optical fibre length

= 1415 km

Optical clock agreement at the
5x 107 level

(averaging time 125 000 s)

Clock

Optical lattice
r \
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fs
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@ sidirectional amplifier

—
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B

C. Lisdat et al., arXiv: 1511.07735 (2015)

NPL-SYRTE optical fibre link:
Total optical fibre length ~ 750 km
Sr optical lattice clocks are being compared now
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CCL-CCTF WGFS®D;&E)

2013 Prague (EFTFICEDETHE)
o FEREIEELEDRIE DERDIRL
o NEIREUZEDRFEOIRIADHER

2014 Neuchatel (EFTFICEOETEE)
« CCL-CCTF WGFS 2015(CmEl}Tz=AT> 31—V DOHESR.
o FERLEEEORITEDERDIR L
o NREIREBEEDOREFEOIRIROME:R

2015 Paris, BIPM
o FUGRESINEIREIEDBELBIREIEDEFR

2016 York (EFTFICEDETHE)
- BOBERICEFZO-RIYT OVERK
« CCL-CCTF WGFS 2017(C@EFTeRT > 1— )L OREER
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HER SN BIREE
2015 Paris, BIPM : $UCIRE SN BREMEOREE BRABOEHT

o HRINBEIRENELEDIEDOEF
(171Yb* octupole, 171Yb+ quadrupole, 88Sr+, 40Ca+, 8/Sr, 171Yb,
199Hg, 1H, 8’Rb microwave)

o D 2 RFIREIB > TV B ERAEDIEDEF
(87Sr, 171Yb, 19°Hg, 171Yb+ octupole, 171Yb+ quadrupole, 88Sr+, 87Rb
microwave)

o FTULI#D 2 IRFRIR NSENMSNIZIEBEIREUREE (LN T,

CNFET. WGFSTERRBINTERT —F—(F, —/RIEBEZZ THACSIEFRFETED
tbECdor,

S SCRIREWREOBEIR TR SIS BRIREURE R T O E LD WA
BT3B,
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87Qr 199Hg
171Yb 199Hg+
87Rb 27A|+
171Yb+ E2 \ 1H
171Yb+ E3 40Ca+
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B ERLE DR EFEEROERDIRO
WONDRBIATEN 5852 BB E SOFEE L HEES 3.

BIZIL, vy, / v, (FEFZAITE T DFHRIRE THD. FIAMMOERELLDBEDFE
anENSKRHHEEHRIEE,

e.g. Vyps / Vor = (Vype / Vyp)(Vyp / Vs,)

or VYb+/ Vor = (VYb+ / VCs)(VCs / VSr)

or Vypi ! Vor = (Vyps / Vor) (Vs / Vi) (Vi / Vs,)
etc.

INENOEIRLLEDIEZSDHITHEROT7ITO—FHH2D T, BEREUR
RETIRIT(INOF(FBFOREE , BEFEANNEFII T(IRDSNA,

« CODATAICBVWTERYIBRTEZDREICAVAN IR/ FECE D nAEE
o IREINEBEEEZELEORTEEESH GTE
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EFRTSNIHHER BRI DIE

Atom/lon | Transition Frequency / Hz Uncertainty
21 — 3
875y 257 59~ 355p Py 429 228 004 229 873.2 5 x 10716
21 _ 3
171y} 65750 = 6s5p “Pg 518 295 836 590 864.0 2 x 10715
1H 15-25 1233 030 706 593 514 4.5x 1015
21 _ 3
199Hg 65% %50 = 6s6p Py 1128 575 290 808 154.8 6 x 10°16
2 _ 2
171y 6s Sl/.z >d *Dy/, 688 358 979 309 308.3 6 x 1016
electric quadrupole
2 _ 13Rc2 2
171y 65 %5/, — 41657 °Fy 5 642 121 496 772 645.0 6 x 10°16
electric octupole
2 _ 2
88+ >S Sl/.z 4d*Ds, 444 779 044 095 486.6 1.2 x 1014
electric quadrupole
2 _ 2
40Cq* 4s Sl/.z 3d*Dy, 411 042 129 776 398.4 1.2 x 1014
electric quadrupole
Rb ground state 6 834 682 610.904 310 7 x 10°16

CIPM 2015TH#zGa
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A new definition should therefore take place
as early as possible and as late as necessary.

D AHEHNTDIKIR :
~10-18DIEXAENEDFEIFETN3 DL EHIRT B,

Q@ [EFEMHOHES? :
3¥XJ:G)EH?%FE(CEBL\‘C~ 10 18X ANENS T, KFESTOREF 2R TE
D5,

@ IRITOTEZE LD -
Cs atomic fountain EDLEERICHEWT, 3x 10 10U F O AHENS T, B
HNREHKZE,

@ FTEZRNFELE :
EBRR T B (TADADOEHIN R EEN B §E(CRB 5,

® $FTEZRNEIR :
BERBIRFETOREIRELE N2 DL L DRAFTHERI T5 x 10-18DLL T OMEX AN S
THIEEN3E, ZUT. CORRBIRELEDBRITE DEBENS DL ECRBEE,
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3 clocks NI AENZORIBFEDICH VT, Cs atomic
Av,/v,~ 1018 fountain LD2HTRWVE

3 comparisons M B R BHFTHER DERFET D LEESAIE (CH LT
A(v/v) < 5% 1018 ‘ RFIENEER CEDE

3 clocks g IREDER OB Z R DIz, Cs atomic
Av/v < 3X 1016 e fountainz FBVVZRAIEN 3 DL 37 (CRhaN35SE
Regular contribution to TAI EIx PIKEH 10U EDRIFELR— MEIEERSE
2 comp. betw. 5 clocks =0 RERLONEORENE L8

A(vi/v) /(vi/v,) <5X 1018 A >

Validation and decision for optical standard

| | | L
2017 2020 2025 2030

CCTF Strategy Document, Annex 1 (Towards a new definition of the second in the Sl, F. Riehle)
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EXE)

o 10 BROJRIREBIRENMENICET, BEZRDHEEFRU D DHDED K.
o 10°BEROAENSH—DDOEIRE,

o [BIDBERICHEVT(E. CCL-CCTF WGFSTiEMmIN (S W n2RER
IRIRE, SRR EZ HVCERCED T IE,

« [BIOBERICEVWT FEDIEBBNMERENLERE. MMOXERZHEL
T2 12RIRIDIBNERDLI(CEE w8,

« NEREIREOLLR T EDEEILNEER,
o JCREIREIEEZRAVRROBENEE,
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