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o FFE-ERY : ROBEEISFHAITSOYESE
- "IN OEER"IISIEMRDONEH (RS, BELFRRE-FEKRIETT)
— GPSIC KRB - BiRFFET - Ry T —I D EIHA, BIKRXEF - VLBI
- REDN . EFNFAOER. BXHRE. MEEHROERE MR

o RFEREETRIEL  BHELLGHRETEDEER
- BEDW" DEETHICEFIFETEDFRIMLELER
o 15HTER O BIREGETRIMERIR
o EFEDREIEMETE - ERTDFEE
— REREAL SRR D Y A H— (Hinsch, Hall,20058F /—~ L &)
=>19HTD B IR L i =1R
(L. Ma et al., Science 303, 1843 (2004))
— HITF7ANIZKEERTE R EREMREIRBUEIE
=191 CRIEEE(251km) B BsEEEIR
(N. R. Newbury et al., Opt. Lett. 32, 3056 (2007))
(Fiber link & comb : I. Coddington et al., Nature Photonics 1, 283 (2007))
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JRFHFET DL FEA
Counter ﬁ\\‘@)

Frequency
divider Frequency
I / reference f,
) Atomic
¢ r— — ¢ Af
Laser (1960) /L Q £
£,..~500THz \] e )
ofOSC9 fO fo fOSC
JRFEFET D% RE e.g. T LRFREFE
@ IEEEé i (6f %E“:J:éjﬁliﬁ i:3xlo—16
fo TR O
o BEE _ (T)~£ 1 Af 1 o,(r)=4x10"/\r
(7o) 77 QSIN  f, JNr r=10,000 s DI ERERT

3X 10D REFEICE]E



JEIEIRE L — IR ED DL’

E—FRIEBE/ NLAL—F—

T' s "]i.'_ Fi j‘ 1 i I
Pt [ Al Ak The Fourier transformation between time and

::";':fl_ll",||! l|!_,!':__Ii';';' % '?""ufl Ii ||' I 4 -?‘I‘II'L:'II :'| ||I I!fv'l'l'l'. ] frequency axes
e Uty ;
F.T. — .
I I(f) 4%{ ’;1 =1 ﬁep * ’E) ’ ’6 - (A¢/27T)7;
frerf b OF LLERl SRl ANEE 3] o

Ref.: Th. Udem et al., Phy. Rev. Lett., 82, 3568 (1999).

.

Frequencylh,j:,,v-,

Domain i

»¢Ref.: D. J. Jones et al., Science, 288, 635 (2000).

Bk e EIZFRIfRICIESE—RICKY ., SLRAKRE f, (~100THz) &
SUXRBIRE f., (~100MHz) ETHRETES
10 OFETOERBMLEENT TIZTEVAMN —NEH
Ref.: L. Ma et al., Science 303, 1843 (2004)
(T W. Hédnsch & J. L. Hall: the Nobel prize in Physics 2005 )



JERFET DA NITIRH
B — (B

— Hg*(NIST), Yb*(NPL,PTB), Sr*(NPL,NRC), AI*(NIST), In*(MPQ)...
AA RSy THRITECRET 5 EICKDHEYTZI—L TR
D Nl

BRI TIHELY

Very accurate clock : IEFES (Accuracy) Of / fy~ 1028

Al*-Hg* 4 A BFETREI D 17H7 D B R $ ELEX (NIST):
T. Rosenband, et al., Science 319, 1808 (2008)

Frequency Ratio of Al" and Hg" Single-Ion Optical Clocks; Metrology at the 17th
Decimal Place
T. Rosenband,” D. B. Hume, P. O. Schmidt,” C. W. Chou, A. Brusch, L. Lorini,” W. H. Oskay,§ R.E.

Drullinger, T. M. Fortier, J. E. Stalnaker,l S. A. Diddams, W. C. Swann, N. R. Newbury, W. M. Ttano, D. J.
Wineland. J. C. Bergquist

S
ibery laser
= | A 4
K2 A 4 E :
fiber ¢ '-
x2
Igat
Fo g Y &
' aTp|*
>l Pa
Al (I L/
)
n ff’ED+ fceo m ffep+ fCﬂG



KR FHRDIRFEFAZAHNDERET [ & FBFET]
— Sr (Tokyo, JILA, SYRTE, PTB, LENS, NICT, NPL, NIM),
Yb(NIST, NMIJ/AIST, INRIM, Washington, KRISS), Hg(Tokyo, SYRTE)

KDEERDEDL AZIIRTUwILEF AL,
BHRF Rl RN =R EREF (N~ 108E) &
RIRFER BT S &2k Y,
Ky T 5—2 RO
[RFRIDEZEL T D HNH
N=10EADRFIZLIELLEE

[BB—A AT 1Z 1058 BRFIZARL—F
e.g.) 18HTDREEZFHICIE.

Av ov 1

v S IN

1Hz 1 1Hz 1

10°HZ \1/sx10°s ) 10°Hz([10%/s x 15

B—AA Z10BMRE  10MEDREFE1HEEE
18HIL AR TEEN DB R ELR FrEt
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L—H—5H0:

Momentum exchange between atom and photon

_____________________

@ |9)  (@mrum

_____________________

HFDEE= JRFDEE=
p =h/A p=my,



L—H—5H0:

Momentum exchange between atom and photon

JEF DI

N J&+F DU -

J??O) EXE:3) )=y
p’=mv, - h/A

1T HFORINC L DEEEIL:

Av,=v -v, = (h/A)/m ~cm/s

NAv,= N (h/A)/m ~ 100 m/s @ N=10*



L—H—HIZ KB EEFDFIER
1

1 -
—keT =—mv
2 B T X
/J%—H-—j‘y FFDRE A
[EF(ZHIELT
T =800K v ~ 300 m/s L—H—%
0 e €
\ /
-34
ma = i’i ~ h2//1 —ax~ 1656 X110025 kJs/4(;1n5m =10°m/s® >> g
T (1.5x g)x2x5ns o
T = Vo _ 0.3ms = 1k B
a
1 N L
[ :EaT ~4cm =1k EE B }

INSTEEZERNTRIRFDEHNZLEDHLHENTED




Laser cooling and trapping of atomic JS

= Manipulation of atomic motion photon momentum
= T~10%K, n~10'2/cm?® ultracold 3toms

/
The Nabel Prize in Physics 1997
. CgTannoudj®M@\W. D. Phillips

yd)ment of methodS to cool and trap*
‘torﬁs with laser light"
‘ bel'Prize in Physics 2001

E. A. Corn . Ketterle, C. E. Wieman
"for the achievement of BEC in dilute gases of
alkali atoms, and for e%undamental studies of
the proper®es of the condensates"




EDTTEDRE D HKIZENTULNSH?

H Periodic Table of the Elements
TRT A\ hydrogen B poor metals
Li el alkali metals O nonmetals
! alkali earth metals B noble gases
n 1 transition metals rare earth metals
Na | Mg
19 20 21 22 23 24 25 26 27 28
K|Ca|Sc|Ti |V |[Cr|Mn|Fe |Co|Ni |Cu

¥ 39 40 41 42 43 44 45 46
Rl Sr)] Y | Zr |[Nb |Mo | Tc | Ru|Rh |Pd | Ag

55 56 57 72 73 74 75 76 N 78
alla|Hf |Ta |W | Re|Os| Ir |Pt | Au
89

104| 105| 108| 107| 108| 108 110
LFr Ral| Ac [Ungq|Unp|Unh|Uns |Uno|Une|Unn

K 58 59 B0 61 62 63 64 65 66 B7| 68 89 70 71

‘CE\EL&Pm Sm|Eu|Gd | Tb | Dy|Ho | Er | Tm|Yb | Lu

90 91| 92| Oo~04| ©O5| 98| 97| 98| 99| 100 101] 102 109
Th | Pa| U |Np | PulAm{Cm Bk | Cf |Es [Fm| Md| No|Lr

Alkali metals / Alkali earth metals \
Ground state has an electronic spin Ground state has no electronic spin
Easy to manipulate with B-field Immune to B-field fluctuation
Magnetic trapping & Creation of BEC Spin flipping transition:
Popular elements for laser cooling weak transition = high resolution

\Suitable for precision measurement/




SIRFDL—H—GHEERT YT

Magneto-optical
trapping

Sr oven

Sr energy diagram

5s5p 1P, ee—

5s5p 3P,

Strong ;l
Ag=461nm Weak
Ve/21=32MHz GR=689nm
Cooling limit Va/21=7.6kHz
Tp=760pK Cooling limit

T.=450nK ) —
i J Cooling on strong transition (1S,-!P,)

55 1S T~1mK  N~108




StIRFDL—H

Sr oven __sssn

. B, s

Sr energy diagram

5s5p 1P1 E——

5s5p 3P,
Strong 3
Ag=461nm Weak
Ve/2mM=32MHz A;=689nm

Cooling limit
Tp=760pK

Ve/2m=7.6kHz
Cooling limit
Tg=450nK

5s2 1S,

A\
/Tl

1TV

1D optical lattice

Trapping in 1D optical lattice
T~2uK N~10%
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FFetER D AR RELEL—T VAT LA

ULE cavity
e ]
| L 1/ || 5
fasti islow M4
1 l DEM Elj single-
PZT| (A fib
v
— r /
I n
A2 EOM
698 nm
ECLD /| AOM
grating AZ/
single-mode
fiber

Ti-Sapphire laser @
| 1D Lattice & Probe



REY A X~ X

-JILA

Vertical cavity: (JILA) M. Notcutt
et al., Opt. Lett. 30, 1815 (2005)
A. D. Ludlow et al., Opt. Lett. 32,
641 (2007)

-PTB

(PTB) T. Nazarova et al.,
Appl. Phys. B: Lasers
Opt. 83, 531 (2006)

mirror
blind holes

“NPL

Cut-out cavity: (NPL)
Webster et al., PRA 75,
011801 (2007)

10% ALyilLy

LRBDT A

-6.920 -6.882

-6.922

-6.584
_B924F camsk
495 %-6.926 - :
500 = -6.828 -6.888
; -6.930 smok
-5.05 - 6832 oozl
510 -go34 )
515 6936} Rl
520 Goes 25 0 25 5
525 Paosition (mm) Paosition (mm)

Kyer 10 kHz/(ms™2)

, tmm) b ¥, (mm)

. B afaanes
: |
i 1.
{4 ' §I|

s
=]

|total displacement] (pm)
g

|response] (kHz/ms?)
) 1) P
F.e.F

=]

=3

T — T T
10 15 20 25 30
z (mm}

Kyer 0.1 kHz/(ms™2)



REN A X A~NDE

Vibration insensitive optical cavity with cut-out
design: (NPL) Webster et al., PRA 75, 011801 (2007)

—h
S
wW

—
o
A

—h
S
[=>]

Vibrational noise spectrum

density (m/s* Hz "%
)

Finesse

Linewidth 3.5 kHz

570,000

ULE cavity

Vibrational noise on isolation table

Isolation OFF

Isolation ON

80

ﬂj ]
e
W {
L
0 20 40 60
Frequency (Hz)

E DRV

Vibration sensitivity (kHz/(m/s?)

PSD (HZ?*/Hz)

30

LRI DTH A

25

20

15

10

ol

40

42

44 46 48 50

Distance between support points (mm)

.

i

Thermal noise

f\v‘

]

Al

10° 10'

Frequency (Hz)



Wi et
o

proof box

8 Passive vibration isolation table

e

Sound-



Fret L —H — D 14 aEET

Power spectrum density (arb. unit)

0.04

0.02 +

o e

0 200 400 600 800 1000
Frequency (Hz)

Af....=9.6Hz (RBW=1.25Hz)

Allan deviation

Allan deviation of the beat note between two lasers
stabilized to vibration insensitive & sensitive cavities

e

S

10»15

\

110
Time (s)

100 \

ULE cavity drift of
0.1-0.3 Hz/s due to
thermal expansion is
subtracted



Photon counts (arb. units)

Excitation rate

\

KAEFhORF OHES K

O
T I O
OOUOO Qoo%@
0.8 © Q4 © @)
) O o o o © 1 g
] © D

Af=2.7Hz |) An=+1
@a291hz & E= st
IkIL i K/\R

IR TUOwIILRIZEESN
FIRFDIREBARIEIL

40 0 10 -50 0 50 100 150 200

Frequency (Hz)
wivon laser frequency (kHz)

M. Takamoto & H. Katori,
Phys. Rev. Lett. 91, 223001 (2003)
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Optical lattice with Sr _ fs:

=
o

Probe laser
(698 nm)

fcavity
= faom P( f )
ULE cavity PC +

K H Synthesizer

AOM

(@] (o]

P_I§
S

S .

Excited Atom Fraction «(f)

o o o o o
D

— - — -—U—;y
+

o
1

N

-1 i 0 1 2
Clock lasgr detuning e(n) Y
P*—P =
Digital servo loop with PC control § - o /\ Error signal
f . f f % \T' 0.5 / I
Sr (tn ) — lcavity (tn )+ AOM (tn ) % < / :
g 100 !
fAOM (tn): fAOM (tn—1)+gX%X(K+_K—) %2 1 /
T + -0 /
= Taom (tn_1)+gx§><ne(n) 25054 \VJ
_ 4 . 3 -10+— — ‘ ‘
- fAOM (to )+ g % E % IZ—O: e(l) . N CI(;gk laser 3etuning le(n) ?x v
1st order integral feedback )
Critical damping at g=1




Frat EBANDEEIL——ORRHALEIL

=-9/2
3p,(F=9/2) me=-9/
3
c mg=+9/2
o
= &
g 0| f
c X | Jo
= o f
% I +9/2
0o <
O mg=-9/2

15,(F=9/2)

mg=+9/2

(B, =1.9 Gauss)

f+9/2
_. -3.5
N
T
\X/ E
=
QA0 i T +Tg,
Y— 0_
g>f o aa 2
§ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
o 0.16Hz/s corresponds
= to the ULE drift rate
Rz O 0 f
© M /2
0O 200 400 600

Time (S)

Output : Atomic resonance frequecy f,
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JEAEFHFET DA Xt BLUR BRI E

e o B IR BRI TE

REDW" OEERTHLH LYV LRFEE(TALERRFE)CEDE
T FRET DB RBZRET S

g 1[E. 2[8] B M;AIFE (2005,2006):
RRK—ERH (DKL) BEGPSU I TDHS

Opftical frequency comb

‘Lfmloml 1 T\l

£ 800 MHz
& I Synthesizer
[, | I

\

S

\

Counter |« H-maser

L ﬁ,‘?—‘f'
b
Jaom

Optlcal flber with
nolse canceller

©

Clock laser
(628 nm)

I

)]

(Tokyo)
Carmier phase \

common view
GPS

PC+Synthesizer 4—‘ satellite
| Saom Y12
AOM UTC({NMLJ)
(Tsukuba)
Optical lattice with Sr F
ULE cavity TAl

Collaboration with NMIJ/AIST in Tsukuba




37 IL—T 12k B87SrIA& FBFET D #& x4 B K #5RI %E (2006)

429,228,004, 229,900 - -+
JILA Tokyo-NMIJ
429,228,004,229,890 o - GYRTE o
N
=5 429,228,004,229,880-w—r—r—r—r—r—~~—r—~~~r~~~~w~~~~,,,,~,,,wml,wm
%) % 1
§ 429,228,004,229,870 gy [
(op
£ 4209,228,004,229,860 -f-vvrefsif "
Weighted average = Af / f =7.5x10
429,228,004,229,850 14429 228 004,229,876.6(3.2) Hz = 0
429,228,004, 229,840 |-+
Measurement
JILA: A.D. Ludlow, M.M. Boyd, T. Zelevinsky, S.M. Foreman, S. Blatt, M. Notcutt,

T. Ido, and J. Ye, PRL 96, 033003 (2006)

Tokyo-NMIJ: M. Takamoto, F-L. Hong, R. Higashi, Y. Fujii, M. Imae, and H. Katori,
J. Phys. Soc. Jpn. 75, 104302 (2006).

SYRTE: R.L. Targat, X. Baillard, M. Fouche, A. Brusch, O. Tcherbakoff, G. D. Rovera,
and P. Lemonde, PRL 97, 130801 (2006).

16 CELDT—E2Hh1—H




2006F10814-158(IC13hHhni/c %g
=51 7TESR - BRSGERNESS (CCTF)
ICHNT. 4DDMBFETH “BY” DR %%
SIBICIIRSNE, %

[FhDZRFKIR
‘Y OBEEDOEHRIRERE
4 DDz

RADIBFEFET

it
7
th
@
1
#
»
3
?

— 0 #8 ) B hE=TLEET
1 7 Vst (He', Ybt, Sro) RERlP.STaLl By
Y FElgig go nRis
y&& = 7 By & = CERET
Sr *CI?H%D-I_ SPETC)D TEABCEA
‘9&% m 0T L E‘b Bf &8 77
HEx S W 1 TR MEE R
S2EnEsE AMSMEET
DDDUiICiE e O 2]
wmiEE 1 E cSBAZX0E®
3 E= 7 G R L Bh T )]
5%@m¥%gu¥@ 2 ) W !
RECOMMENDATION ADOFTED BY THE = .;g H 2 R X
INTERNATIONAL COMMITTEE FOR WEIGHTS AND MEASURES e L e ek .
Emgmg%ay;@ R seem
e M R 2F7=Q0 QI IFED |
PLETESE "OBL ISR CHLE |
Sarsilpe rpiiiizg
RECOMMENDATION 1 (CI-2008): L ST E .
Concerning secondary representations of the second ‘f} e &2 gﬁ g g :%: D ’A_" % ‘i& ; % g g ‘
»  the unperturbed optical 35 *S,, — 4d *D;, transition of the *5r” jon with a frequency of fis,, - = 444 770 (44 %ﬁ%ﬁ{ﬁﬁ&_@i ‘
095 484 Hz and a relstive uncertainty of 7= 107, DV — KB I ED quﬂ% vz |
e the unperturbed optical 54" 65 %S,z (F = 0) - 5d" 65° ‘Des (F = 2) transition of the '”Hz” ion with a 2 é%ﬁg%ﬁ@gg%gwﬁgﬁg i
frequency of 175, = 1 064 721 609 899 145 Hz and a relative standard uncertainey of 3 x 107", S ;" g% — %} }z, %g g S #EE fﬁ 5 E g L
e fthe unperturbed optical 65 'Sy, (F= 0) — 5d Dy, (F=2) transition of the "'Yb" jon with a frequency of R xR 2T B T i !
Tl = 688 358 979 309 308 Hz and a relative standard uncerminty of 8 x 107, ;C\ gfg% g%%z R4 ?L; g ;g fg i ‘
s 7C
. ﬂmmpem:rbedupﬁcaltmnsilimjsz'Sn—jsipgp.]ufﬂleR?Srn.emalammniﬂlafrmn:}'uf éﬁ%?gggg?%%* gﬁ@%%
firs, = 420 228 004 220 877 Hz and a relative standard uncertainty of 1.5 x 107, ZE B G)a%%_i::%m D& F KA |



JErSFREET

* Sr Tokyo(R), JILACK), SYRTE({L), NICT(H), LENS(f#), PTB(3%), NPL(3), NIM ()
* Yb NIST(K), NMIJ/AIST(B), INRIM(f®), Washington(>K), KRISS(¥8), Tokyo(H)
* Hg Tokyo(R), SYRTE({L)



120km coherent fiber link for frequency measurement of
Sr lattice clock (2008-09, collaboration with NMIJ&ILS/UEC)

Fiber link in the experiment

-
i ﬁ St latti e
f P\Cs fountain ‘ ™~ rc:’CI'fe—l’ ; /’ '0(;( bl o
clock .. ( ' ‘(! & (C* G 5 ) Y W
International Atomic Ti Lat \A Prob A e '
I niernal IOH(B_.I_AI)OI’T'IW ime atlice rope % : i . Tsu ku ba
. f, Phase lock e - (NIVIIJ/AIST)
M i h
E [O H-maser A ! Ti:S com d[\Stanc’e ‘ . |
Distance ~ 50 km | | | | all 50 k
| feo Phase lock Teukuba < : FToms = _> A > - flber Iength
Fiber comb | | | ] it 300THz -GOOTHz Tokyo 120 km
> f : :
150Ti:| ----- i Ty )
L I 3
543 mm : 1542 rm T

“Measuring the frequency of a Sr optical lattice clock using a 120 km

coherent optical transfer”, F. -L. Hong et al., Opt. Lett. 34, 692 (2009). .
ks) Typical stability
_‘§10’14 — of Sr lattice clock\
& || il

% The ILS/UEC fiber length control system: Fiber link stability: 210"+ AT
M. Musha et al., Opt. Exp. 16, 16459 (2008). 8x10 @ 1s T, - the fiber link
T T '\"l‘ T

1 10 100 1000
Averaging time (s)




Frequency
- 429228 004 229 000 (H2)

3T IIL—TIZ&BSrHIEFEETD
&t FELR BRI E 45 8 (2008)

880 -1 Tokyo-NMIJ(2006)
378 Tokyo-NMIJ-UEC
(fiber link 2008)
876 SYRTE(2008)
¢ JILA(2008)
874 } 5
872 -
870 —
Measurement

Boulder/Paris/TokyoD Ft4& FHF5T D E
B IERES(~6Xx1016) T—E,
ERERFRFOARENSTIZIEIFHEBES
nTusd

Tokyo-NMIJ (2006): J. Phys. Soc. Jpn. 75,
104302 (2006)

SYRTE (2008): Eur. Phys. J. D, 48, 11-
17 (2008)
JILA (2008): Metrologia 45, 539
(2008)
Tokyo-NMIJ-UEC (2009): Opt. Lett. 34,
692 (2009)

ref.) Yb lattice clock

174Yb(boson): 518 294 025 309 217.8(0.9)Hz (1.5x101°)
(NIST) N. Poli et al., PRA 77, 050501 (2008)
171¥p (fermion): NIST, NMIJ

2B DB FRETZERBRBLERTHIEICLKY,
o LR CHIBRS NG e BEEH A

ref) -3t FELRBLEL

NPL (2004): Sr*-Sr*, PTB(2005): Yb*-Yb*, NIST(2008): Al*-Hg*, JILA(2008): Sr-Ca,

NIST(2009): Al*-Al*
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ZHEDRFZANDILICLDIEVREE © RFHEERIIMILLFHENS

IR

Atoms in a site

FORFHEMERALLBRIICOBRE 17

— F=11/2

Quantum statistics

Fermion (F#0) Boson (J=0)
_ 1/D ©Pauli blocking | X Cold collsions
o (Spatially uniform 1<oe@ <o
£ (2D) polarization) &
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Volume: 520um X 520um x 260um
Lattice density: 7 X 102/cm3
# of lattice sites: 6 x 10/
Power enhancement: 17
Latice intensity: 33 kW/cm?
Potential depth: 130E, (20uK)
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“Optical lattice clocks with non-interacting bosonss and fermions,”
T. Akatsuka, M. Takamoto, and H. Katori, Nature Physics 4, 954 (2008)
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O MOT of neutral Hg atoms and prospects for optical lattice clocks
H. Hachisu, K. Miyagishi, S. G. Porsev, A. Derevianko, V. D. Ovsiannikov, V. G. Pal'chikov,
M. Takamoto and H. Katori, Phys. Rev. Lett. 100, 053001 (2008)

O Spectroscopy of Hg clock transition in MOT
M. Petersen, R. Chicireanu, S. T. Dawkins, D. V. Magalhaes, C. Mandache, Y. Le Coq,
A. Clairon, and S. Bize, Phys. Rev. Lett. 101, 183004 (2008)

Toward test of a variation by frequency comparison with Sr lattice clock
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(2) Move into liquid nitrogen tank
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