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Time and Frequency Standards: Efforts toward Further Improvement
— Development of an Yb Optical Lattice Clock Using a Fermionic Isotope —

Masami YASUDA*: ** Takuya KOHNO*: **, Kazumoto HOSAKA*- ** Hajime INABA™: **,

Yoshiaki NAKAJIMA*- ** *** and Feng-Lei HONG™** **

Recent rapid progresses in the field of optical frequency standards owe much to the invention of the
optical lattice clock. Since the first proposal in 2001, the optical lattice clocks using several atomic
species such as strontium (Sr), ytterbium (Yb), and mercury (Hg) have been developed worldwide. The
1S,—-*P, transition in ¥Sr was already chosen to be one of the ‘secondary representation of the second’.
The same transition in Yb is also an excellent candidate for an optical frequency standard. We have de-
veloped a one-dimensional optical lattice clock with ultracold Yb atoms. The absolute frequency of the
1So(F=1/2)-*Py(F=1/2) clock transition in YD is determined to be 518,295,836,590,864 (28) Hz with
respect to the SI second. Details of the experimental setup, atom trapping experiments, and absolute fre-

quency measurement procedures are also described.

Key words: optical frequency standards, optical lattice clock, ytterbium, fermionic isotope, secondary

representation of the second

AR, e TREFOFEIHIC X D, BB AE D 4y
ICHF L WLESEBAS NS, 2001 FEDOIRYIDIRELED, 2
Fa Y F 7L (Sn2Y, £y FILET L (Yh)B, KR
(Hg) 1 7 & D JF 1% o 72 ek e EF o B g 23, 5
PR ICITbNL TS, 7 2V S M THBYSr
D 18P EER X, T I [ REB] & LTHIR
I, BPOFERNOBHEZNES L, —FH, YbD
WRihER S, SERMEEEDEN Tl & L CHERSINT
EXA

PE SRR SRR AT s I ERF 7 < 1k, DUN oMl
CHEBE L, YD R OBFE 2T o TE W,

1) BAEYI/NZ W E (I=1/2, 'Yb DEA).

2) REARFNARDFAE DS IR —Tdh 2 2 L.

3) Fid TORMEEHS 7 b3, SroBEDESTH B
et (1_,_17).

D) D, BAEYP/NI LI LTk, MAE YK E
v (B2 S D [=9/2) b D EHANT, T 5 REKHEIE
BANDHE YV IBRGZIChB L L, BT L —F—
WKM7 P DTV IVESDBERICKED LS 20D
MENH B, £, 7z IFAE (BYD) D, H
JEAR BB D B 7y 2402 K D, (R OG A L H) O BEAE 23 ()
(¥ 2078, F—AFMMAE (TYDb) 1A THRANRE
MEL D, HEF~DHEIRS IR, I61C, AE
VRl L 7o 7 2oV S AR Hviud, fBiZZe 7 ok
Rial2ME 2, 2) @, RARFNLAKD FAAE L H i it ¥ —
THh2IEICED, HRRORELIES %D, HET

* PESEBTHS A DR PR I ERT S SR IR A A B B R R AYERTZE R (T 305-8563 > <M 1-1-1  Hkesfs 3)

E-mail: masami.yasuda@ aist.go.jp
Rl EHR RS CREST (T 332-0012 JIIEITHANT 4-1-8)
R E T (T 910-8507 f@FH:i XAt 3-9-1)

122 (10)



Rl OREL S DI b, RAKDOERIL, BAREHFICLSD
DTHHDT, 3) bEELMEATH 2.

ZoTbitbiik, KR YD FH1 % v/ —Xon
TR ORI L7z, 2 OREHER (1S-°P) O
ok 3 Bi%,  518,295,836,590,864 (28) Hz TH - 7. A
fEClk, HEBEEEP TR, S 60, Mol FEREGH
HZEDFMI O VTR 3,

1. ERFIES LUEREE

HRETERD I DI TE 2 L —YF—8EIc kD, K
BrRT vy VO URAOHES X, REHRETH 50
uK, EHT2LF—#5EC025 mm ICHIRZ N5, Yb4:
[BARLKDOWINIREIX 770 K TH D, EHZRLF T
124,000 m YT 5, DFD, HE 4,000 m DILHOTE E
POETLTCERLENTFZ, HEZ025mmDERICHHUIAD
B TRELRV, koT, 0N ET 2 i
2ODEEDIZEA LR, FTOEH)T 2L X — % (KK
528, TRbLLERETOL—Y—mHITHS, FEHER
SHFEFOFMEIL, LTOLkHICks, 1) HEt—7v
X% Yb ZZRAE L OHEFBROER, 2) ¥—~v>r An—
7 —IC & B FEFRROMHE, 3) B BERROGE Y 7y 7
(magneto-optical trap; MOT) 12 & 35 FD%&H - ik, 4)
BOBBEMOTIC X %, X523 FETHH, 5) HiETIc X
2 WS T D i, 6) RialER B L — — 4T,
7) i X e o T FEER B oM, X 142 YD 0
IV X — M 2R, 1S-2P B 13 H AR IEAY 44 mHz
THY, FEFBBL L THus N3,
1.1 YbEFOL—H¥—%H - iHE

MR - 13, PR ST L OffZE 2 IS % 72 o
I, MEEEMNTHET 2, Yb ETAREZERT 5%
DI, Yo ZWNBE LA —7 % 770 K £ TMELL
72, 2D YbERIE, N=h LTI 2 S OWE ) A%
WBL, FErfEmot, 2D ANIE, EEH2EE
DIZ, A—=7UvAREID BEIRD 870 K ITMEAI LTw»
%, HOWE B (1S-1Py s I 399 nm, #iIE 28 MHz)
ZHOWTEZ 16cm DY —<wr 20— —NTHHHEI N7
JETHE, IR 10 m/s TR M F v v o —10i
AT 2, ZDF ¥y N—HNDENZ, 1X107PaTdh 5.
BB MOT (blue MOT) (2 b, A U WG TER % W
7o, IN6DOHDOL—F =ML, InGaNPEAKL —F—
IZ & o T 7. Littrow ¥ 4 7" O /IR &R 8k L —
#— (external cavity diode laser; ECDL) Z#&&k L, Yb &
u—7Y— K7 7% X D R
EALZ L 7219, Blue MOT T, # 1,000 /5 o %

39 % 3 %5 (2010)

(6s6p)'P,(F=3/2)

\29MHZ (6s6p)*P,(F=3/2)

/1 82kHz
(656p)3Py(F=1/2)

ZRAH —_—
(556 nm) /‘mHZ
BrEHER

/ (578 nm)

(652)1Sy(F=1/2)
1 YbJET-0x 7% —Hefi,

—RAH | &
(399 nm)

L, 6mKETHHAL . R, HFfz2IoIcmHIT
L7, V=Yt @EARZYI D AT, AL
HER (1S-°P, W 556 nm, HRIR 182 kHz) % A\ 7:
BB MOT (green MOT) % ZERR L 7z, 556 nm Dkt
L—H =i, R 1112mm D7 7 A N—L—HF—D
TR E T F 4 (second harmonic generation; SHG) 2
LEoTRE, 207 74— L =¥ —DRBEELENL,
ARG 2 SR Z a2 L Tfr> 722, Z
DRAPEBLEACIIEF IR TH D, »b EEEa v -
05 E, ol w v 7 35, SHG %, HK
% TR 43 W S s = A 7B Y F- 7 & (periodically poled
lithium niobate; PPLN) I & > Tfi>7-. HHEKE— I
50 mW @ 1,112 nm L — ¥ —Z§i5§ % 2 &£ T, 556 nm
L—HF =220, 5mWOHIBNE SN, 2D green
MOT i & > T, #5100 HHDJE 724 L 7. i
L — ¥ — RS E Y AL ST, 3OoDFME (7Y
(I=0), "MYb (I=1/2), '™Yb (I=5/2)) % i ¥ L, Joi&
TR R £ TIREI SN £ ) DR TERT 5 7:
Oz, MATHEIEIC XD, green MOT o JH 7 D iR FEE
WZfTo7, Z20f%, KB, "™Yb, "Yb, ™Yb
IZ2OWT, ZNEN130 uK, 40 uK, 15uKThH->7%, i
EOMEREBE» SR I N EFARIC, BMAEYIRE
WIEE, JFTRE IS o729, 1BYh DIF ) 2317Yb X D
HIEWIRETH > 7223, BBEEE L L TOBEMNMEDL S,
DUF OFEERTIE YD 28I L 72, 722 O, ok
TRT VTP VORI LD BEDDTH 7%, PR 759
nm OWHEFL—HF—13, Ti:SL—4—Q0W jilitd, 1
1L3W) ZHv, EZERE O ool RUEEE 200 mm D L v
A2k > THEES (=272 A2 23 um, L —F—iiE
500 mW) % #1372,
1.2 RBFICED Yo BFHEEFIE

J I TR O I A B T b R R MRS, KT

123 (11)



&% green MOT ICEHREDLE LI ETHS. KK TL—
F—ZIEHIETH 2 72012, FEIRER T & EEHAEM
LwoT, *P-38; (680 nm) ERICHIET 254 FL—
F—ZRNcHE L, BETHL—Y =L FL—¥—
3, W=7 7 A N—ISHESETHLDT, BTAO
EEMERACTH S, LaL, HEAROESMER, @
WEICEDS 7 T2, XoT, H6H»L0, ZO¥7h
RZFHEi L TR BEBDH LD, ZOHA FL—F ks
green MOT H O FIcliBf s ns &, HFFrvaL —
a vl =Y EMAEMNL %\ 3P £ 7213 PP IR IC
%179 20T, green MOT HDJEFEIHAT 2, 2D
BOBBRAKERD X, A4 FL—F—NKDHEEME
ZHEEL, RBICOINEICL S Y7 MrERAIEL T, Bk
FL—F—DH L green MOT DA iE%Z EHiadbE 7,
JRF DML, 556 nm L —¥ — MR IC B I X 2 il §
DT, KA FICH 2RI 2EANC, ZoL—¥—)k
WEER D S, T ~OBITERER L 7. ek
WS e 2 Lid, R 399 nm © 7'a— 7%
TS L TR s N B X - THER L 72, LG, 6
BB IC > THRIBL 2., ZOHERENPKEL %D
k9, WIERSG 2T 2 2 LT, FHToMEOMTE
7ot ZOHNETE, Z20EFOHT, KEHEBO
FHICHHTEIENTES, HETFL—HF—DT 71 X
YR LI, SHHE Y A= (ERE50 um) &
FVR=3 F7—%RELT, ZOEVYF—NITXD, K
AL —F =T U =T L —HF—DT I X FREHIC
ot ML —F =3 MESE (L 200 mm) (1<
KOPVBRLAE, ZoT7IFA4 X ME, FLUH7 743~
KA T 2R EZRAMT 2 2 & Tfio . TfEA LIk
X, 74V L= —DAMUMDFENTIC Lo TREINS
DT, 74 FFAA—FTZOMELBHETEL, FHRL
LT, #9152 Yot I i T & 72,

1.3 K& 578 nm BEfEtL —H —

E D THRIEDOVIREHER 2 ik § % 72 O OFLE
Riah L — Y —1%, EORRFGFHI L > THHEL e 2 HE U
FTHDY, Yo T DOREHER (1S°P) D ¥k 1% 578
nm TH Y, HAIKIZ44mHz TH2S, HES78mm DL —
F—HiE, Nd:YAGL —¥—HEYb: YAGL —F—JHD
MRS (sum frequency generation; SFG) 12 & - TH
72, WE 1,319 nm @ Nd : YAG L —% =) &, JE 1,030
nm @ Yb : YAG L — ¥ — K13 E 5 E % E (wavelength
division multiplexing; WDM) 4 v 7°7 —IiZ & > TIRA L,
Yy PEGEEA PPLN 784 A2k 5415, PPLN O

124 (12)

1%, 578 nm KDH I wmKICR S L9, 44°C ITTHEL
7z, ZOMHESSELED D & T, KRRV =3 —HJ711E 150
mW Th-o7, ZDEE, Nd: YAG L —¥—ASj 7y —
1% 290 mW, Yb:YAG L —+%— A1 87 —I% 420 mW T
Holeh, 77 AN—FEEGPL T 7 A N—FEilk EOHEE
BT, AFHLE&L -5 —7 —Df555 PPLN
IKREAEL w3 EEZI N D,

IRt L — ¥ — O J e & RIESRAE R, JEIRE
@ TEMOO & — FIZx§ 2 #7455 %, Pound-Drever-Hall
(PDH) Eic k>, Nd: YAGHRERICEE SN ELYH
FIZT74—F RN 735 ETiro7, EEBTE2E2
7o DO, ZFFWE 2.5 MHz CTHE) L 72 EXOLY
2% T (electro-optic modulator; EOM) 12 X - Tf7 -
. W74 FA7 77— R_u—RE (74 %A
~ 400,000) %, & 75 mm, [E£& 25.4 mm OFEIZR (ul-
tra low expansion; ULE) A7 A#LCTH D, 3X107°Pa DIE
TOBEZRMEANIC, REICREELA?, ZOHEZEL, 28
CIRERIE S Tw 2, B 17V S HEEERITH
D, B2EIZNn2WMYFCHBEOMTH S, Tk
D, BmKEETOREHRIBEITREE ko7, ZOEZEM
1%, ZEARIRED LICREL TH 5.

RatL —F =i 2 oicpdlL, 2nzn, Kibv—
WKL IMOTREICH 2, B Ha L L, JtETH
DREIHR Yb IS LT, S 7 VE—FH7 74 3=
W&o TER L 7. FRiZ, Yb BT IcRgh L — —%
BET27-0DEZ M4mO Y IVE—FHT 7 43—
i, JARXF vl THs, U, @hoB
BEOWBEZEPIRENC X > TH 7 7 4 N —DEITEIZEAL
T2ILILks, L= A X 2rET 5720
Thd, REETIE, 7NV SAEENYFET (acousto-
optic modulator; AOM) 2 & -, ULE 4225 o> 18 5 7
B L Yb JFEFOWREHEB R Z DT 5,

ULE 4 7 A%, BAERRBDIEDOEM L ADEM DI
aYThy, ZORRRED D sIETER LB L
BHIGN TS, Zo[XuruAiE| 2IRET 270
12, ULE HfR#OMEZ 28 2036, LIGH M E
WRH A Lc k> THEL 72, ZOREE, ¥rornr ik
B, 21.6°C LRk o, XRig, HRGOHEZ Z DX
07 uARECEEL720L, LIBFREHORHEY 7 b
%, KFEA =Y —%ILHEIT U 7RI a T & > THlE
L7z, ZDOfER, 240 mHz/s DFIE NS ) 7 b 3 #
MW, i, ULEA 72D 7 ) — 78R (7EL
7 7 ADORGRL) k2 boEEZ SN D, Kty —
P —JAEED» 6 ZOMEFY 7 P32 LIwiboh



= .
WA R
=W

FEHARAE
12000 Fxl)p—

HILHE (a.u.)

BB AR/ o]

10000
-200 —00 0 100 200

BE# (kHz)
2 HERBERARY POV A PNy P,

13000
120001 - & w
— ”‘: e @ s o 4%
5 L AR L et
< 11000 ETELERE G R RS S S S
o IR R A Y4
o Y olie L3
8 10000 % Tedly ¥
& ¢ SaRY o
9000 T s
| ik
8000 +—— :
~4000-3000-2000-1000 O 1000 2000 3000 4000
BEiRE (Hz)

X3 WFHEBARZ P VDX v Y Y —5y. 40D
=2 VBRI AHLTn 3,

5, FEBEREEL252X108@1s kDB LTS
7-.

2. BFETER A L X B IREETR

Mg T I HiE S 7 YD JE O RFEHER O IE, &
Y VE VT ERGTTo k., Thbb, REtL—v—
(578 nm) HESE, Bhd I Nz o 72 HEEREOH 15
%, OB ER (399 nm) 12 X B HOLEFIH L CHlE
L7e®, SZEFEME, HEAMEEREIZLALHEHL T
HoH, FErmHoRiickEry —F—2 BT 2 L2200
DR 5, WEFL —F — ORISR, 7 CIREH Y D
Ims KO FoERER100ms & L7z Lo, KEE
L — =SB L 7285 E, AR ORI & L TR
50% DI e I 5 EE X 55, ULE iRz ot
ISR L R OB R Z D%\ W TW 58 78R
AOM DR %ol L 2 h s, HAEEZ a2 Ea—
& —TRlEkT 5 2 LT, REHEBDAXRT Pz v
7o, K21C400kHz L Y P DARY MV ERT, KkgTh
TOFNIRE RO F v VY —K5r (n—on) £, ZOMW
DA BNV RS (n—ntl) Z2ATEND (0 13V

39 % 3 %5 (2010)

600 -
A =758.4037 nm

400

200 —

I
I

-200 —

327k (Hz)

-400 —
% = 759.3037 nm

I I I I I I I
200 250 300 350 400 450 500

HRFL—Y—HEE (mW)
4 BEHRFEEORE . BTV —Y—E% 759.3 nm
METEAZ Y, e 7 P BT L —F—REDY
Bl T7ay bL7.

-600 —

FART V¥ 2 VRO UAD BFHEMED) .

M3icix, 20X ¥ VY —lazi kL7, 8kHz L v
CDARY FNVERLTH D, ZORE, H—-whhTo
BHICK D, 420X -2 By iEBTEL., T—5D
BEZTIRNS, KT —F MRS T 2 Hont @ dEce o
L, RO FY 7 b &BFRELL. BHIINE—< VR
I3iE, BEH Hz OFRIETH - 72, F5 o b s,
EgT—5%, a—L YT 74a v T4y T52 L
IR D RO, REREBEMEEIL, TXRTOEY—<VED
DOFLRAEEE L, —ROX¥—<vr> 7 bEFXrrk
NLTRDEZENTET,

RIC, BEEREZIET 27012, K412dbb X1,
JetE 7L — Y —E % 759.3 nm L TELE ¢ 2035,
Ko7 FERNBEORIEE LTHE L7z, &£7—4% M,
M3I2HdEIBARY PSR L . THE»SIX
=2 VB DOHRIMEERDBTDDT 4 v T4V T 5
AT 7%, MS5IRT 74y 74 v JEHMBOMEE Ot 7 b
DZAER) 13, BEREREEZMYZICOoNT, ALSIEANE
FEEEZTHS, 20Xy 7 FoZ{E»r¥a 2l 2
ROBEEERETHY, 74974 v 7 H 5, 759353 (3)
nm ERD SNz, ZOEEREOAHENLIITLD, KEF
BB L TC14HZDAAD T =S 7 b OARHED» &
DB, P = NVOREAME» S 1%, 27T Hz LEITHE SN
7o, HERAHED S O RS D DFEMlIE, SCHR23) 1IZFEL
W,

X612, 12[RIoffot s BEHIOR R Z R, D
fifil%, 518,295,836,590,864 Hz Td - 7=, HLMili D L HE R
#1356 Hz TH-o7z, ZOWEHUAHEDI X &, 27Hz D%
MIAHED S 2 FEE LA HED XX, 28Hz &% o7,

S OWPEM L, *— P VENREELE (CIPM) 128

125 (13)



Bk E = 759.353(3) nm.

-
(=]
|
\,
\

o
o
1
\
\
by
e
)\
A
AN
\
S
N
AN

AICDERE (a.u.

N
o
1

\

T T T T T T
75930 759.32 759.34 758.36 75938 75940

ERFL—H—HE (nm)
5 BEEBROUWE, BEEEERBIGY 7 Fase
BEkbEE LT, 759.353(3) nm &R SNz,

1050 .
~ TR EH=
T 1000 518 295 836 590 864 Hz
3
S 950
2 ;
3 900 | T l
9 ¢ . T
& 850 | g |
10 i L 4
N - A
N 800
© i
© 750
700
T | ] T | I | T T I | |
12 3 4 5 6 7 8 9 10 11 12
HI7E [158

6 171Yb DR FHER (1S(F=1/2)-*Po(F=1/2)) D
e B GE A L 12 18] o WIE o F B R IR0
518,295,836,590,864 Hz T& - 7z,

WCHRE S, YD OREHER (1S-°P) IO HEBEE
ELTHATHO TRIRS N, 2k, Yb KT
Rt o [ REH] & L CTHIRE N 282 B\ /-

S O HE D AHED X (28 Hz, HHNAH#EL  5.4X
10°4) 1%, A7 P LD S/N Hz\ LS, KEHL —
P B ERERIcu Yy 7§22 LIcko> T, HiEW
RAHIZCs ) Sy bETHLETES LfrIE, 2L
FORMED SEIKD 2z D 121E, b 5 O L OIS, JERBE
BOEAEP NI L 12 5,

ARETIX, 7 =z b S FENAR YD 2 o 720 1 IR EE o
FC O WTHHL 2. bhvbiud, BRI Y JF 1
%, BERERE OB ICHIEL 2. 612, JHE 578 nm
DBLIE - ZEBLL —F =2 2T 02T L7z, b
DY AT LERAWT, Yb OWFHER (1S-2P) Dkt
WHE Z1T- 72, Z DF5HRIZ, 518,295,836,590,863 (28)
Hz TH o7, B, X6 7% 5 HE» X ORI T
T, AXZ PVDS/N Hxm L3, Wiy —¥F — %I

126 (14)

AtEMIC Y 7§ 5 EofEEziEfThTH 5.

X (73

1) H. Katori: “Spectroscopy of strontium atoms in the Lamb-
Dicke confinement,” Proceedings of the 6th Symposium on Fre-
quency Standards and Metrology, ed. P. Gill (World Scientific,
Singapore, 2002) p. 323-330.

2) M. Takamoto, F.-L. Hong, R. Higashi and H. Katori: “An optical
lattice clock,” Nature, 435 (2005) 321-324.

3) R. L. Targat, X. Baillard, M. Fouché, A. Brusch, O. Tcherbak-
off, G. D. Rovera and P. Lemonde: “Accurate optical lattice
clock with ¥Sr atoms,” Phys. Rev. Lett., 97 (2006) 130801.

4) M. Takamoto, F.-L. Hong, R. Higashi, Y. Fujii, M. Imae and H.
Katori: “Improved frequency measurement of a one-dimen-
sional optical lattice clock with a spin-polarized fermionic #Sr
isotope,” J. Phys. Soc. Jpn., 75 (2006) 104302.

5) M. M. Boyd, A. D. Ludlow, S. M. Foreman, S. Blatt, T. Ido, T.
Zelevinsky and J. Ye: “¥’Sr lattice clock with inaccuracy below
10715,” Phys. Rev. Lett., 98 (2007) 083002.

6) S. G. Porsev, A. Derevianko and E. N. Fortson: “Possibility of
an optical clock using the 6'Sy—6°Py° transition in 7%1Yb
atoms held in an optical lattice,” Phys. Rev. A, 69 (2004)
021403 (R).

7) C. W. Hoyt, Z. W. Barber, C. W. Oates, T. M. Fortier, S. A.
Diddams and L. Hollberg: “Observation and absolute
frequency measurements of the 1So—>Po optical clock transition
in neutral ytterbium,” Phys. Rev. Lett., 95 (2005) 083003.

8) T. Hong, C. Cramer, E. Cook, W. Nagourney and E. N.
Fortson: “Studies of the'So—Po transition in atomic ytterbium
for atomic clocks and qubit arrays,” Opt. Lett., 30 (2005) 2644~
2646.

9) A.V. Taichenachev, V. L. Yudin, C. W. Oates, C. W. Hoyt, Z. W.
Barber and L. Hollberg: “Magnetic field-induced spectroscopy
of forbidden optical transitions with application to lattice-based
optical atomic clocks,” Phys. Rev. Lett., 96 (2006) 083001.

10) Z. W. Barber, C. W. Hoyt, C. W. Oates, L. Hollberg, A. V.
Taichenachev and V. 1. Yudin: “Direct excitation of the forbid-
den clock transition in neutral *Yb atoms confined to an optical
lattice,” Phys. Rev. Lett., 96 (2006) 083002.

11) A. V. Taichenachev, V. I. Yudin, V. D. Ovsiannikov and V.
Pal’chikov: “Optical lattice polarization effects on hyperpolariz-
ability of atomic clock transitions,” Phys. Rev. Lett., 97 (2006)
173601.

12) N. Poli, Z. W. Barber, N. D. Lemke, C. W. Oates, L.-S. Ma, J. E.
Stalnaker, T. M. Fortier, S. A. Diddams, L. Hollberg, J. C.
Bergquist, A. Brusch, S. Jefferts, I. Heavner and I. Parker: “Fre-
quency evaluation of the doubly forbidden!Sy—*P, transition in
bosonic 74Yb,” Phys. Rev. A, 77 (2008) 050501 (R).

13) M. Yasuda, F.-L. Hong, T. Kohno, H. Inaba, K. Hosaka, C.
Willis, T. Kurosu, A. Onae and S. Ohshima: “Present status of
the development of an Yb optical lattice clock at NMIJ/AIST,”
Proc. SPIE, 6673 (2007) 66730D.

14) H. Hachisu, K. Miyagishi, S. G. Porsev, A. Derevianko, V. D.
Ovsiannikov, V. G. Pal’chikov, M. Takamoto and H. Katori:
“Trapping of neutral mercury atoms and prospects for optical
lattice clocks,” Phys. Rev. Lett., 100 (2008) 053001.

15) M. Petersen, R. Chicireanu, S. T. Dawkins, D. V. Magalhies,
C. Mandache, Y. Le Coq, A. Clairon and S. Bize: “Doppler-free
spectroscopy of the So—°P, optical clock transition in laser-
cooled fermionic isotopes of neutral mercury,” Phys. Rev. Lett.,
101 (2008) 183004.

16) CIPM (International Committee for Weights and Measures)
recommendation, October 2006.



17)

18)

S. G. Porsev and A. Derevianko: “Multipolar theory of black-
body radiation shift of atomic energy levels and its implications
for optical lattice clocks,” Phys. Rev. A, 74 (2006) 020502 (R).

R. Maruyama, R. H. Wynar, M. V. Romalis, A. Andalkar, M. D.
Swallows, C. E. Pearson and E. N. Fortson: “Investigation of
the sub-Doppler cooling in an ytterbium magneto-optical trap,”
Phys. Rev. A, 68 (2003) 011403 (R).

19) T. Kohno, M. Yasuda, H. Inaba and F.L. Hong: “Optical

20)

frequency stability measurement of an external cavity blue
diode laser with an optical frequency comb,” Jpn. J. Appl
Phys., 47 (2008) 8856-8858.

H. Inaba, Y. Daimon, F.-L. Hong, A. Onae, K. Minoshima, T. R.
Schibli, H. Matsumoto, M. Hirano, T. Okuno, M. Onishi and
M. Nakazawa: “Long-term measurement of optical frequencies
using a simple, robust and low-noise fiber based frequency

39 % 3 %5 (2010)

21)

22)

comb,” Opt. Express, 14 (2006) 5223-5231.

K. Hosaka, M. Yasuda, H. Inaba, T. Kohno, Y. Nakajima, A.
Onae and F.-L. Hong: “Development of an ultra-narrow-li-
newidth laser for interrogating the'So—2Po clock transition in Yb
atoms,” Proceedings of EFTF-IFCS 2009 (Besancon, France, 20-
24 April, 2009) pp.747-750.

M. Notcutt, L.-S. Ma, J. Ye and J. L. Hall: “Simple and compact
1-Hz laser system via an improved mounting configuration of a
reference cavity,” Opt. Lett., 30 (2005) 1815-1817.

23) T. Kohno, M. Yasuda, K. Hosaka, H. Inaba, Y. Nakajima and

F.-L. Hong: “One-dimensional optical lattice clock with a fer-
mionic "'Yb isotope,” Appl. Phys. Express, 2 (2009) 072501.

(2009 £ 10 H 10 H3ZBL)

127 (15)



