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Optical frequency standards are being developed worldwide to lead a new definition of the
unit of time. An optical frequency comb based on a femtosecond-pulse mode-locked laser is a
key component for the development of optical frequency standards, since it enabled to directly
link the optical and microwave frequencies with unprecedented accuracy. We have developed
femtosecond-laser optical frequency combs and applied them to the absolute frequency
measurements of a clock laser for optical frequency standards in NICT. In this article, we
present the characteristics of the optical frequency combs developed.

[#+—9—FK]

KEREUNREE, JBFET, AR IL, T AR UVAE—REBHL—Y—
Optical frequency standard, Optical clock, Optical frequency comb,
Femtosecond-pulse mode-locked laser

TCRIBEERRIE, 7 ay 7 L—HF— BHEHE
FIRENHW A7 vy = ol EhTw 5,

1 LIS

SR RAEAE X, ST O D B R T ER
2R LB ESRTH L, ShUE Y
2 F-DIERCRB O BRI E R B TERS T
729.2 GHz O= A4 7 il I BRHE X 0 b B
WCRWHEESFCE 5720, iLuWBog®E:
Fefit3 2 K AR D S D Bkt & Uik S & =T
ZEHHED LN T 5, HEBEEEOFIIU L -
Ty THETIRLVREEDHEHIA iR E 2 572
D, FILOFHZZY DL 720Dy — 1 E LT
HHEIRTWAD -3,
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ERBRERETRICT L, BT EROMIE
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LA Lah o, SeREEEEELBITOS A 7ok
FEHE L DFIIE 5 HTICD RE K E LB EAED D
D, ERMOKEZNGHEME TEA T, Mo
W %479 L BWEETH o 72 BT = — >
WX BB T, BB~ A 7 gk
e L—F =0 oMK SN2 IEFITKE P 2T
AT Ao EiEE BB E L, W) iRED
KE&hoTzM, EHIT, FEDRBEBL HWET
ERVhEOMEN DD/ LTAHD. Z0H
THIA R RICER L2724 VE—FWH
L= — X EHILICL>T—EL
7516l GBI L %M &, he~< A4 7 ak
ZREARZDIIHEY 7552 EDTHEIC
%0, TR, FHIHE 2 REMICIH L 3E 5
CENTE S, 720 WETZHHWICHED
KEGHIRD e L, SBEEHAY vy -4 L
THEDHHTE S, TRHDFEICE ST, 8
JEP R T 2O R L BLD IR 2 & 7z,

2 71LMNNVAE—FREAL—
Y—CXBRREEHIL

2.1 7L ML—Y—XKEEHRILDOFE

E—FHPL—F—DlINni 1(a) ® X5 %%
NNV AN B W— %80 208 YR IE %
Eit)= Et—mr)expliwct+ipo) ET oL,
W AHIDES; E(n) &

E(f) = E(t—mr, )/t ommidrh) (1)

Ehbo TIT B3SOV AEK. wcldFr
T AR o EHIWNAHT o 1379V XD 3K
LEAMTH A, Fiz2o Apld 178V AZT LT
NTWSHGE — 7 LWUMHY — 27 OfiEZ &
LCTHEDY. carrier-envelope (CE) * 7+t v MiAl
LMEN %, E() %7 =) TE#HT DL

E(w)= e Z gltmag-mor, }E(a) -m,) )

BESNL, 22T, E(w)= JdtE(Dexp(—iwt)
ERFK LT Z7OVARMIE 21 X BRI T 7 b
LTwahbH, BAINOEETICLoTae—
LY MO SN AT MV EEL % 5o
Chidw=2nn/1:40¢/ 1. L) FEMFTRT S
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The output field of a mode-locked laser in the
time domain (a) and frequency domain (b). The
concept of the self-referencing technique for the
measurement of the carrier-envelop offset
frequency feeo is also illustrated in the frequency
domain.

ETE, WA B LUJHEBE frp=1/1T:n
CE X7ty MABEBE fro= (A /21 ) frep & E
Fyhud,

f(n)= ”frep t Jeo  (n: alarge integer) (3)
EFIT Do XoT. W b CIEMEIC—E DI
M THEELNE—FRHL —F =ik 2
W B BETIEE— PR fio T &L
LT foeo ZTHBEBS 7 PLTOWBEHDE—F
DHEAH CERPEE T L) 1285 (M 1(D)).

SR BER T 22 X B L—F— Dt e BeE T
Tk~ Tuey 4 U FlEET ). WELAW
L= =A% fow k55L&, ZORWEEIC
KLEVEEREFO NI 20O n FHOE—-FE
DANTFAFT AL Y FHICE>THEONLE— MEk
B foear = fow = Nfrep— feeo E 72 B0 T Th foeann
Sfrep & feeo 1&v WHRIIZIEE GHZ DL FTH A DT,
RF B Tl kA~ » & —THsE ik
HEIPAIC D B0 FEBRITIE TIE foear & feeo DIF
FBIZOWTER WKL - OEEPLETH S
. OOV TIZBR T 5. T HEE
WEATH 720121, KT L 2R T E4E—FD
WA BRI L TBLLER D L, XB) Tk
NEn FHDOE— FEEEIE fip & feeo D 2DOD
JIRBOATRETELTD, Thor~f s
PRI L CRE LT B 2 & T BN, &
TOE— N E ZELTE %,



T A DE— FEBEREZ RET 572012, fro
& feeo DTG 5 AR DU EAR K E R Do frep
I L —HF =25 MBS N8OV 251 % O
HE T2 LT, TR O EENETE
%o —Jiv E=FHHIL—F—DHHHEAXZ b
VA1 A7 7 —T U EIZHR LTV BEAICIE.
Seeo BRIMCHC SR LIIEN 2 HEFRA T
506l, HOSRER LI 20ERENCH 2 n
HOE—FOE 2 Fidk 2f (n) LHEEMD 2n
FHoOE—FLoATuF L VEtll217) 2 LT,
feo B E—MEHLELTHIBTZEMNTH S
(B 1(b)):

2f(m) = fCn) =20y + Jeao) = Qo + o) = S (4)

FBTIE. 56 2 MR FEE (SHG) 7201w 5
N5 IR ARG Sh7- 2 ToE—
F2SHCSIEEICH ST %,

HOsRZ, MAOREERTHEREL TS
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RV = —DME AT MV S DI
ISR L > THERIEALZThWER S %
Vo 7 b=y IR T A N—=IZEX o THELSLH
CAAER Z R 2 BT, kb LR
JHENLBl, 74+ b= 7857 74 23—=13BH
AR A 2222 OfUMEE TR E N a7 %
FbH, P2 @%E313umildsb, AR
T 7 AN—DOERRESHPEEZ Ti: 7747
L—HF =D ER TH 5 800 nm AL I il 3
HTENTESL, TNITEY, ABLE VA
2SI R I o Tl IR 3 2 V5
ST, HILAXRY MR BHCOVAHERICE -
T1A27 =TV LICHERIEKRT 52 LA aEe
%bo LUy 74 b=y 7HiMhT7 74N —DF]
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Ty MEAEMEFELWIKT 3 %,
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Ihoid, RIEMZE T, BBERL BEDOR
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LR b,

T4 b=y ZEE T 7 A N—ICBT 5 R,
IR ANRY MR EERAETEL 7 25 M
2OV AR L — =101 R E— FREH 7 7 4 73—
L—HF—=ZX > THETE %,
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CAHZERICEY, L—F—EoFHARZ b
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7V AE =7 87 =12 X BV IERIE R 2 14
572002, BESVZEOFEPFFICEE L %
bo FDD, L—HF—FifhToD Kerr R &
L —F— LR N ORE B I 25 BR < BEE S
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FEASBHS 2 55 £ TOBR ST R 7o
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R L O 2 RSBl T & B 1), F
72v L—H—JLE®mAE I V82 MITEX LD T,
BB 20 B2 BEDSHE T & & BT, frop DL B E
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BV TAEMIZEWE 7 s e (SN ) @
E—MESWHONLIEIThD, $72 E—F
WREASAL %5720, NELE—FLOGEEDR
(T BHIENTEL, 2D, BV fipld, L—
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T 5D TIREFRNRIINSIL LY, AXRZ b
MIBOIERKIZAFIE 2B Z LICHERLZTIUE
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2.2 NXEEHILZRVWCEEREE D
&
W E L —H— DR R fow 12, ISR E
WEEBEFED, B2 20 n FHOE=F f(n) &
DNT T A4 2 E— MEHBE foea DROND E X,

Jow = (M) % fren 5)
D2ODLENEZ NS, f(n) T2V TIX
Sy =nf, £ [ (6)

EHTDDT, foeat & freo DFF T I ENEDFR E
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E (1 ) foear DFF 7 PES (1) freo D FF 5 P SE,
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A vy Foeo = T 580(4) =5gn(B) =1

W= fro= S S20(A) =1, sgN(B) = —1
W+ fant S sen(d) =L sen(B)=1 ()
Wy~ froo+ fuw SEO(A) = sE0(B) = -1

AT TE S, 22T sgnlx) 35T
x>0DE & sgn(x)=1. x<0D& X sgnx)=-1
L b,

B n OPIEIE foeat & feeo DIF T HEEL T

* * beat
n= f CwW i:eeo f (10)

fCW:{

ZAE LRI L S0, SO X, n D1
Wi H % 53 KB CUET 5 72012 fow &R
THET UENRD L, PlziX, X10) FHBD%
FA3400 THz. 0HD fip=1GHz D & &, PR
B RREIE 7 IR SN D, TOZRIFIR
OPWRFITHITi 728 %, LLEOTFMHE g S
N7z foea 22Dy BEHE L —H — DM E P 5% oK
DBHIENTES,

W SN7MHEH R BOME X, B A TSR
L7z~ A 7 iR EORERE THI S L 2 2 212k
BIR&ETHb, W@t fRE(UTC: Coordinated
Universal Time) % J£#2 L 7=#5t 9k 5z 74 %
7290121k, UTCISH$ 2, B~ 4 7 ujifi#Eo
FEBHIEZITbRINE RS LV, 4 7 u
FEAEDSEEMERR B CR/E - MEFF SN TV B IERR
GPS time &) v 7 ENTW A4, FBEE R
54 H AT 8 5 Circular T IZIBR S N 5,
UTC L ORI ZETF— 5 2% FHTHIEHNTE
5 [16],

3 71LMBL—Y-—XREHRIL
DEA%E

CZTIik BAPBHBLI 7 A MV A
E—FEBIL—YF—2FH L7z 3 B5D0MEEK=
2IZOWTH T %,

3.1 Venteon O0S7 x L MYE— RREIHA
L—Y—I[CKDAREHIL(NICT-
FCB1)

3.1.1 L—Y—-EFR

Nanolayers f:® Venteon OS &7V A4 1) &L

P % 200 MHz O F ¥ — 7 3 7 —RIE — A



EID MR cRALE T T L MYNLZAE— R
B Ti: 97 7o 7 L— Y — DE/E A

Venteon 08 Gigajet 20W
Output power (mW) 200 800
Repetition rate (MHz) 200 1000
Pulse length {fs) <8 26
Spectral coverage (nm) 600 ~ 1280 630 ~ 990

Specifications of femtosecond-pulse mode-locked
Ti:sapphire lasers we employed for the development of
the optical frequency counters. The measured values
are described in romans, whereas the nominal value
from the data sheet is written in italics.

Ti: 47747V —H—THs07, TOL—H—
E 2 R &) SR LTR Y. B
HoOBEEMDF ¥ —FT3I5—% BaF2 . LT
Ti: %7 74 TR OMEEN TS, BaF: i
%5 600 nm ~ 1200 nm 2BV T 3KE 2KRDI>
MO RD /NS LWHETHY. 720 HHoOMH
EVBRDOTNITIFIET AL T0DB L) Fif %
FoTwad, TG LAHE 2T
52T, L—HF iRt T U IR
BT AILENTE, 8fs LW H BNV A%
FEBLTwD, W3 IEEMENIZMHE AR b
VWTHbD, €= 7 —=1DH 20dB/hEVE—
F o kg (600 nm ~1280 nm) & L CTid. 14 2
F—TIELTEY, HESIEIZL B foo B
B BIERORD L, COLEDL—F—DF
BHIZ200mW T, RY 7 HRIZ5.7W T
ol (F 1),

HOZRIEIC X 5 feo BTID 72912, 570 nm
& 1140 nm EZFH L7z~ o0 - Y 2 v ¥ —T 3
FleMisg L7, ¥—2 A7) v ¥ —(BS1) THH
472570 nm Y6 & 1140 nm e HE B REH T
WANEA EN TV, 1140 nm DT ) iF, JE
X 2mm @ Typel fij B H# A LiBs Os 5 i &
fifi > C SHG )6 (570 nm) ICE#H Eh b, Z® SHG
Y6k 570 nm G SV A TH B 720, FEEILTF
W& 572012 delay stage 12X BEHREAHEDS
VLD, THIZHES LB fro RO
Yav MEELANVERNSE 5720, LERER
DI F %NV K827 4 V% — (BPF) TYI O
L. SHICRHKROBE—-FIZY Y7 VE—F (SM)
K7 7 AN—=THET S, TERIMIETHS
B, EETHHEE PMT) THRIELTwWa, BT
SNV AT LATIERF AR NG LATFH A

ECTL sy q
A POl _f
[-E!—. LY ey
- o Hage
=T <
§§| \ "T\ [ s —5F fild s
1 |1 | AT s F
\ .
ii wil \ 1“?}1 ™ *“\'_;BEQ_'I'_E_ﬁ il e, e
r
Ly @ oo
] — DCET
-'I:I':_:'ml e 100ksts [210]
e L o S
FIT | i e
[Ehe-m=gr o <
[Tt
e [E]
Dgtad E
EEHEe<{E
narws St | ™ [ ppct faer

Venteon 0S 7 x s FEL—Y—ICKDH
BRI L
Experimental setup of optical frequency comb
based on 200 MHz octave-spanning Ti:sapphire
laser Venteon OS (NICT-FCB1). AOM: acousto-
optical modulator, DDS: direct-digital synthesizer,
DBM: double-balanced mixer, HWP: half-wave
plate, LBO: LiB3s0s crystal, LO: local oscillator,
PBS: polarizing beamsplitter, PD: photodiode,
PMT: photomultiplier tube, SM fiber: single-mode
fiber, PZT: piezo-electric transducer, OC: output
coupling mirror, P1: BaF2 plate, W1, W2: BaF:
wedge. Note that all DDSs and frequency counters
are referenced to a hydrogen maser, although it is
not shown in this figure.

_Fs708m 1140nm
— i —11
3 | |
g -
z =
g : 2
g0 i g
2 WY | il | £
= ¥ 1] M,NVJM’ \f\_\I\""‘ 1 B

E 2L/ A < I 55
10 4 ! i i i | o i i
500 1000

Wavelength [nm]

Venteon OS OHEIHRNT ML

Output spectrum of Venteon OS femtosecond-
pulse mode-locked laser on a linear (blue thin
line) and logarithmic scale (red bold line). The
wavelength of 570 nm and 1140 nm are indicated
by two dotted lines.
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W L7720 —Hs frw ZAL YV E—2DO—E %2 VT
VL. SV A5 & E DR g (PD D) TREL
Ty 2OV AHI ORI Z 555 2 & CTUE s
bo
3.1.2 REREHIEZTR

Seeo EPLAHF IV — 7 (PLL) T 2E ¥ J5 3 F
Ty 7§ 5, 30 MHz O JEHE R P BUI K HE A —
¥ — & AL I #EZ A U 72 direct-digital synthe-
sizer (DDS) THRAEZSHETWDSL, 7V —F VKD
Feo O X B 10 kHz & KX W20, LM IR
NDORYIT AT avERBICL, uy 2k
DTz —AAY) v T =BT 5729012, TRV
el vl B #iPH 2 5o 7 ¥ 7 WAL EL 8 (Digital
phase detector) ZFIH L T, feeo HlEE 5 % BT
LT3 8],

Fr—73IF7—HE—FEHL—F—DHEE,
Jeeo DHFINCAR ¥ TN —=DFIHTE B 7, &
STy R 7l FICELE S s B iR
(AOM) X SI7-HlE 5% 74— Ny 7 L
720 HillfHInIEIZ 5 kHz T, Zhid AOM IZ & A4
HENTHR IS TS, 77— )7 1 Hz
TOMB 7 A4 13160 dB DL E 2K L Tw 5,
JEBE AT ¥ 5 =X DBIWED D feeo DIEHESH P
BUZHT LS K37 — MRERE 1s T 1 mHz
DFCTHDIEDVDHoTlze T feeo HIHIRD
S PR e EE L LT 10718 LAOVIZHINYS§ 5,

2OV 2RI R BRI B 2 E DA T B R F
MG DB D S DB 720IC, frep DEE S FiR
WAPLL 2> CHREHEHICTYy 7 3h
% 91[20], C OB RORES 13, n s
NWOBRMEBEFICHN G 2 EIERE L2 TE
bRV, ZI T, ZORMERPEEE NICT 2597
AT HEMES A 7 o JEdE% 10 3% L CTIE->
721 GHz {5 % & DDS T8k & &72% 100 kHz 15
FOAER L7 fio FEO XXV — W — LRI
TONRHELEIKA T 525, Venteon OS 13 H
WWICZETH Y., HIRGFRIEDS E2/h 30w
D, TV—=F VIRD fip THBOEDP/NI WV, TDT2
¥, double-balanced mixer (DBM) % i - T, il
MBS 2SS 5 EMTEL, HIHES OME
B % L —H— 37 =12 1T Sz slow
PZT 27 4 =Ky 7 L, EBOKE % REME
LEXWELTRERT Yy 72 FEHLTw5H, —
i W% fast PZT 274 — 823y 295
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Z LT, MR E R, KERHIES A R E
KL TWb, COREROL=T 174 VR
13 500 Hz T, 2D DOfilliHl )V — 7 A3H 7 % cross-
over JEEUL 50 Hz TH o720 S ORIHR Ol
FWBEEE R Ay —oRETHhTs
2x10-14(@1s) L FCTH %o

3.2 Gigajet 20W7 x L\ F2E— FEIHE]
L—Y—I[CKDARELHIL(NICT-
FCB2)

32.1 b—d—-£ZR

Gigaoptics £L:® Gigajet 20W 1375V 240 &K L

JE ¥ 1 GHz., “F¥HJ) 800 mW O F ¥ — 7' 3

FG—WE—-FWY TI: 774 T7L—Y—Th5b

(F D21, L——IIREFIILIEE 30 cm OB

37 7 AT, WP 30 mm O 2 ORI 8

OHIZ TN 774 THiIMEZRET S L TRE

h—V Y ZRNRICL BN A2 To T D

(K)o T/ 35 —O—MAHFTLEE 1 m O

8 (CM) 12735 THY, AXZ PVOHLRIZH

5 LTw3, Gigajet 20W 12 frep 2585 <« L E

L—H—toA7usy{ YFHICB VTSN ko

HWE—=MEE2oNb205 AR VIR

SICRLZEICI A7 —=TITE L, £

T, HEEMoOE—-FO SHGEE BREEMO

E— N0 3 HiRM (THG) 2147z 2fto-3f L

BB ERM L2022, L—F—HEHEo ) bk

£ 740 nm LTI BS1 Ik > CTHE 2L

FHETD SHG 7 — 2~ s h, Thl Lo

B2RONIEEM LT THG 7T—AIEASIN S,

SHG 7 — A TlZE X 0.3 mm ® Typel B-barium-

borate (BBO) #& &% ffivy, 640 nm Yt% SHG TH

L6 (320 nm) (&S 5, —F. THG 7—

LTI 960 nm @ THG 6% 14572012 2 BERED T

Ot AEHATHYS, $9. £Z 3mm D Typel

KNbOs & f4 12 & 9 960 nm Yt SHG Y% 564 &

%, WIZ, D SHG G E LRI TH 5 960 nm

FEDRNH P EZEIEE 0.5 mm @D Typel BBO #

THRESE D, 2T Wi 5o MEH Lk E.

POV AR AR E - N2 —H&¥H LT

20D —=ANBTHL. fio €= M3HELT

SN IHSBINTE AL EITER LRI R O 2

Vo ZDI2D, EARZ FIVTF T4 F—ZFIH

LT, EZInmmBET RIS LK,
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“! Gigajet 20W 7z A MEL—Y—IC LD
FEEBE O L
Experimental setup of optical frequency comb
based on Gigajet 20W (NICT-FCB2).
PD: photodiode, DBM: double-balanced mixer,
DDS: direct-digital synthesizer, PZT. piezo-electric
transducer, AOM: acousto-optic transducer,
HWP: half-wave plate, BBO: B-barium-borate
crystal, OC: output coupling mirror, CM: convex
mirror, BS: beamsplitter, PMT: photomultiplier tube,
SM fiber: single-mode fiber. Counters and DDSs
have common rf-reference, although it is not
illustrated in here.

Log Intensity [a.uw.)
Intensity [a.u.)

B =Ty viff - i) 1 |

600 BOD 1000 1200
Wavelength [nm]

=] Gigajet 20W DHEHRZ XY ML

Output spectrum of Gigajet 20W mode-locked
laser on a linear (blue thin line) and logarithmic
scale (red bold line). The spectral components at
640 and 960 nm are used for the 2f-to-3f self-
referencing technique (indicated by the two
dotted lines).

delay stage2 ZF#JH L TR EZ EbERAATY
%o EBIT, AELHE—FEBRETS7-0I12SM
T AN=%E RS, THFHIEAR— T
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Experimental setup of optical frequency comb
based on Er:fiber mode-locked laser (NICT-FCF1).
PD: photodiode, PZT: piezo-electric transducer,
HWP: half-wave plate, PPLN: periodically poled
lithium niobate crystal, WDM: wavelength-division
multiplexing coupler. Counters have common
rf-reference, although it is not illustrated in here.
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E— REMT 7 1 N—L—HF—DHEH R
v

Output spectra of Er:fiber mode-locked laser
before (blue line) and after highly nonlinear fiber
(red bold line). The spectral components at 1050
and 2010 nm are used for the self-referencing
technique (indicated by the two dotted lines).
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Experimental setup for the comparison of
absolute frequencies measured by two FLFCs.
PD: photodiode, DBM: double-balanced mixer,
BPF: band-pass filter, ECDL: extended cavity
diode laser. The triangles indicate rf amplifiers.
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WREREL (b) & ZDERRK (a)

(a) Difference of absolute frequencies measured
by two independent FLFCs. (b) The blue and red
lines represent the absolute frequencies
measured by NICT-FCB1 and FCB2, respectively.
Both are in good agreement. The frequency offset
of 411 041 304 103 330 Hz and drift at a rate of
45 mHz/s are subtracted from the absolute
frequencies.
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Measured frequency instabilities as given by
the Allan standard deviation. (a, b) Instabilities
of 729nm frequency-stabilized laser measured
by NICT-FCB1 and FCB2, respectively. (c)
Instability of hydrogen maser employed as
rf-reference. (d) Relative instabilities of two

FLFCs obtained from the difference of the two
independent frequency measurement.
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Summary of the comparison of absolute
frequency measurements. The weighted mean
of all data is calculated to be (7.6+£2.8) X 10"
and is shown by a blue line. The total
averaging time (T) and the 10s Allan standard
deviation (oy) are also written for each
comparison. Note that a mean of the first data
set has a larger standard error because of the
shorter averaging time.
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(&) Repetition Frequency Comparison
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(B) Optical Hoterodyne Comparison
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Experimental setup for the repetition frequency

comparison and optical heterodyne
comparison by two FLFCs.
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Relative instabilities of two FLFCs obtained
from the repetition frequency comparison (a)
and optical heterodyne comparison (b).
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55B Phase noise [dBc/Hz)
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Single-sideband phase noise spectra of
various oscillators and synthesizers at 1 GHz.
(a) SSB phase noise spectrum of commercial
rf oscillator, (b) 1 GHz signal produced from
729 nm ECDL and (c) cryogenic sapphire
oscillator [35].
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Absolute frequency measurement of
Acetylene stabilized laser by fiber laser
frequency comb over a period of 3days. The
frequency offset of 194 894 844 975 145.2 Hz
is subtracted from the absolute frequency.
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Measured frequency instabilities as given by the
Allan standard deviation. (a) Acetylene stabilized
laser vs H-maser. (b) Instability of H-maser
employed as rf-reference. (c) Instability of
cryogenic sapphire oscillator (CSO)[41]. (d) DFB
fiber laser vs CSO via fiber comb.

2HHDT 74 A=A 2EWRLT, LB
47 HBICTH S,

5 F&H

(RS S R a1 3 13 % G SV o S %4
BHEZIRD L LT, BT - 5 F0t. KLFRE
IANF =GB R EICBRITNE Y, HEEHINC
VBN R TN AL L CTEDHFIEDFEL. ST
720 AMHTIZ, AV L7z ML —

=IOV THMLTE 72, Thbtaa
(k. BIfE. NICT TR #ED HhTwb 0Cat
A%V b7y TROGRE WA #E (42) & 7Sr SR T
IRF At 43) Dk R W BGE T D 72 DI FEBRITHE S
T 5D, JCRBAREORERE - 2 & BE ) kI
PEoT. B AT X ZEHIBED X Y HELT 5
TEDPERINT WS,

LA TE Rh o ZBERVTEE LT
. T A ORROMEALRL W RIBLON K % & h3%
Fonhb, 7= ML —F—3ka2DEEIZ
Ti: ¥ 7 74 7R Z A L 72 € — KR E A
L—HF—nHA5—b L7z 46, %100 MHz T
H o7 frep 13 T T0GHZ IZHEL 7244, ZD
B, TLEDLARL v FILEY AR EDOH TR
m7 7 AN——=FEPL—F—2FHLzDdD
WO L7245, COMFET, W& 532 nm DK ¥
THWFE LTS T @i ER L ——
A, RS L - —IZE &b Y KiEA
a2 MedtEde & & b1, EE /N - b
WCEBWHED R E o720 T2 L= —ILRE:
DT FTARAY RN R I T —ERICNT 2%
RAFEA L T, MR ER R D 28 R L 72,
BOL Tl EAG IS X 2N RO RV 7 1
AREFHL72MDEa 2 #HEShTBY, i
Lot EEREBM OFHFENDOW I & DA
o Ty I 2 DOHEERTE THHIFPICA-TE
T2 6], HEREEEHNICB T 2has0H
L OB TORLEEZRT S L, 5&IE.
AN R AT 7 & DM R i 72 B AR
V=W —noEERESE/oba 20 MBL T
20 FHEINL, —H, BIAXTHN-TE
BRI OVTIE, WHOEED S ARSI I
Fo T FERVIBEE 2RI L7 SRk i s A1
X BEAVEI U 48 R W I D W T T
ANV I 9] F T > TV AH, THIZELTDH
AR O = — XIS LR35, BfEota
ADAN= L TR WERRZ DR § )T,
X DIEHPAIICIERL TV b D E bR 5,

B LRIy — VA8 7 e B2 %2 50 ) Bl C
X7 EREERDLE, RILOELRLREN. &
NETERANRLZEDBTELRDPSBRERS
L3R5 L ife s s,

157

75 H O\ R SIS O R IR

OEESH B ROV O 77 D LR I s — G — T

Stid
=



RIS

SEXH

1
2
3

(00}

10

11
12

13

14

15
16
17

18
19
20
21
22

23

24

25

26

27

H. Mabuchi, J.Ye, and H.J. Kimble, Appl. Phys. B: Lasers Opt., Vol. B68, pp. 1095-1108, 1999.

V. A. Dzuba and V. V. Flambaum, Phys. Rev. A, Vol. 61, 034502, 2000.

S. G. Karshenboim and E. Peik, Astrophysics, Clocks and Fundamental Constants (Springer,
Berlin, 2004)

H.Schnatz, B.Lipphardt, J.Helmcke, F. Riehle, and G.Zinner, Phys. Rev. Lett, Vol. 76,
pp. 18-21, 1996.

D.J.Jones, S.A.Diddams, J.K.Ranka, A.Stentz, R.S.Windeler, J.L.Hall, and S.T. Cundiff,
Science, Vol. 288, pp. 635-639, 2000.

R. Holzwarth, T.Udem, T W.Hansch, J.C.Knight, W.J. Wadsworth, and P.St. J. Russell, Phys.
Rev. Lett, Vol. 85, pp. 2264-2267, 2000.

S. T. Cundiff, J, Ye, and J.L.Hall, Rev. Sci. Instrum., Vol. 72, pp. 3749-3771, 2001.

J. C. Knight, Nature, Vol. 424, pp. 847-851, 2003.

L. Hollberg, C.W. Oates, E.A.Curtis, E.N.lIvanov, S.A.Diddams, Th.Udem, H.G. Robinson,
J. C. Bergquist, R.J.Rafac, W.M.Itano, R.E.Drullinger, and D.J.Wineland, IEEE J.Quantum
Electron., Vol. 37, pp. 15602-1513, 2001.

R. Ell, U.Morgner, F X.Kartner, J.G. Fujimoto, E.P.Ippen, V.Scheuer, G.Angelow, and
T. Tschudi, Opt. Lett., Vol. 26, pp. 373-375, 2001.

R. Szipocs, K. Ferencz, C. Spielmann, and F Krausz, Opt. Lett.,, Vol. 19, pp. 201-203, 1994.

H. Inaba, Y. Daimon, F -L.Hong, A.Onae, Ka.Minoshima, T.R. Schibli, H. Matsumoto, M. Hirano,
T. Okuno, M. Onishi, and M. Nakazawa, Opt. Express, Vol. 14, pp. 5223-5231, 2006.

W. C. Swann, J.J.McFerran, 1. Coddington, N.R.Newbury, |.Hartl, M.E. Fermann,
P. S. Westbrook, J.W. Nicholson, K.S. Feder, C.lLangrock, and M. M. Fejer, Opt. Lett., Vol. 31,
pp. 3046-3048, 2006.

J.J. McFerran, W.C.Swann, B.R.Washburn, and N.R.Newbury, Appl. Phys. B Vol. 86,
pp. 219-227, 2007.

FRRe, RESXK #lIEmE, KF. Vol 36, pp.85-87, 2007.

http : //www.bipm.org/jst/en/kcdb_data.jsp

O. Mucke, R.Ell, A. Winter, J.Kim, J.Birge, L.Matos, and F Kartner, Opt. Express, Vol. 13,
pp. 5163-5169, 2005.

M. Prevedelli, T.Freegarde, and T. W. ansh, Appl. Phys., Vol. B60, pp. S241-S248, 1995.

J. Reichert, R.Holzwarth, Th. Udem, and T. W. Hansch, Opt. Commun., Vol. 172, pp. 59-68, 1999.
F. L. Walls and A. De Marchi, IEEE Trans. Instrum. Meas., Vol. 24, pp. 210-217, 1975.

A. Bartels and H. Kurz, Opt. Lett., Vol. 27, pp. 1839-1841, 2002.

T.M.Ramond, S. A.Diddams, L.Hollberg, and A.Bartels, Opt. Lett, Vol. 27, pp. 1842-1844,
2002.

M. Nakazawa, E.Yoshida, T. Sugawa, and Y.Kimura, Electronics Letters, Vol.29, pp.1327-
1329, 1993.

G. P. Agrawal, Nonlinear Fiber Optics, Second Edtion, Academic Press, New York, 1995.

S. M. J. Kelly, Ellectron. Lett., Vol. 30, pp. 806-808, 1992.

F. Adler, K. Moutzouris, A. Leitenstorfer, H. Schnatz, B. Lipphardt, and G. Grosche, Opt. Exp.,
Vol. 12, pp. 5872-5880, 2004.

S.Nagano, H.lto, Y.Li, K. Matsubara, and M.Hosokawa, Jpn. J. Appl. Phys., Vol. 48, 042301,
2009.

158 EEREEHFHEESR Vol.56 Nos.3/4 2010



28

29

30
31

32

33

34

35

36

37

38

39

40

41

42

43

a4
45

46
47
48
49

Y. Li, S.Nagano, K.Matsubara, H.Ito, M. Kajita, and M. Hosokawa, Jpn. J. Appl. Phys.,
Vol. 47, pp. 6327-6332, 2008.

A. Bartels, C.W. Oates, L.Hollberg, and S.A.Diddams, Opt. Lett, Vol.29, pp. 1081-1083,
2004.

J.Ye, J.L.Hall, and S. A. Diddams, Opt. Lett.,, Vol. 25, pp. 1675-1677, 2000.

E.N.Ivanov, S.A.Diddams, and L.Hollberg, IEEE J. Sel. Top. Quantum Electron., Vol. 9,
pp. 1059-1065, 2003.

A. Bartels, S.A.Diddams, T.M.Ramond, and L.Hollberg, Opt. Lett., Vol. 28, pp.663-665,
2008.

C.Vian, P.Rosenbusch, H.Marion, S.Bize, L.Cacciapuoti, S.Zhang, M. Abgrall, D.Chambon,
|. Maksimovic, P.Laurent, G. Santarelli, A.Clairon, A. Luiten, M. Tobar, and C. Salomon, |EEE
Trans. Instrum. Meas., Vol. 54, pp. 833-836, 2005.

G. J. Dick, J.D.Prestage, C.A.Greenhall, and L.Maleki, Proceedings of the 22nd Annual
Precise Time and Time Interval (PTTI), pp. 487-508, 1990.

K. Watabe, H.lInaba, K.Okumura, F.-L.Hong, J.G.Hartnett, C.R.Locke, G.Santarelli,
S. Yanagimachi, K.Minoshima, T.lkegami, A.Onae, S.Ohshima, and H. Matsumoto, IEEE Trans.
Instrum. Meas., Vol. 56, pp. 632-636, 2007.

S.Chang, A. G. Mann, and A. N. Luiten, Electron. Lett., Vol. 36, pp. 480-481, 2000.

J. Millo, M. Abgrall, M. Lours, E.M.L.English, H.Jiang, J.Guena, A.Clairon, M.E. Tobar,
S.Bize, Y.Le Coq, and G. Santarelli, Appl. Phys. Lett.,, Vol. 94, 141105, 2009.

B. Lipphardt, G. Grosche, U.Sterr, C. Tamm, S.Weyers, and H. Schnatz, IEEE Trans. Instrum.
Meas., Vol. 58, pp. 1258-1262, 2009.

A.D. Ludlow, T.Zelevinsky, G.K.Campbell, S.Blatt, M.M.Boyd, M.H.G.de Miranda,
M. J. Martin, J. W. Thomsen, S.M. Foreman, Jun Ye, T. M. Fortier, J. E. Stalnaker, S. A. Diddams,
Y.Le Coq, Z.W.Barber, N.Poli, N.D.Lemke, K.M.Beck, and C.W. Oates, Science, Vol. 319,
pp. 1805-1808, 2008.

L.S. Ma, Z.Bi, A. Bartels, L.Robertsson, M.Zucco, R.S.Windeler, G.Wilpers, C.W. Oates,
L. Hollberg, and S. A. Diddams, Science, Vol. 303, pp. 1843-1845, 2004.

J. G. Hartnett, C.R.Locke, E.N.lIvanov, M.E.Tobar, and P.L.Stanwix, Appl. Phys. Lett.,
Vol. 89, 203513, 2006.

K. Matsubara, K. Hayasaka, Y.Li, H.lIto, S.Nagano, M. Kajita, and M. Hosokawa, Appl. Phys.
Express, Vol. 1, 067011, 2008.

lOsse, S8ER REFSEX ABE /WUzsh #)lRE2. HREH, "ASOYFIOLEFRET" Bl
WIEMFEESR. ANFES, 3-8 2010.

A. Bartels, D. Heinecke, and S. A. Diddams, Science, Vol. 326, p. 681, 2009.

T.R. Schibli, I.Hartl, D.C. Yost, M. J.Martin, A.Marcinkeviius, M. E. Fermann, and J.Ye, Nature
Photonics, Vol. 2, pp. 335-339, 2008.

P. Del'Haye, T. Herr, E. Gavartin, R. Holzwarth, and T. J. Kippenberg, arXiv: 0912.4890v1, 2009.
R.J. Jones, K.D.Moll, M. J. Thorpe, and J. Ye, Phys. Rev. Lett.,, Vol. 94, 193201, 2005.

S.Kim, J.Jin, Y. J.Kim, 1. Y. Park, Y. Kim, and S.W. Kim, Nature, Vol. 453, pp. 757-760, 2008.

T. Yasui, Y.Kabetani, E.Saneyoshi, S.Yokoyama, and T. Araki, Appl. Phys. Lett., Vol. 88,
241104, 2006.

159

75 HA O\ R S O RS I ok I

DR TR 71 ISR Ik — 3 — T

St
=



RZERENE

RBEX ARELZ

Ry NDO—OffiE Y5 — Ry NO—OE T I —
Y- BT ) —TEERRE Y- BEIERET ) —TEERRE
Bt (FEH) Bt (3EF)

WERBAEEE, FERBEZEETE RTFEREGELE, KEREESE

sERaEE,
Ry NDO—OfKRtEY—
3 - BEZEAEHE T ) — T EEERE

Z (Ying Li)
FERRY NO—OMREY Y —
¥ - ERED ) — T EEMRE

Bt (E%) Bt (EZ%)
HREIREIRAE, L —T e [RTFREBEAREE,

KT 7 A N EREImE

Clayton R. Locke John G. Hartnett

R Y NO—OWE T Y — A —R NS U P REH

> | Ot BETIEES)—THERIIBEEZR S Ph.D.EREIEAE, BFZEsTA
-+ Ph.D.

| EERBUZEE, SRS

3z b &9 VT

I imE

ARy NO—OMREY S —
Mrtyy—K L (EP)
[RTFRERERAE, FzEstAl

160 EFREEHFHEESTR Vol.56 Nos.3/4 2010




