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£ 18 Fim
1.1 JeEEEURAE

[ELREL (B (& ST B3R 7 DOEAREMDO—DTHD, HH3iHHENF TROE\EEZ
FBHHEAITHD, FEIRE(ESR)EE ST EREDREZIEOTVD(1, 2]. BIREIEEDE IS
BEln—2I(C, BRAAMISATL, $HCEMERAIMIS X T L(Global positioning system: GPS)H'ZE
(F75N%. GPS (FHEFEFEVPED—MLAIMIICEEFST, AR ENPOMMERRIZEVRIL VOB
DETHRAINTVS. COIATAT(E, BECTEHINIEIREIEE(—MRIICZILESD L(RD)
[RFEFET TS IA(C)RFREDHNSEKR SN EBRERN M IORES 2B EFIFAIZILTES
ZEBOAIBEFEL TV, GPS TREEAMBLRE FRETEENIMELELRS. 22T, BE
HREF(UTC) PR FIFETDIF R THIERRE FIF(TADCEHLL R 2B 9 51t EEFZ U
T, BEOPERELRTOEREREINETIND(L, 3, 4].

Rl DR E (05T, BHRRZEOOFEIRSFETCOERAZRAIEIT DNV S —TE
Ben3. FIZIE—RERENELESREL THIAINS Cs [RFRETS)CE, FEFE-LBHHDILE
[RFRAK[6]TH/ONII AT —HIBIRI MUK IGUIZ BRI ON A I 0k 2 FE S E 2 F RN
fBZANTVS. —7AT, EFETRIDEVFVUTEIRSZE I L — - ZRIESIREDFIRERE
VCERI2 \ANREINTVS[1]. L-T-0ORIREIEEE, AHIRSBORESREDFEZZ (T
T—E[RDIENERT(CEILTZ. CONEREORENRZEBIFH 2R IERELT, RIE
EUR), Sv5-F), 2UTRUINEFRE)D 3 DDNSA=F-HURUIEFIRENS. BIREIEED
FFCBVTIE, DEBLTERRINIEEFHZFICLDREINIRFODF, 1AOIRIF—
[ ERELUHIEZI LT, FiReGORBIRBZEEZHIHISES[1].

DR EOHEBEVERDORIEEUF 28U TS 2R I2FE THD, 1960 FAICHE
HEURL Y- (Lo TREMESZR T, L-Y-FEEBMCENLSRERIC-L > MNEERE
SEDNIRTHD, ERPBLEOBIEICL DD FIRRBOZIRNEIEEZalgECLUZ. SHBIRFDFE
FICHUTL - —2BE I HTFETIE, RyTF-RICLBZARI NUBOARIT—IENDDFE
ZRTTHRREENHIIRENS. 22T 1960 FERBHF(CEL—Y-DFFERENLT, RyTF—MEICEK
DD AEEEDHIPRZIBRIABATE D YL U TRBFIIRUR S (71 2 FO0E[8], [RFE-LAICHUTE
BICLZAS TEAMESZEUS T B9RED RYTS—IU-DHEMEIIENTZ. INBREVINE,
ZEPZEKRFDF, 1ADBAGTHECIU THEOETARDEREKDHHEXHIC 0 LRDE
H#ZIRUTHNTDET, RyTS-RZBRETDFETHD. —HT 1980 FERICEHL - -5
WA RFEEIN[10], RFOEEBIRILF-Z2E, REZKIBOECIZETRYIS-0R%E
WEIL, PSYTIBIENEB(CIof. SBICAAY MYIT IR HRF[12]28 AL TED MSYTR
TV IWORIRFLAATZRIEITZET, RTF-DROBREABE/ERRFREIOIE AN IS
N, SWMESXIHE L (Signal to noise ratio: SNR) CAARIEE D3 H el gELRofz.

KEREITLELF, JORRBICBIIBDRTFODTF, 1ACOREIREBEMERIREHOE FEE



ZREIRBOEELU TRV BEIREIRERZIEY. —HNIC, HIAXBERBEEZSIEU LA
EENFIEINZL Y —%, BIRSREZECL—Y—-EER. 20s, HEREIEETERRZ
LY -D—BTH3EEZD. KERBOBELRIETODT, 1A>OREIREBEREIA
REENETFERZIBEN DS D MRRECATE I8, NHERIBIRLEDORRECEIL-—Y-DHFD
BEiSEREIN TV, BEIREBIREDOMRES, [IEHSILIZEE |(CEDFHEENS. ET7&E8%
BBV THIHIINRIREZRDBEIREIE C NS DAL 82 TN N ESvELT, [IEMES [(Z6v /v, T
5z25n%. sv3EHVHE, BAENREONIBERY, RFEEEREOHZETRETS.
ETFEROERK/BIEMNI—TEDIREIZZ T TRARBALNEUZEE, BRERSNIESVEE
HEXNCEDX L DFENNEKRD. 20— T, FrU7EKEES, 2B 2R IEROIZEE (&
—fig(lC, RA1LDHDTIURERELL TRENS.
Av 1
TN (1.1.1)

CCT, WEHEENZIEFERODARINUIE, N (FEAMRESHIDICERENIREFE, (&
EEHRER)FETHS. SVFrU7EIRMOBIREIREDRIRMZATETZESN, FBOKRHT
BUVEIRSEZEETENRITDENAEETHZ. S UARFOREEIREOBHMIIEE S TER
ENJZ 9192631770 Hz DA VDR ENREIRAELLLEIL T, HRBIREAREDF VU7 EIR LS 5 H1i2
EEVid, FREBNCIDEVEIRSONEES |EIZEE INRFEINS. BRIC, FILLROEE
R IR R OBIRERAELL T, BEREETHEREIREDHFTNEDSN TS, 2].
Y5, BAPRHRFERZRVCAS TR 12]61 A Ny THROSENA A 2RV CE—( A
REET[11]M5RVEDTHED, VKON DFEIREIRE OB EEDIEHIANTHD IO IRFKIR ]
ELUTERHBNTWVS. X 1.1 (c, EREEHRESNEIEIIEIREIREEZRI[13].



+ 1.1. EREEHEESNEIEIINEIREUEE. ([2, 13)2BEIVERK.

B &5l [ERR B HE [EiRE#8 N7 Sawin
237 nm 1Syt 1S0-Po 1267402452901050 Hz 1.6x10°4 A
243 nm H 1S-2S 1233030706593514 Hz 9x10-15 E—-L
266 nm 199Hg 130-3Po 1128575290808154.4 Hz 5x10°16 HARTF
267 nm AL 1S0-3Po 1121015393207857.3 Hz 1.9x1015 A
282 nm 19Hg* 281 2(F=0)- 1064721609899145.30 Hz 1.9x1015 AA>

Dsp(F=2)
436 nm 17ypt 2812(F=0)- 688358979309308.3 Hz 6x10°16 AA>
2D3p(F=2)
467 nm 7ypt 281 2(F=0)- 642121496772645.0 Hz 6x10716 A
2F7(F=3)
515 nm 127, P(13)43-0 a3 582490603442 kHz 8.6x1012 | AEFNORUN
531 nm 127, P(56)32-0 ai 564074632.42 MHz 1x1010 AaA0IRUN
532 nm 1271, R(56)32-0 aio 563260223513 kHz 8.9x1012 | AAFNIRUN
543 nm 1277, R(106)28-0 aio 551580162400 kHz 4.5x101 | BAFOORIR
576 nm 127, P(62)17-1 ai 520206808.4 MHz 4x1010 AaA0IRUN
578 nm 17yb 1So(F=1/2)- 518295836590863.6 Hz 5x10°16 HASTF
3Po(F=1/2)
612 nm 1271, R(47)9-2 a7 489880354.9 MHz 3x10°10 BEANORUX
633 nm 1271, R(127)11-5 ais 473612353604 kHz 2.1x101 | EAFOURUN
640 nm 1271, P(10)8-5 a9 468218332.4 MHz 45x10%0 | BEFOORUN
657 nm 40Ca 1S0-3P1; Amy=0 455986240494140 Hz 1.8x101 | SBHIREF
674 nm 88+ 2812-2Dsp2 444779044095486.5 Hz 1.5x1015 A
698 nm 88Sr 1S0-3Po 429228004229873.0 Hz 4x10716 HARTF
729 nm 40Ca* 2S12-2Psi2 411042129776399.8 Hz 2.4x1015 A
778 nm 85Rb S12(F=3)-Dsx(F=5) 385285142375 kHz 1.3x101 —HTF
MR
780 nm 87Rb S12-Din 384227981.9 MHz 5x10-10 BIFNIRIN
1.54 um B3CoH, P(16)(vi+v3) 194369569384 kHz 2.6x101 | SEFNIRUY
3.39 um CHs P(7)v3:F2® 88376181600.18 kHz 3x10712 BIFNIRN

REURFPTAAYFE—A(AVNSyTZ, E-AFRFE-AHITZ A FIRINGHZRT.




1.1.1 Yb A& FRFET

BE—AAVBEET[111E(&, LY —5EENe0BICA A Ny TOEBRT Sl ORERENA
BEOEVERU T OZEMICEAGADSN—IRO Ry TS —ENON R (SAT(vIRE) JREE
O L EDOAA>OEFERZERAL, NEREBIEESNCEIRIIEETHD. (A Ny TR
TEHMFREOHEBEVERZI MO ILU THEBIOZE% LT 2 LN B RE THdIFENHD. —F T,
BH—(ADN=DNI>DES2FATILD, EFHREHSIKE, SVEIRRETEEZERSID
e (FEE R RGRCRENDHB[14].

— A CHAEFRIET[12]FEH— A AVIFEHERRD, AEF2RVTIATVIREEICh Y TENnz
ZEEREIMIC(E 10° ERRE)DEFOEFERZ —IECHAITEIET, BUVIEHEILZEE]
ZWNIIRHFHEBID. COLE, HEFL-—H-0BBHORERFNRIIZZ19NVIRT v %
RETL, MWRERZEBFBBO L FEMORT S IVIN—ET LSRR R(CNEEERRETFR)
DL—T =K THIEF R, EBBRTIvINSOETFBREIRIOS I NMENICERETS
[15]. %7Sr [RFD 'So-3Py ZFE B EMEAEL L THIB U Sr ASFRFETN 2005 F(CFREEN[12],
DIENMRERICLD 2 RERIVEL TEIRENB(CEO TS, 'Y [EFD 1S,-3Py IR AR AEL
UCHIAUZ Yb SEA&FRFETE 2009 FFICE RS TAATPINSIRESN, BERRICHO 2 /KFRA
EUTERIRENTULB[16]. Yb [RF(E Sr B FELEEUT,

D). EFBRAEN 12 THOHISOREZZIY, EABENERMERDIRS THANREERD

(2). ERTORFIFSIERDST M Sr LEEBRU T INEW

(3). REVEHIBROBARBHNLLEIIAE, HEFARFEEATIHD 2 KGENESTH
%)

REDFHHZEBL, SAFTHERIT Yb AR TFRETOMRFTMEDSNTUVR[17 - 21]. /NBUYEOEN

{EEVSIRETIE Sr AR FRFETOANEITUTHD [22-26], Yb HARFIFETHENISERELTLS

[27, 28].

L—H =158 Yb RFERLI TR FRETOHRSY, EFI1L—2aV[29PEF
IE1-45—-[30], RFRTHTB1RERL BARDEF TERAIND. BRINZSHERERFEP
FRFERBE(IHARKIECTERZN, WTNOHBETH>TEHKRAFENYTMOT)ICLDRTFE
HZHIES LRI T2 ENDD. TNERIRIDIRE(E—AMCKRENDIEMTHD, KERFD
INBUEDEHE(EEREICEREND. MOT ¢, RIBERILDEhINCEICB IR D
Y& MOT I ZAWVT, RyIS—SHIER2ENE D DT - IRZAVTNEBHSZOTOR
(LR FEIBIRIZFETHD. —HNCHEFREEMR T IR FREL N ZECEERBL,
BEAL—Y-T MOT RE[EHRINS. L—Y—15ilRE0/\BYE0RE(LICRI T35,
FL—T-BHOBZRVIAEBZIRELTEDSNTWS. RFFRICEEISE, 3D )
SA-TBEVEENIETA AR Y —ZRTFHRIREVTHIALR Li [FRFO MOT[32]hF(F5N5. -
—BEHMABICEB I 3L, IDBHENDIDNIMIAFERT MOT ZBEMKIZFELLT, EFZUR
FARKFARZT—AE R AR 2 EE ASU CTUEBHIZOR OMIE TR FZ 4 HEH5HS



vI3 3652y REI MOT(P-MOT)[33]%°, I5—DZENODICEIFEF=FIAT 2L —71>4 MOT(G-
MOT)[34]1RENZEFEND. CNHSDIAFTFIFERMIIC SrFZF® Yo R FOL - —1SECEEAIN
ZOEEMEN DS, PILHEEEREOL —Y—SHRED/NEYCOBHE(GICBI T AT E T TICLKD
MEETZ. BEFRRSEFEIDE, AHRBEEEFRETOBFEO—IRELT, BEZERNICE-5-%
BAYRLTREFA-TOOERBEENENIRESNL[35]. &, MAROREFA-T>TERK,
(L Yb OYEHEELR FRiBIR SR 2 F AU TEBENISAE Y [RFD MOT MEREZNTLB[36].
L—H—RiHABICEBIT3L, Yo R FE—L% Zeeman slower FEU T Nw TS 2HA5T[37]%°, b
YT ERBISDEZ/NE(TREZ2BRIELT 1IRSEIFE 2 RBEYEZERFIC MOT FI/N
—NICEBRET T3 2 B Yb MOT DFAFR[38]HMREINTULS.



1.1.2 IVFRETEILL - -

[RFLAAVERRD, DF(HRENCEEEACAEEHENEE THINDIICIRIVF—HEAHE
EMEMTHD, L—Y—SECLPBIERD FOERE NSV THREETHDENFBNTUVS. 5
B FOERFEELT, 2 DU LOBBERRF 2RSS UREKRD F24EmK S 214MiCBd3
ARMREZINTVREOD, FBEDFADDTHICLDEAEINEFER(E CIPM (EEIREIR
BEUTHIRENTORL. T 11 [TRIELIIC, HERBIEELL TRIRINETFEREZEIDD
FEIVE, 7EFL, A0 I3FETHH, LWINODFICOVTEEFIIRIND FECLDEFBRD
BRI EIRMZELNEIRENTVS. RHITVHRD FIEEINDSIRIMNIMI TRVOIRINEZE IS
STBEBRNEE(TFEL, HHSDAFOMTRESNTEL. IVRD FOEDEREED (L,
AVRD TFOEFTHENBELCOMIHEORE(CHFSIZRE, BEFHTFIMEFECHBVTEER
‘"ENERRLY. S5(TVRD FORIRDSIEVONIHEIREEELLTH AN, FHFEOH
RETREFHAOL -1 I REDIE 2 BRAEF C/ERINTEE.

R 633 nm @ He-Ne L —H—#R1E ~10 kHz)YKE R 532 nm O Nd:YAG L—H—(#R1E ~1 kHz)
(&, BRI —H—[391 48540, 41], ESIETHETRI[42-441DYEREVTHIFEENT
&z, 1512 Nd:YAG L—H-%XIREVEID NI M BIRSEZE L - -2 X7 LAEB VB %
EE(10°)255%. EEMREAIRACT, 79217 —ACANTRITHICIESAD L Z18TE
UTRFEENTZ 30 cmx45 cm YA ZXDOEREIIVRZENL Y- (F, HROFEIREIEEDER
HEBRICKRECERRUIZ[45, 46]. —ATIDISRIAVREELL—T (L, Nd:YAG L—H—=(CEDhBA
AN 10 emx10 ecmx 10 em(HEExFSSIZECHIREN, EEBSMN D77 AnIRERRREN
HWEWOSRmZET 3. TEOMMII TiMiom EIcLD, AFHLEEENE EUFEERL
—H—HIR(E Nd:YAG L —H—(CLEANTHRIBIEBW—AT, /NENDZETHD, SHCRERAIZEE
BNAVWEVHFRADD. TOe, MERTRE7ITADEHUNICRRIKTOBEED LSRR
BUSEDIERZ, JO/NBIREERRTEMRPIGETHD. EBR(C, KR 514 nm[47], 531 nm [48, 49],
548 nm[50], 556 nm[51], 647 nm[52][CBVTHEARL —HF -2 IADRD FOBMIIEISER
OEVRINEMEINTVS. FEERL - -2FFAITHEDFEALT(E, SHRIERL Y —(CLB Ry
T5=JU—3HERK T BICIMNEPHIREFFE (KL —H — (External cavity diode laser: ECDL)A'F!
FB&Niz[47, 49 - 52]. ECDL (I3EBEREFISETIIEIEI2ENDD, BIERETIHTEERE
TRHINERIMFTIVILOSHNEVWSMBRREZAFIZLETED. ZO—AT, KR 531
nm CIIEIEEHMZDOAE DFB L—H—(#RIE ~2 MH2)ZFELRELITIM YA XDEAMmS AT
IO —T-E21-)=2FALE, BBFMRINDEEIVRZFEICNERSN, BIRBTEER
5x1071 EFREEENTZ[48]. SBICCOIAFE TEURISNIZAIZRD FD P(56)32-0 a DIEXTEIRER(L,
F IR EDENSBE U TEIRENZETICELTWVS. &ILFICOIVREELL —F—%2FIAL
Iz, =270y F5EIRESINTLB[53].

BEEBENMETHD, IBCHANZRIRSRITIBATIRENFHROBREZANTES, 100 kHz
A-F-DBRIEZE I ZHFRETERICHITZRYTS-IU-DHNEB(EMSN, BIEE



ZEEN 1075 LANUCFTERERJRETHII, EEAVEAIREIREDEEMNRLCIAVEREDF
(TN THD. ERIC, BE-FHEU DHRBECHITIRHEELLTOFEANRAFN, K
AMACHEER I D/ RIRERELL COAVRTE(LL — T - DIRFHFEN RSN TLS[54 - 57].
HBWNEAIRDHROA-NITrAN—AE(C@EIe, FZEITFAN=(CHAINZIVRD FITITBR
VI3 —DHORFTEEREETN TLB[58].

10



1.2 JREIRER L

HERBEEUES (U TRIRENE I TR, JEIREIREDT v T EIREZEREL
h>A—-TEEEHRI TR EEARTIEETHD. W—DFHALE TH O BRI F 11— [59](FARNHDH
DEMRIATLTHD, RANIHAFHEBETUNMNERIZIENTET, FHAIDRENAIEFIZHDE
BEdole. ZAN 1990 FA(CE—RERL —Y-ZICAUERED LN BEFEEN[60], ZDIK
TE—ZUZ. T-REIRAL—T-NSFRETIBIEL/VLAGNG, EREE ETREZEHOHE—R
WERPRICIALZEZED, BME—REBVIE-LOF 2B, BRSNS L OHt— Rl
LiIE%, RREIREZRAVWTHIEIINZE- REHAL - -2 BRSO LETRTD. COHXELE
BALZSBAL Y- EUEANATOTIAREICED, #WAERRL - -OXBIREEHANES S
([SEREND [61]. JEREIEZLNERBARACHIFESNIC Ti:Sapphire £— REHAL —Y—(FE#R0IR
U CIRMEIFEZ2B 92600, FE YA AN Ti:Sapphire fEERZMEIT L —H—HIETH|
PREN3. HMIXT Bow-tie HIREFPOARI MULFHBALDIZSHDTA NV IHEERIT7AIN—ADAGHH
FEBOT A A NEEMCREN DD, EnESh' R THolz. —AT, Er T—REEAI7A/—
L= =2 =REUR Er T7A N =T AGLEERV/ NN DB THD, SHIOEGEERRIRERASTT>
AHE(CEBNIEIRE LU TLCERU TV, REIREOAGEY), SHEERYAIOETHIE
SNIERIREIREELL T, SKREIRE ORI ZERK T 2EE Tholth, IEFETITHEICHKER
HIREZ AV TN RIRE O AN SERRE BN IR e FAESE 23-Y1 0K I> VN
—JVREBELUTHERAINS. ERC, BIFONIIDREERIBIRELVESRE RN/ IDKE
BEENRITZEZENELT, BEREORAMAHEE I 2 EEFITREVIE BRI LDIATE
HESNTLB[62].
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1.3 SREIREIREDIGH

FEREREURE (BIRB R ELL - ) IRRCISUTSARBARNMFIESS. TOHTHE:
Al, JOBEDE, TUTHIREFZERITS S JIGRCOVTED L.

1.3.1 Y= 1Al

BEETAORE T, BESEZELL-Y-1J0vrs5-C5HRI0XRREVTHIAEINS. JOy
Dg—-oLE, MAMENDIMBITIED, RAFEME CH TR ODOAERZES, Z0RITEHEAf
OJOVvIS - R ($HEEA (BEFHE) CbIKEBEIINHEEEOTV\DInESREERIN63],
REOBELLTHIAENS. 5HRITIE, REODBETHZIOWIT-SaNKRTHTEHATS. 2k
AFFHEEEZNASTIRIEL, JOvI7 -8 0 EFERERS D OTHROAEITNHSHEE
=eBHIBENTTRETHD[64]. CDEE, FHAIRICE 10° BEORKREZEENERENS.
COEKRIBEE, SUBPREDAERREZAVEASTEIROZHEMIEDIBE ICLO>TRE
an3. Frz, BIEMEELL-Y-E31F9-sHR0NRELTORAENS. KRPORRZET
BB —L > MRYTS—ToF 5145 —-Tl, IVED FOWRYFRIHITRIRTS Nd: YAG L—
P-DWRO—DELTHIAINTER. CO&SBIMF-TE, EEXLERTFI7ZOVILEELALD
REEENS 2 DOHNOEREZE, IRNSI7OVIOBIRE(CIETZRYS5-> I MEHTS
FeDDRRIINA-ELTAVRD F N EFIETS. JULAL—HS—RI&E(E 100 MHz F2ELLEERB
EVEDD, FVRDFORIGRIHATO R TS5-TO0I71/ IO Ty s8I ERH)(C(E 1| GHz F2E)
INETDIEVERBZEENBBEESNTWVS[65]. COLIRA>IE—L > MNRYT5—ToF 514
—(&, W EEFINOHFRSTEEEEHLNEREINTUVS. BIDOKREFTIE, CO, DIRIGERICE
FElbEnfzZL -3 —(ONL—5—-)&, RINERNISHT N ELIREN B ASNIRREE TRIEEZ EL
&Nz 6 DOL—Y—(OFF L—HY X EL — -2 AT LAEUTRRPNREIL, BELEHSARRH
D CO, DIRUNZARI ML ZEEATL T CO, B ZRIE I dfZEsFEskmIT (>t —L > hREDTRIX
SAH-MRZEEN, ZOREL—T-IRFTAIDVWTIREZNTWS[66]. COL—H—IZXFADE
EEEZTEE 10" LAVTHIE. Je—LY MIEDRINGAF-ELTE, EMEEFRICEITTL
KEGEHRIZA I - DHATHERITINTVS. COBECEFIE-L MEEEFIRAT 38,
ON/OFF L —H—¥{EW A (CEVKREZTEME08 LA ESERIEME (<1 MHZ)DNSERMRINIZ[67].

1.3.2 @ EILH

FOBEONE T, BRBEZEL-Y-IFIREN3. HIXEIE—-L>ME QAM TR T,
HOIRIBEAMBCIBRZT ST 2I8, EEALFFVIE-—L O REERRZEENEREINS.
TCT, TEFLoDFOETBRZRAVEER 1.5um BREESEZEL Er J7AN\-L—Y—(R1iE
4kHz, BIRBEEE 1.3x10"MNREL THIASNTVS[68]. HDWIT TIOBEERIBTHIAS
NTWIKREDEIZEBE (CLRIKRSBZEBEE) T, —EEROREDNZERETDIIL
TILXBEZMIRITS. COEE, ITU-T BEIREEIT VY REFFNDEEOF > RIAICFTEDIXSZ
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EXZINEL, FroRIVEITOIOAN-%E112, HIWLEICBRETIENEREIND. &
REREHUTCRAESFAMERZEDDIE, EFv>oRINOFv)7EIREICRET 2IEEEKISEL
B3, EXE, EREMICHEMAHAFNIARDERESDIEERY, RECHBVTHAINSRIES:
(ERETOHARI NS LT F AT -RE) LB CEERIESNZNENHS. —ARIIICIE, YRR
BURHE(CETELSNI AR ADEH BHIE— REREENLLT, RIEVEDRIREEZRTE
FBRETRIEIEMEND[69]. BREKE 1.5um BOFERENRELLTETEFLODFOETF
BENMLKAVSNTERY, EREMDR2FAUCSRRRERMEZERITZILT, TOMOER
FRFOAALDETFERZERTBEDTIRETHAEZIMARTHL. KRS, 2 DDERBEHID
IS TSN SR RERERR T 2HAUTEER 1.5um HREL —Y -0 3 XEAEERE
&, VRDFOBMMIBSERZERIL, BRSEZECTERT IATNREEINTLS47).

BERT A -LO MR CEF, L-Y-XEDEERAIEESR, BRTZI—, ZE
HEREDFEP N ER LN S EUE R AIZ L — ' —E2 1— )l (Integrated Tunable laser Asembly:
ITLAYDRFENERACHIBRNONTVS. ITLA RAOFEETHS DFB-DL OFRIEE 1| MHz LUF TH
D, FROFTZAHIIE—L > MNBECEVWTERELORIRSZENE(3+1.8 GHz BENEREIND
[70]. COREZTEMEERIIHC, HREZA-ELTIZO PLC B ITLA ([CHAHAFEN,
DFB-DL OYREIRMEZECICEREINS. NSERNBESROEIRCMEIFITE, LOERIREN
DA EZEEDESVEREL - - 1-INIEREINZTHE3. ITLA ([OVTHEITDE, ¥
—JF—BENEIRER LS/ \wr—2fben, RN ZMCARTTINTVS. &RV TEBEMST
DOFERR BIARDEFO7AN\—t>Y—, FIAWYDY, SEERETARE)TLCERINTVS. 208
flizEs AL T, YBERRUNOBEBCBVTERMOERL —J-E21-ILOBRRNEMRINT
W3, AAFRDE 3 BEHLUVE 4 BCTHAIZI1>BA AL - —-ES1—)l(Compact Laser
module: CL module)&EZDEERD—HITHB.

1.3.3 BFZERtE> 2> A

EATOMFRICTERESNDICEIREUREDFE (L 18 #HIICELELTWS. — B IHIERmNS T
SSNZENFRARBONRCELD, EORTIIvIEECHRIZFEOEHOEEE, ER
HEPAZNUTBRRAIT2ENTIRETHS. RIRCA AV ETEARFIFTOINS T, FSEH 10 cm
AT = TRRZ TSR BEENIF ST ORI OEDNS, EOTHROEBBARTIIvILO
AR PIRE THDERIEENTVB[71, 72]. BIRTIIvIEBIDAIEZ(ECHE LI RIGZE
B> ONEFRBTEDSNTSD, MRZEPNILFEOE=SFI>Y, T ERRRAD
FEAMRSEENTUVS.
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1.4 AAFTROBEBERS DIERK

1.4.1 AEAZZOE®

CCETRRIRENLOC, N EIREIRE L FEMDEFDHR5T, EENEFFCHVWTEEA
RIEBETHD. —H TCTOREOHAIPEDIRVDBEZIZERI DR EERE THDE
HZ0. —ATHROVTLEFOMMII TRMORECHEL, BERL—T-LDtEREMS
FHEPHADND-1E2000, NENDLZMRFEBARL —F—NAF AR TER. EFRIMNA
LT ORREICHVTIE DFB-DL MR SR ERL —— Loz, 51— -S4 A—R(Laser
Diode : LD)ORFEIRFE T, HIRSSBENERILSNFERL - —F /N1 AN AFAIRETHD,
BOREFTRRIEIRTET 1> LD ORI RIRER R RBIRFEF 2T 2F 8RR -7
NAZNFIREIRETHD. I T, INEIRHEARL - -Z2RAVE R B EIR SR EDE
RCMIT, DMmREYFERL - 250/ EFERL—TF-EZ1-I0OIVED FOIRIX
RADOREIRBZTEILE, 1vTIED LR FOIRIGERNEIEEZ E( LN iRes B -8 KL
— AR UMD DRMERZE S — Y — B HIRE(CRAI 2T EEIMT 5.

VRN FOEFER (IR 2 BRI CEIGA] e BN AR EAEEL L TRLLNTER.
A REEONFEZBVIAVREZECL —U-IRTRINTERN, BIREMBOLLRNKER
DFB DL ZFEREUTARFTHNEA R, FATIAIE[48] TERZBIEE T/ NBY{Ld B/z8h(C, DFB DL
EHIENRESR, REZMBEFIERICENGB/NEYERL - -T2 1-)bE, I-IRI>H—EB
ZEIRREILE 6 cm OIAVFRTIIVEFIAL, ZiAZRZFIAURVEIRSZEREICLDRyTS5-T)—
DHREFRUL. —HTIORERZ, FERINOFZE2Z(FHIVIVRD FOBMEEESER D
BRANTRDOHNERIEN, BIREEZENEIRETHO. EFEINIZRYT S5-I —ESDIRIX
#RIE(L 8 MHz, SNR (3 10 (FB13i& 1 kHz) Tdrole. COESZFIRUEIREZEE (L 5x101
FIRENTHD, SHCAEHERAICLDAIRINUNEMDRIFRIE—L O ARIMESEINRVE
BEHHole. 2ITSME, BERFEINCREVIVEIACIZFIAITIETHVWARI NURIEE S
L\ SNR 2B 93 RyT5-JU—(ESZBHMHIESBRORR D CTESL, BIREEZECH T4
RETFEBOEHEZIERTD. S5(CAHBZFZEZ L Modulation transfer 73 7655[ 73,7412 A
IBLT, BUVEIRNEZEEZESTS. 35(J7(/N\-F551%2FH\T DFB DL QOREIREME
ZHARBUTURREE, IVRDFOEFEBOBARBRLDO T/ NSRFRIBE T AE{LEERILT,
AIRDFORYTZ-I)—EBAONBFEHEEE 2T TS, S5 T7AN-FH5t2I0RDF
OBMHIEESER(CREIES 2 RO\ 1TV RHEHZEATRET, IVREEILL—T -
OIE—-L Y ARZSREU D DB EZEEEZLN— B EIE3.

VRTENML—T-DEEREZEE RS TH 105 BETIWA-HMEZIO7(CRZET R0,
TN EORESZEEBNERINZ 7T —2a (L3R FOEFEBZ M REUVIEREL
ZEACL—U—, REREABFEFEINERRCEIREIRELRD. ZOLSBARZETEL O]
B Yb AR TF RS TORRCMIIT, 1st MOT ZRIRATREVNEIN DBV DEHERL —H —152ED
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REZHFEID. L-T-BHAREL, BEFOSMEBRCTFILATGEREHAL - -SIFTLE
RFI>TIVE MOT A2 SCEZEBENSIBRINS. 15 C Y RFOHBEE 1 RGEER
HERINERIBCFEES IOl — T -2 XF LNKEUETS. SHCVINITIEEBTHIDOTES
EMEL, S48 Yb 2SI 3HIEFH U TILOERENE(YD TlE 400-500 °CIEEE)NUET,
SHEBNOARER MOT coil 2 Zeeman coil ZZHIcEZERBOAEIRDHIKENIREERD
[75]. 2CTEY, LINERDEZEZELS TS ECDL Z2ERNMEZELSETEABRCIHEH
HEEZETINBRIRGENRL - -2 X7 L %485 T3, SBICEZEREICEIU T Yb R FHRIREL
THERDTA AR Y —%ERAU, Zeeman slower #iigZFELIETS, MOT A OEEENZIKR
IRREDTRZMIET, BEDARO/NEUYLLZEDbZRAD. B FREFTOMFERICEVTHE,
Ist MOT DEZPET 107 ERREDSENEFEAEMR T DEN—MIITH[76], Nzl —H—1HAN=
BRI 28RN RMREEIRETS. E5(C Y EFZ2FAUCHIRT (AR Y —H50RFE-LD
iz EMET D, U TEBEINIOSED Yo [RFEE, Yb [EFE-LHNS st MOT (CFESN
ol Yo R FROEEZRINERZEH I DL TRESHRDEREZTHE T S.

1.4.1 RimSXDERK

E1ETE, XEARSIEECREIIMAROELRERFOBMERILZENELT, ERES
HmERES (CIPM) DEIESBECHAEINTOZEIREIIEEDIA N RUZ. 2O TSEINHATT
IERERD Yb FAGTFREETETVRLGELL - —DFRFEE A TIRFRIC OV TEESz. &, AR
EETRIFAMTORESE(COVWTHINIZ(IC, HREEEOLAZRAVEESTRAIORIE(COVWTIRNZ. EU
T, MEAREIEED T EDEF COBABITOVTVONMIITRL, /NI DRHMBEREIREUZAE
DOHEMECDOVWTERRULE.

E2ETIE, FAEBEEML— T OREHNRTFEEZHEIIICHOTRMRY, FRFDTF
EL—Y-OEEERICEIT 2R L — - D HOFECOVWTEHlZIRAS. Fo, KEREOA
OHEE A BIRBETRAOFE, IVRDFOIYTIEVARFORT > SV IR+ —EBniiiiE
15, NEREEEOTHEERICOVTELIHRIS.

$E3ET(E, #RIBOKAER DFB DL EEAIEIERR, REESHREFNEREINE/NEL—
-2 1-2HNREVEIAVRD FORYTZ-J—DH%EITD. DHRICLDEUSENIRIVES O
—DEABEIRBEELLTL -T2 1- VOBIENEZE\L =L, BRI EE Tz R
EEOLEDHE - NOZENSRIEL, 7R EREDETHR-OI3.

FLABTE, BEOVATINYDITPAN-FHet2RRALTR/NEL - -E21- LOfRIEZIY
RO TFORINERIBA T (CBRFE(LTDET, AVRDFORYTZ—JU-DHziESES. E5(C,
IRUESD—DENEHELL TITAN-FHEtONEREZ7IF1I-F—-TEIEFIHITZE TR
NI —H—EZ1-)0)\ (D REIRSZENEEIRT 2. BIRSETEEMzr 7 Rt RmE
DIETHHHOT3.

BESET(E, SEPHIRESRBEERENL —T—2HREUIAYTIED LR FORYTS5-T)—-53
HEITI. DHICELDEEINIRIVEB D— D ZNEREEELLTL - - DRI EZ ELEE
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KL, L—H-RO—E2RAVTILFE-RL—Y-F1A-RCEARRAZNIZET, BEKREZR
EAEL—Y-DOXEIBIRSES. RFIDINEEALTA AR —ZRFHRREL THAMAATINE
MORMERZEANOEZERBELHAENEDZILT, 1YTIEVLRFOWINF NYTZ2RIRTS.
BZERTORYTS-I-DHNBIRFARRDOISYIA%, "NyITRORFEDOELENSHRNE
FVTORFEZTHETS.

56 6 ECIHHIRLLT, AR TESNIHERZFLY, SEROBZECOVNTIENRS.
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£28 [RIE

2 ZEMIRICBVT, IBIREEEHRIRREO IR F-IEEL TONE, ZORBIOEBBEIRLIIHETE
FRLICBONZN, EBRORIGRIIILENDZEIFD. COLIBRENDERIBELTS, CNERETS
BRELTIE, FIEEMOEMEFROPBICLOTRESNZIBERE, DTFORENMNIZVIILGD
MESCELELBRYTS=IEND, EREND, NO-LENMENMEIETS. & 1 EicEanson
TEd3. 5§ 2 fiTE, SOMREED KRR BHICAMATR THWRYTZ-JU-3HD—
#&Tdd Modulation transfer 7376&, DD FEICKDEISENTEDHESZRVIEIRMEZTELDIR
BOVWTEERTD. HFE3ETE, BIRBZENL—T-05HliS/ED—DTHd 7 IAFEREIC
DVWTIND. 48T, BRBEZENLL—Y-0OEEsHMifiDdCSBAYREL TRIAENE
HERENEE O LEEREETHRIAIC OV TEER TS, 55 5 BiTE Yb RFOEFERICOVT, H 66l
TFIAVREDFOEFERICOVTEEIRTS. 5 6 EiTEI7//N\—TFFHet2RAVVIERIBETFEIC
DVWTINS. 55 7 BiCIRIEF DR ZE NSy AONTHAS.

2.1 [RFDFDHOIE

[REFPODFODFENEBLREFOHEB/ERZERT M CHd. DA TERENZART K
WIENZREDFZERTHZEAIE, RvI5—ig8, EH1E, BEEEE, G CDOVWTIHRA
2.

2.1.1 BIFEEFOI-L > MEE/ER

2 BEMIR(FEENL a, LML hDIEFZIRTE I DL, TDIRREERIZBEITI pDEH HIENL

.1 .
P =Pl .1.1)
T5x5N3. 12U, HEROI\IIWRZF7>T

_ hw, —UE(z,t)
H = (—yE(z, t) hw,, )

(2.1.2)
TE525N5. w2 EBOBBIMRFE-X> M, holdi BAOBEBIRINF-THD. Fi,
E(z, t)[3AREIKE o, K kT z BRISEITIDNEIHZ CTHD, ERIRIBZELLT
1 .
P i(wt—kz)
E(z,t) > Eye +c.c. 2.1.3)
TH5Z5N3. EfIabfEDERARBIREZwW, = 0, — v, > 0893, EINEF PR FER

WTOIRRE(CRBERIEN T, INZRKERBICEDANSDE, 2.1.D)RIZ,

LE (2, t

Paa = — = IEIZ ) (Pab = Ppa) — I'(Paa — pga) (2.1.4(a))
iUE(z,t

Pop = RaR Al ;Z ) (Pab = Pva) = T (Puy — Pib) (2.1.4(b))
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' _ N iuE(z,t) ( )
=iw - — -
Pab 0Pab — YPab h Pvb — Paa (2.1.4(c))

‘ _ iuE(z,t) ( )
= —iw — I T— -
Pba 0Pba — YPba h Pbb — Paa (2.1.4(d))

&%, 22U, rEEETIOMABADOENZ, vEEETIIOIEX B OEIIZERS. 7l
EBEMHEAIL — MRS, REIL—23>0 decay 2FKYI. — A TEEEMEENL - MNWFY, BEF
BIEZERECEDEUDEAMBOAAEIE - L O ADEIZRT. pll&, FEBIBE (2, t)DENRE
B0p,; DFEIRETOETHZ. RE v CEHNIZIRTEEZZ5E, BEMIE

d @ 0

at ot Vaz (2.1.5)
TEz5N%. &51C, HIBARKEIDA (0 = )T, o+ w,DIRENBEZER T 2LV [EEERK
EARENE S, EERRAAE LU, = pije @tFD(CED, (2.1.4(a)~(2.1.4(d)(&

. i N 0
Paa = — 7 (pab - pba) —I'(Paa — Paa)

(2.1.6.(a))
in
Ppp = > (Bab = Pva) — T (Poy — Pob) (2.1.6.(b))
' in

Pap = —i(w — wo = kv = ¥)Pap + 5 (Pop ~ Paa) (2.1.6.(c))

' in
Pra = i(@o = @ + kv + 1¥)Ppa = YPpa =5 (Pob = Paa) (2.1.6.(d))

£73%. IIT, Rabi AREIRE

uE,q (2.1.7)

BEAUR. TR,
st _ (pga - pgb){(w — Wo — kv)z + ]/2} (2.1.8)

st
Paa ~ Pob = (w—wy—kv)2+y(1+5s)
oo (Pla=ppp)2 @ —wo—kv+y? 2.1.9)
Pap = 2 (0 — wy — kv)2 +y2(1 + 5)
%18%. 12U, sl&
0? 2.1.12)
s=—
ylr
THh, NZEEF/SA=F—EIES. HESZICIOTRIRENAREFOIREFE—X> bpld,
P =Popk+c.c (2.1.10)

TERIND. 2.1.9XZ2.1.10)RIALATBE,

__ (P3a = Ppp)I? w—wo—kv+iy
2h (w—wo—kv)2 +y2(1+s) °

2.1.11)

elwt=kz) 4 ¢ ¢

18



Z19%. COIRFHEMAAREHEOC N BFEILE, ERNRBRDIRP (2, t)(EP(2,t) = NpLid3.
E(z)EBFRICP (2, £)E
2.1.13
P(z,t) =Np = %Poei(‘”t‘kZ) +c.c. ( )
EDFRTD. 2.1.1DHTAEQR.1.1)ARZRLERDE, ARIKREDREE y (0)ZFAWTP, = gox(w)E &L
SRR ESBZUNTED. COx(w)FEXREZREF(EN,

B N(pda — pop)i? w—wo—kv+iy

x(w) = 2oh (@ — wg — k)2 +y2(1 +5) (2.1.14)

Thd. B(CBIFRZEy(0)%E
x(w) = x'(0) = ix"(w)
EREPEERBCART S, BREELEIBORMENS,

e=¢g(1+ y(w)) (2.1.15)
THhd. BlC, BIMEn(w)&, 58Be(w)REEWR = u,DEBF TOMEREDR
B 1 _ 1 1 G C
Vel Jeomorele, Aeje, MW (2.1.16)
ns,
n() = 1+ 1) (2.1.17)

%215%. |xy(w)| €« 1THNIE, Taylar BFICED
¥ (@) l,)("(w)

2 2 (2.1.18)
%2158%. 2.1.18)RNOEEBIEIFRODEZ, EEBEIAGHOWINZERIIETHD. AGH/ND—
DORIZE o (w)(E,

nlw)=1+

x'(@)  Nk(pS, — pdy)u Y
a(w) = > k=

2¢5h (w—wy—kv)2+y2(1+5s) (2.1.19)
TEREINB[77 - 79].

2.1.2 BANE

B0 LEMEERRECLSEMOLDICBREBF (1) ZFD. NIRRT IARTNUIE
(FEAREMF(ENS. BFEEIRILF—OARHEE 4R F

TX8E>h (2.1.20)
t, FIREBOAETE St IR F —DOAREEHSEDR %
8E = héw (2.121)
zahE3L,
1
Sw = —
T (2.122)

Z18%. 2FD, ARTMEFROFEEHIZEREOEZRD. ASTEENEIFAMELDE/NEC, Rabi
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ARRBMEAIL— RO+ EVEE, 0 < [yTIRBD5s « 1THD, IRIRZAARY MG 3 HithE
ML—MNIKFTS. BARRICE, IRINZARIMNVIFRIBETEEZ C LLTO-L>YEDRER

C
L -
(w) (w—wo)? + 12 (2.1.23)
OFETEZ5N, TOHREDIEG
W , (2.1.24)
80 = 3mhe,c3 lul
TH3[77 - 79].
2.1.3 EHiE

SUADEZENETE, FRERFHDFRLTOBEEENERS. COBEICIOTMEMNDE
BHEURD, H3WEKBIBESOMAENZE(LLTaE—L > MEEERMTEYIENS. DL,
BIZR(CL DRI F IR BTETELBARI NUENDZEIINE(Sw, ) EMTS. EZEEE (D F5
B, IBDEENICKEFTS. ENEE, FESEN

Sw, = Cp (2.1.25)
OO-L>YRIBRTREINS. EALIREI—LENDO—ECHEEINS.

e, BEICLDKREBBEBROMABEL A IRV F —EML DS T M IO TEUSERZEIRED

STMEEDSITNEMER. —HR(C, FEHSTMIERNCEBITZIENFSNTNS[77 - 79].

2.1.4 EIBFfEE

[RFDFH - K22 LOCEEN T 25E, Jb—L > MMEEEREMEBRTHS.
NUCFDTHEUZARI NUBRDIL N Z @B EIRE (Sw)eWd. BiBREIEOFEREE, L—
H-DE—-LE w EFFOFIREDOIBIE, v = /8RT/MnzFAVT

buvx = Zw_vm (2.1.26)
T525N3%. BEEFELEADEIT—MRBICHEEEINZENZL. LML, Maxwell-Boltzmann 5370
(SRR FHFERL, B4 DEFTARINMOLIIONERRS. #(c, FI—IEEEZZLEH
3[77 - 79].

2.1.5 E3F0NE

Q2. 1.19)DRUZRE a (w)DSEESHRESIC, DHICFIFATZHEENRERDEF/INTA-4
—s MBEKIBE, ARINUBOILAONELS. CNZEEFIIR(Sw,)EIES. BaFRE(CKTT 38
EOLEE%s = /[, TEZIDE, BAROEERIEL

Sws =yV1+s (2.1.27)
L133[78].
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2.1.6 RyIS5—1Ig

DHRCAVBRFDFRIHETHIZENZ V. TO-THOASAEISRER D 2R ORFD
FHSHHBIEEIRY TS -RICEDI TN D, cNzRyTS-STheS. BEEREEOR
D FERCBWT, JTO-THOASABORED T Maxwell-Boltzmann 3 TS5 X5N 3.
—HRIHEIPRE T TREMDN v & v+dv EORICHDI D FEUE, RERE

u = [2ksT/M (2.1.28)
ZFHWT
Nw)dv = Lexp (_v_2> dv
uvm u? (2.1.29)

TRIZENTES. M FEFHDFOEE, kgIRIVYYIEE, N=[N)dvlEDFEEZXKT.
2.1.2 OL3IC, TO-THOAFABIHU TRERKT v 2B I IEFIFNEHTO-THOD
AL, RyITF-STNCELT

w' =w-—kv (2.1.30)
TERIND. kITO-THOABABEDRKETHD. BEKEDHBELED (0)(&

1 (w—w")?
v PP <_ ku ) de (2.131)
ERB. ARIEEDMEED (w)E, ® 2.1.3 DEICRYTS—NRICLDZARI NUROLENDERT
ARINURDIENDEERT. D(w)d, FERIESwy = 2kuvVIn2OH AR THS. RvS5—

W&,
f 2kgT  4mf |2RTIn2
= - = 21.32
Swp 27r><21n2><c>< M . i ( )

ERB[78]. BIXFAVEDFORYTS—IR(FHEAHC | GHZz IZETHD, BARCHLT 3 HIKE
WMEZERD. COLIIC, EFPOE 42 DREFDFNENETNERBBIRIDOIEHIETBECLD
FU2ART NUEEARET—ge .

D(w) =
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2.2 RyI5-JU-53%

SHRRF D FOEENCLHTEUIZRYTF—1R(EFEIE MHz A ETHD, KEREIEELLTHA
ENBRF D FORUGROBEARIRELLEIL T 3 I EKRE. O, BEODIETEIIGRIE
ARG NUD Ry TS —TR(ICIBEN, DEREENHIRENS. NZELEET 3, L RRyIT5-T1)—
DIENMHRINTER. SEOMAFKTE, CONNEO—BTHZEBIAMIRIND DS,
Modulation transfer 9376[73, 74123, I TUATF TIECODEEDFRIZ(CDWVWTIRNS.

2.2.1 EBFOMRUNSGD S

BIEEUT, 2 BMIRCERARIKES w)DRETEEETS. FIR2.2.1 ([CRILIC, [UADER
FOF(FUTARRE 0 CREANT NI OKRESK) DI EAS B EE2EZXD. RvT5-%)
ROFET, XMABICHUTRENKRES v 2B DEFHFHERERSTHOAR KL
(@' pump) e TO—THOAEEREIIUA T O TERENS.

o' pump = @ + kv (2.2.1)

@ prope = @ — kv (2.2.2)

Probe Pump
— () (—

' — ' -
W'prope = kv mp W pump =@ Thv
v

22.1 RFOESERY T TO-THOAEBEEORER

N, () ([FEEAL 1 (FEMDDEBED M, N,(v)Z2%EML 2 L EA)DOLBENMETD. [RFHEHT
RO THOABEREEBB RIS 0 N—UREE, TRhS
wo =w+ kv (2.2.3)

TROTHORIINECDS. ZORMFFIRTHCLHOTMEEINZRFEME, REKDV =
(wo—w )/ koZBEID. FERRICEZDE, TO-THCIOTMEEENZETFERE, REMKDY =
(w — wo)/koZBI3. K222 (FL—H—HCIDEER 1 (TEEAL)—EEAL 2(_ L EEAD) DB (LD %E
MROEBED RO ZRL, ARIONCIHITO-THICLBmiEZE, GRIDASHFRS THIC
L2mieEERY. DO —U-AREIKRREBREIRENERZEE, RO THETO-THEEESE+
DNIRINENS.
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W — wy Wy — W

k k

222 A1 EEENL 2 OEBES

—AT, KEABORERDN 0 DRFDFE, ROTELGTO-THII5(CHISL, TINES]
FLCT. COEE, ROTHND-NIRIEIFIDAEUDIEREZVNEE, TO-THEFLALRIENT
(CRHERFDFzEIETS. IRD5, L—Y-BIREEFE5ILANST0-TH0OND-21RH2eT
BIETDE, K223 DESRMESMEIND. NZEIIRIRIMESEIFY, RERIMESOASEE
(CHUZKEH%Z Lamb TAYTEMER, ZRINUBMI—ENDERT—LENDDEHAHED TRE
nacE, H3EEEOAFH(CLDEEFNIIT—EMOEEANILFTEL, BRELENE, &2
FMEE VDT —IRIC I TRESNS[77 - 79].

h

Transmittance

Wy w
2.2.3 BEANRIESD—HAI
iz, RBOREFDTFRZEMRTHILYD, TOREREEBIZNLENDD. LX(E, RvI3
—> T MDEZET Pump H(CLOTHIREENBHEEALE Probe H(CL O THIEENZEMNER DB, B

hF _EOEFIRINMES LSRN ZEN®HD. NZEABOIOAA—/N—EFS. NZRIATS
Tz8IC, Probe KDEITAMISKRERKDvERFD, 3 EIRODIRFIMFEIDERETD. #EfI 1L
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A 2 OBBOARIRE Zw,,, B | L& 3 OBBOARKSZw:¢9%. L-Y-0/AF
Bt e w ETBE, U 1%L 2 DBBICTSIZ0,

v = W — W13
Tk (2.2.4)
DRERKRDZIFORFIFICREND. [EHRIC, LI 1-HAI 3 DERI(L,
W — W3
v=+=

Tk (2.2.5)
DRERDZIF DIRTFT O F OEIRNICRETS. IO - -XOBREKE N w, = —“’“Z“’“(D

EE, RE—ARBEROINEESEDEAEM 1| LA 2 OBIBE, %L 1 E#EAT 3 OBBHEKC
FAETD. CDEE, NOTRICEDIMETEN | OEBHNHDITEIOT, TO-THORINNGEF
D, EBNEEAT BEHINEIRF I FORFRURD N EC TOSHDLIBFERNESNS.

2.2.1 Modulation transfer 935%

2.2.3 OISR EIFNRINES ZDEDNSHISREIE LR L — T —Z AR T EL T D E(FEREET
0nd. BIZRIE, ZEABENSHIBEIRE (0)[COVIZMNIZEEEZD. LY -FiRENITN
IimE, HIBEREOIEAEESICELUhZEBENSFHAIBENTEY, J1—RI\WIES
DHSZEREITDUENRE#THD. T THIBEIREFIZ THSOERRIFRIINESZ/EOET
LT, HISEKRINSIEEESSICEDEREINIINHIBITIEETHD. CDLIBRT—RI\WIDE
BEESDILEZRETIHETLMER. I5—ES5ZRAVTL—Y—-(CHULTI—R\vwIznMs, &
LT EEERIND. REITIE, RyTT-JU-DHOPTHRENLIS—ES2EEN
B]BE T3 Modulation transfer DI YE(CDOVTIEARD. FleLT, IDVFRSIFD Modulation transfer 73
FEDRRMZM 2.2.4 (TRY.

DBM PBS lodine cell PBS W2

_ /] 1. A1
A - A
i ! | Probe |

Temp. contro

i
]
i
!

2.2.4 Modulation transfer 7376 2DIRTX].
A/2: Half wave plate, PBS: Polarizing beam splitter, EOM: Electro-optic modulator,
PD: Photodetector, DBM: Double balanced mixer, FG: Function generator, PS: Phase shifter.

L—H=3¢ 12 IERIRHalf wave plate: HWP)EARHEE — AXTUYA—(Polarizing beam splitter :
PBS)ZAWTL—Y—% 2 JSEICHEESES. PBS TREFSNIL S mIEDIE(E Pump SEDEE %,
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PBS TREIENIZ P fRIEDIEF Probe JEDEEIZES. Pump JE(FEBRIEFZMER(Electro-optic
modulator: EOMZFIVTIMEZ &N S. AEHN

E(t) = Eje'®<t + c.c. (2.2.6)
TRINDARREE 0 DR THCHILT, EOM THEZAZS5A3EEZS. ZRIESDARE
W ZEwy,, ZiEE8,ETDL, BRINEEBBEIUTORTEASNS.

E(t) — Eoeiw,;teiSmsin(wmt) +c.c.

= Eyel®ct z Jn(8,)) eim@mt 4 ¢ c.

n=-—oo

=E, Z Jn(8) eH@ctnomlt 4 ¢ ¢,

n=-—oo

2.2.7)
RABZFRICLD, AREE o OMERE(CINZ TERAARIE S o, BICREEMN MG RN RETS.
ZIRIEES N8, < 1DBE,
E@®) ~ Eo[Jo(8m)el®et + J; (el @etemt 4] (§,)el@emwmt] + ¢ c.

= Eo[Jo(8m)e@et + J1(8y)el@etomlt — J (§Nel@wemwmt] + ¢ c. (2.2.8)
ER%. IND—DREBD X E+DRDYA RIS RICERU, +2RUBEOTA RN RE+D/NE
VOTHERTES. COKF, +1LROYA R\ ROAABERERD, CORFEFIRER 2.2.5 DL
FEna.

We — Wiy | w

>
| Wy We+ Wy

2.2.5 EOM (L& THAARBZ ARSI TR T O A BIRE R

SBICRQ.2.8)ZT17—- BRI L,
E(t) = Ejel®<t(1 + i8,,sinw,t) + c.c.

= Ege'®ct + %Eoei(w”“’m)t - STmEoei(“’C“"m)t +c.c. 229
ERB. ROTH(EIT 5 MLV T X (Glan-Thompson prism : GT)ZiE@EL, 73— T/REENIY
RUIAZ@EETS. —75, PBS ZiBBUIE Probe H(FTIAT Pump HEXIETILICERED
3. RFDFOHRBEREHETERAIRINIEEZBRC, Pump FOBENEIFEE LD+
[CREVEE, FFNDFICHVT 3 ROFFREDBNIFRELETD. [RFDFZEBLLUL 4 KRRES
(L&D, ROTHOMABZ R (Modulation)h T —TH(TFED(Transfer), TO—THIC+LROYA RIC
SRIRAETS. CORF%Z Modulation Transfer EMES. AIAEZE A% Probe XHSARIRF 5
FEAZBETDE, BREICKFUL, RINICLZRERBELDEUCLZMABSIMECS.
D3NR%Z, HZEREE
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T, = exp [—a; — i@;] (2.2.10)
TRY. alIRURNCLDBERREZ, FDECLDIAMESTMERL, CECRIRBUKIFEZHET 3.
BN, LBELORS, al@/(D-IRIMEE, n@EHFERELT

Lal
o =—
T2 2.2.11)

_ Lo + lwy)

c (2.2.12)
THd. HRAFOD [ (F =0,+10(E%ZED, | =0 FXEDHZEZ, | = +1UILVROYA R RO
BEZERT. =RIIIESNS Probe JEDIEEZ(T

(Y]

. 8 . 8 .
E(t) = E,T,e'®ct + —=E,T,e!@ctom)t _ D p T gllwc—wmt 4 ¢ ¢
(©) = EoTo 2 "0t 2 0t (2.2.13)

THRIND. O, Probe HIEANDBLFRF, EX(E GT T Pump HEDBESN, Ziea
(PD)TXRJtEN3. PD W51E5NSBXUSSIEBIBD _R(CLLFITZDT,

L ) . L
Vpp |EO|2e—2a0 e lwopinct 4 7“1e—l(ao—al)e—uplel(wc+a)m)t

- 5_“1e—i(ao—a_l)e—i<p-1ei(wc—wm)t i
2 (2.2.14)
EREIND. 8% <1, lag—a1| <1, |ag—a;| K 1, |00 — 1] K 1,00 — @_1| K 1EFBTBE,
Vop X e 2%[1 + (a_; — a;)8y cos(wpt) + (@1 — 200 + ¢_1)8m cos(wpt)]  (2.2.15)
E723[79-80]. J. H. Sherlly (& 3 JRDIBENETZEZXDIET, Modulation transfer (S5

Vpp &

Jo(8m)J1(8rm) X [(L1 —Li+L1- L_1) cos(wmt + @)
2 2

_ (2.2.16)
+ (—D1 +D1+D 1— D_l) sin(wp,t + @)
2 2
ERBTERRURITA]. RREU, L, =—L p = L@men) wpz cow r (ZESAE,

T r2+(A-nwn)?’ M T r24(A-nwp)?

ASTRINERE NS ORER, @ FREEFOMABS TN THS. L, [dRURERIO-L>YEIERTHD,
D, 3DV R IR THS. B 1 IE(J’E‘EEE%ME*HD‘”—;@”TL’CM%E’Sﬂﬁ*ﬁﬁiﬁ"@@b, %218

(FEMAER D TdrD.

PD H5DZ{EESHS Modulation Transfer (55 ZRH T BERICIE, FIHBBUDAR (Phase
sensitive detection: PSD)EM(INB7575%Z LS. PSD QBB RMER X %ZX] 2.2.9 ((CR9. PD H
BORIEESEV, = Visin (w1t + ¢,), BRIESEV,of = V,sin (wyt + ¢2)33. FTIINGDR
R=FH(DBM : double balanced mixer)Z HVVTEE I 3L, DBM OHHES(E
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S =V, V, sin(w,t + ¢,) sin(w,t + ¢,)

V, V.
_ %COS[(GM —w )t + (91 — 93]
V, V.
— %cos[(wl + wy)t + (@1 + @2)] (2.2.17)
THd. wq = wZODL%'/:'_\’
V.V V, V.
S= —12 2 cos[(p1 — ¢2)] — %COS[(Z“M) + (@11 ¢2)] (2.2.18)

ERB. COESEO-NZIA—(GEBTE, Q2.2.18)DEE 1 IEOERKDIOHNESND. CDE
BRI ORIE(Scos(p;, — ¢,), DFD PD DNBOZEES (V) B RIES (V,op ) DAARE(ICLEHIT
3. ERORUARRESZEIZINERS 2 DOAEZE TS 2 DOESKIDI5, 55N —FH0
HEBRRUED (Vo) DAMEZFEE S ZETHH I DIEN TES. CDIRIF%Z PSD EIR. BIRIES
ZFRAVT, IFZRESOISAUVARIKESZEIREDRK D 2B I3 EZ2ERLLI[1]. 2O
B D EEBEIRECHBVTS = 063D, ZOREMNTRERRIRTHID, L—H-X0OBERK
BB EIRBOEZET(CEH(F-V BT IUNTEETHD. DIIRMESE2IT—ESET
U, COEHREY-REEAANTIETH-NMEBZEMKL, L —H—DONEREZAET DER
NIA=H—NT4—RN\W)ZHET LT, BIREEZELNEREINS.

Spectroscopy [|PD) =====m=m—=——-—- »@4— ----------- Synthesizer
t |
Laser :
H ViVs |
S : 2 cos(p; — @2) i
ervo | ____~4 LPF
control N

2.2.6 ABBUBIRIRDIRICK.
PD: Photodetector, DBM: double balanced mixer, LPF: Low-pass filter.

I5—ESNEFIRIMES DDA THd L%, BENSEYFS. PD MSOHEIEBE,
Vop o |E(1)|? o 67‘“ (T§Ty — ToT*,)et@mt + 87“‘ (T{Ty — T_1Tg)e *mt + Const (2.2.19)
+ Quw,, terms)
tFRENS. DBM TO-DIASL—F—DEDEBV,o = V,sin (w,t + @,) EREBLU TAAEIREZ
EhL, O-/\RIIAI-TRERMDZR/RETDE, BRIIN3ESE
5 oc Om (T;Ty — T-1TE)
2 (2.2.20)
¢73%. Modulation transfer VA TlEwy, K 0, THD. WRICT, = T(w.), Ty = T(we + wp)&
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EEEYE,

S ‘Smwm (T((uc) T(wc + wm)* - T(wc)* + T(a)c)* T(wc) - T(wc - wm)*>
2 Wm Wy
S @m dT(w,)’  dT(w,)
~— (T(a)c) BT + T(w) o >

Bt (dIT(@)I?
) dw

w:w) (2.2.21)
MEBN3. |T(w)PEEILATODFORINICHEHEL, BHRNESTHD. 2T, I5—ES
(FEEFNIRUUE S DM CLEFIUIAS S THDENIERETES.

§ ws

w

o

2.2.7 BBFHIRUNMES EIS—ES DR

Modulation transfer 93 Y6E CIIFISEREUHA TH DEZFNRIRNEC TWREEDFH, TO—-TH
OHARNYRIRETS. DICCODHETIE, BEINZESHRYTF-LENMDOFEEZIHK
V. FERELT, R=ZFMUNEEIFYIRRYTS-JU—(ESNMEBEINZILLIFRNDS.
Modulation transfer 73 YEE BRI L E/LICBUZDEETHDEE R S.

CCET@AR THETO-THOREREEEZEVNEE XN, EBRD Modulation transfer 73T
RO THNTO-THOEESN—H 2B ENAFERTF(AOM)DIIREIRES J9—TRIKRES IRt
BIENZL. 2D AOM (&, DHRATORERT LD /A XERMRZCTEHICALSNS. B
ABFIELT, Pump SEE Probe N E—RBEIKRBDZEZEZS. XL, XBIOHICAREREZ
TNENW,, w'tHBL. COIREDFTIE, HA, w, = w,CHd. COKFZEE22.8(RY.
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Pump

Probe

X 2.2.8 AHEEFEAINRTH(L)E, 4 ERRETEAZBINE
TO-JY(F) DR AR DR

REINFESE, CIATREZRACMBZAZZIT0-THOWEEEZD+ LROYA RIC
REDE-MEETHS. EIANKEBEDOHFERTIE, AERFOREETL—H-0—ZPHRET,
BELTD. CCTIIINASZHBIRL TRDHERIRTS. ROTHORDFETO-THANEELTPD T
SHUHE, BIZTRTHO+ 1ROV RN RETO-THOME B DL - MESHETAIEN
W'D, TNUIARER DC ATybzElSE, BIRSEZECRORIRES I NDRERER DI,
BREINETHD. I3, BREIRETO-THOWMXFREL1LROYA R\ ROE-MEBE, BR
EIRERSTHDO+ LROYA RN RETO-THOWXFEOE - MES (ZRIUAREIKE%ZHEL, PD
UEEBEARI NS LT FIA Y -TREUBRCEERE S 0w, DESEVTERIINS. ROTHET
O-JHECIATERDESILIICTIAATNT B8, ROTHORDINTO-THISEELRS,
2 DZBERTXBITACLEREETHD. €T, AOM ZzFVWTELSSH—ADY (BREYFY(C(E Pump
) OXEIEEZESINEEZ. AOM ZAVHSEEDNFROBERZK] 2.2.9 (£, R>IT¥HeTO
—TROBEEEOREFRER 2.2.10 ((RY. Probe FOMSXKE+1ROVA RN ROE-MEBE,
Pump DRDIDIHEFRE+UROYA R\ ROE-MES (L, BERZAERKEZEIZ. ROTHD+1
IROYA RIS RETO-THORGE R DE — MEB (EBRARE D waom T 0nEBRBDT, ARINSLA
7MY - ETEMNDES (= wy,)EXBITIEETHD, HA LPF ZAHVTBRETDINEZ THD.
CDESIC, AOM ZFL\z Modulation transfer 23 (EANBRES ZEDBRCEN KD EWNSF
H%d. ED—FHT AOM ZRVWHEE(FEMBEIREGETRAZITIRRIC, FEI2=0Hns. TN,
FARBNCBF T LITRO THOABERE N 0 + wsouD D TO—THOBEREN 0 DIBE, RF
OHISEREEIw + waom/2 ERDIETHS.
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PBS lodine cell PBS W2

Probe

]
H Temp. control

2.2.9 AOM ZRLEIVZERSFD Modulation transfer 73 YDty 87w T DA,
M2: Half wave plate, PBS: Polarizing beam splitter, AOM: Acousto-optic modulator, EOM: Electro-
optic modulator, PD: Photodetector, DBM: Double balanced mixer, FG: Function generator, PS: Phase
shifter.

WAOM
Cl)l_l | w_1 | w
| w'y w'y | Wy wq
L ) L )
Y Y
Probe Pump

2.2.10 AOM ZRWIHEDRY TH () TO0-T () DRI LR 73 DR
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2.3 FERL - - DM ERFIEL MmO R

AARKTE, HERIIREORIRSGEL THERL —Y-2FIAT3. €IT, FERL-Y-
WET MBI EEMEB L AIRBME OB ANSEND. S50, JREIRBEECERER
LN BHRL - - DX RIRESF I ZTHM I 2FED 1 DTHIT7 IURERZEICOVTENR
3.

2.3.1 HWEME

EFERCEBIMETBL - —DXREE, FHIEORDCHINIESVTLS. cnNZR(2.3.1)T
EFRSNDIAEMELLYS, dB RLITDIENEZL),
< AP? > (2.3.1)
P x Af
CCT, < AP? >(ET-VIRRBOBBADOREESETD 2 FF9E, P, (FFHENEE, Af(E
AIEREESFRTHD. BEHME(E, BARLRCHEIZIEFHESONNERICEHEL TR
Ean3. L-Y-FIREHI(E, aﬁﬁﬁﬂzﬂjﬁ‘émart}ﬁ%%%—F(:—W@“é)ﬂi&%&ﬁiﬁ@%b‘?ﬁﬁ
M TIEIEEN3—AT, TNUNORIREBAMEAAIRELRTS. FISEMCL28)mE
HMEKry, RIREMEZBIEANDT B TE, BEMBIETHE, R avbMEEINLE
TR I3, COBRMEN(CHEIZEFHEET7oT IRV ARRICARAIM S OIEZ (1T
MRESOTINDFERZFRCETHEMEINTE . EFHSOBEMB/NT-IRINVE,
AB,b ZTEEELT

RIN = 1010g[

Shoe (f) = J(w T (232)

TR, EERAGEE TR SIS, SERE TRV TB(81 - 83].
HMBRELLTIE, SBEZBICLIBTIROEL, BREOZE, RN, HIRRAHE—
REIDE—-RRYESTIRRRENZE(FBND. HIZ(E, FEARL - -0 /N T—(IERENETR(CEY
BCHD, 1, 2BRENE, E,Z\DFEIRIVF—, npZMD@FMERLT
= 22 = ) = Egno T = I (233

dl gllp th
TRIND. FERL-HF-OHD(TREICHERATHD, BREME,)EMPDETF IR M) TR
E_LERICEERVBETRENZ. EX(THEERMEZERIHIC, UTOEMANELSNS.
CTTT, [ RE THS.

Ien(T) = I, (Texp [(T —T") /To] (2.3.4)
REOHDECIHERE, HOIE—LIRAELRDHELECSEZIMDREIEE COMRtE DA/
RS0 T EHRRAER MBI ABRICHEEING. —BHIRSIBRICHITSRIHER
DMERER, BPNLIHERELECLIABEECHNRTS. IMBEABR COMER
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43, L—H—0ORRINRE R BN IR E A BHRREE % B a8 B TL(CHET 3.
2.3.2 FEEME

EIREMER, LY -0Fr)7EIRLOESETZULHIETHD, BREMBLRRICE AR
KICHRITZRBOEFHELFERL - Y-BBOFTITEBCLIHIRE - 7282652
5, MERICERIIMEBORLENDETRIREINS. FERL-T-01H5, BARLEH
ROMBOFZENZOMOL - - LU TREVTENNBNTVS. BAREANEEFEIRI S
L= — KO (CEBEMFRMABBMR TREL, Jb-L>RZ2E(LEE3. LY -RIRBMEMAT
(&, FEMHCLBBREATEARECHERT IS FHEMERINDI LY, EFHEEIER
([CREV. —ATHRIREBEZASKEBAZE, L-Y-HiGoRiINalmEReRl, MBI
PUTUK, FBREVTE—E-FRIRTECREESGOSay MEEIRFRFI TR FI5. FEAKRL -
—(CBIBBEAREIECHRRIDEFHE(CLDRIBZTRIZRELT, SvO—5V>XDOBERFRN
(SHUTREIRENEN (1 + o) EHENURE, BESyO—99>AOBMER

8mhv(4v,)?
Avgr = # 1+ a?)
hvng, < C )2 [ 1 ] 1. (1+ az)
= Acavity T ln( ) In
8m ancavity cavity 2Lcavity RlRZ ( ) (235)

HAURUIERWLSNS. U, Av (dHIREROHEDTE, P(at,it}E%Em)y‘c/\'J—(DaET, nep (38
AIEIERER(1~2), n (FFEBITER, Loy, FHIRER, acqui, FHIREAIEIRK, RER,
FENZNHHAICEERIOHIREZSS—DHRIERTHD. «IHRBIEARFREETEN, BRKH
(CEDZEFEMN (ATBARCIEENF v 7O Z N E S EBO/EITROEEPEEENC R EFITZED
tt, 3bhs

An = An' —idn" (2.3.5)

a=A4an'/An"

TERIND. o (JHEBMC 2~7 FEETHD. SBTBROFrU7EOZEE (FHBARNDE T EL
BORAEOEEZOIAL, HIRSEROMT— REREOREE RIS EFEII(81, 82]. JMIE
REUTERBEHS EERRIC, EBRMBEEBICHRIZIEDRACLIIERLZLE, BFAFRELE
(CLDEIREZES), RON, HIRSFAMET— REIOTE— MRYESTIRRBENEIIBN, TUvh—3
BZ(EUHEUEETFRMB ZHIC I B[81 - 83].

ER-NERSE S ORREF AN (-1 GHzZmA EETHS. FEIREUFHE, KRS
I TE—HRREEFETHD, SRERSEERCHIR EOE-(f ~1 GHzy 2B 3%. NIHHE
IRENAREBAKC, LD ADFvU7HEREZBOICEFETREEINDS. SHCHEVEIREGRIET
(FREZHSY, hyMIBIKRE f OERIREEMFEZRI. —AT, BE-LEREEED
RREFFE(FBREYAY(C-10 GHZ/K BBETHD. ZEHFECOVTIE, ﬂwhﬁjﬁi&%ﬂz 10 MHz T2
O LPF B OEEREENIFHZEI5. IELINASE LD OEPHME, YIVNER, NILFT
FTFORBERECHKTFIZ. BR-ICARSEZHOANLFR TCEEREEZEI D, —HE
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(CIFERBENCLDEIREMS RN ERIND. AEREZBCLEIRERII N IHEITS
zlc, REREEHEE(< | kHz) TEHIEFIS2HRCFEDDIRZ, FREIREGRE CELHIEREE
FIFT%. ER-AERSZESIMABENT 2B I20T, SERERISOEREZEHNHID
feic, BEHBEREFISESZAEFOEM T IHICHDEIEIFIAEINZLEHD. BRI
FIENC L 2B EMERRTE, ASE HROEFHEUTETRIKREM BRI S L AIHE
THD, FHHHYCEHIEROAIR L RO 3y ME S LRI ARIZRORE THIRENS. EUE
SHFIENCHVTIE, SIEERESFIESEZ ) -5 0L - —RIBLDE R EGRET I IRENHS.

&5(C ASE EIROE BRSO E 2 5%, IMEPRiRSEEEEALT
HiRERD Q fB%ZM EEET ASE OFEZHIFEE2HAXNUELERVSN, CO&SRL—T—-%
ECDL ¢#59%. ECDL (39 8PHiR2aZiBK T2 (HEBM(ICEERMEFRED) REIZ5— D
HHREN(CHR I 2 HIRBRNRDFEDAARIESEN L — - RIREA T E(CEE, - —-HiRZN
RBUETD, L-H-DOEREZHANMET I22EDRIENGUS[83].

AR ZEEOFHACHNT, EIRSERTONERSZE a2 ASHNOFETEHAL, /{D-X
RONVERE (BIREME) tUGHIET25ENUEUERVSNS. RIBRIEICLD5 D, <D
[EIREGEIR T O CEEND. AAFRTIE, RIezEIREEETORIESZEE DHMHiEEe
LTHIAT 3.

233 PIANRERE

—7 7T, BREEETREKRAOZEEZETRIL, 732D EHndWNE7IARERZELL CGHIT2F
EEEIESZEEOFHEEL THVASNS. AR TEY IR R AEZ R tE CORIR IR E
EOsFHiERELTHIAT 3.

B t (CBIRIESERE(L—U—XEH, RFIESRE%E

V(t) = [Vo + e(t) sin(2rvyt + ¢(t)] (2.3.6)
¢F&9. BEIFAAREEFEREIIENEN
0(t) = (2mvyt + (t)) (2.3.7)
ae(t) 1 (2.3.8)
v(t) = d(t ) X o= Vot + @(t)/2m

TERINS. FEHENMSOITNOEZ2F I 7EIRETHRIBIEIELT, BIRSEEIZRI BT
INSA=F—y(t) %,

; (2.3.9)
y(@) = ;ﬁz

TEEKID.
X t LEBICEENT DR EOE SRR Z

1 [ (2.3.10)
Ry (D) =<y +Dy(t) >= Jim = [ eyt + e
0

TEFRID. T EFOOFEE(CLDE, y(ODNT-ARINVEEF Ry(nDI-VIZEHTS
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A5N3. FERBNEOEZESRV\CEZIEFR, T-YIRIREN 0<f<oDEEE TEZRINDH A
NKI=ZRGNVEE
e (2.3.11)
Sy(f) = 4J;) R, (t)cos (2rfT) dt

TREND. S,(f) « fO,f7, 2Ry ETNTNEEME, JIH-ME, S2ILIA-It
5N,

ERORIFECHVTIE, BIRENI - TSR EZEHRIT LI TEY, hUI-nT—
MEFRS © T BN EIRENETRIENS. k BIBORIE RGNS © LRIOEREETAIZIT
3¢&, JAITERIARERI (6 ) ETDFIIE®Y, )&

te =ty + T (2.3.12)
tp+T
Ve = = d
YT Lk y(at (23.13)
TERINS. ZﬂBCDzlzi':]1@@@53%@7(%3%3%@'%“&%) 5>ﬁ’ﬁtﬁltﬁﬁb
(@3N, D) = <—Z(yn NZ 70) o1
TERINS. HFICN=2 DB,
(J/k+1 Vi)*
oy (1) = ) (2.3.15)

ERD, INETIODEEMES. TIAZEREE,

o, (7) = <(3_’k+12—‘7k)2) (23.16)
TERIN, FARNETEEDORFBIBEIGZORELLTHAENS[84, 85]. 73D BUIINT=ART N
BENMNEHITBRENTIRETHD, ZOEHIE

sin*(mft)

— 1 d

(nf7)? / (2.3.17)

TH3. PIZEND-ZRTNVEBNBEMETHNE, TIURERER

of (1) = 2_[0 Sy(f) x

h (2.3.18)

TRIN, 1/VTlRVWTIAREREEGE LTS, IIT C FEHTHZ. @F, T/ « 2—
EL ECREDERDARTELUDZIIWN—MBORENKERD, TIANREREIBEFUBCE]
I3, CORFIERIVVA—IAZXTOFEMES. SHICEHRREZEETEREZHICRERITZE
TEERUT NOFHIRNTETEILL, T7IAEEREEERIL T S[84, 85].
[RFDFADREIREEZTEICHBNTIE, RyT5-IU-3HCEDEBSNIIRIMESHSERADE
RBLZEREZRBEIENTIRETHD. FIALIS—ESHESNLE, ESORIEEEEZY,,, /
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AXLRIVDEEEV,gise, TRINFROERAMEE B/ MEDEIRERZE (RURFRIBE S E f,,£ T2,
R EZTECSORIREIESES5f(E,
Vims (2.3.19)

=,

ERIRI BN TIRETHD. ESZERIZFRTFIALL LPF OBSEN Y AR ERAEDIER K
L EE e
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2.4 FCRIRERO LESCEIRERGT A DIER

AR RSN R E ORISR LTS, SRAL—Y -t OT S AEEL TR
BV IARERECIHUAIND. INBOXNEIRBOF T ZETRIT 3OSl - - LU THIA
TR LR DRI OV TS,

2.4.1 FEREIRERO L

SEFRIELTLBL - OSKBBE()E, SHE-FOXBBOERSDE

E@®) = ) Epexp [i{( +160) + g,)]
n 24.1)

THRIRINDG. 0 FFrITHE—REVTUIERCEELHE - ROBREIKRE, E,Lo,[FZNENFY
U7HEE—RD'5 n EIBENTHEE— ROBIBOASSLAMBZRT. —MHIBL —Y—FIRT(Ep, 05
SHLTHD, FE-ROBIHZMRIBFEIEEZIS. —HT, FE-—ROfIHe,NNE30TV315E%E
T RESBRELITS, T KEMMAEOSE— KOMHBERHEORDIC 0 LTBL, L-F-02H
BIHCEE (T

iNSw __
E(t) = Z E, expli(w; + nbw)] « %eiwct (2.4.2)
_ sin(Ndwt/2)?
O = EOF GGt 243

ERB. FE-RELTOIE-LIMRFHICLD, BIR/IINAXNREDEINZENDTINSD. —RRICHE
BRTIEERELNAERENERR S, JULAMNETIBICON TEFZIEOE—IE)OLZADE-(E
FNTK. JULZADIEDIBRUERAZT, .y, Ap%Z 1 JULZABICELZMXIREBIBIROE —IDAAEE
£33, RO UERT, . OB S o LT 3L,
1

fev =7 (2.4.4)
%#18%. BIEHFOE-IE)IVADE-IDAARZEND 0 DIREENSBULIAEZE 0 [RBETICHH 28
Tcpold,

Tewo = X% T
CFO ™ pg ~ TTep (2.4.5)
TREIND. COWEZE fepotT DL,
_4¢
fCEO - Efrep (2.4.6)

EREND. [rop@hBDIRUBIREL, fepo@F Y7 I>AO-TATRY NEREREITS.
E-REML-Y-(F, K ETE/OVANBERR(CHLATEDTHD, INZREIRERIETE

AITBEH 4.1.1 OLINHD—ERRERE TS & BEGITHS. ORRIMLFIFAZARNMEIC

LTWB, EEREILIEMFENS. T— R frep AL, TNZIRDIRUEIREREITS.
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E-Rz—TEREROEE, BIRBLOMMAEETILELTLLOREE, RHEOGAVIAE-RZEOE
HOE-RELT, INDfopolllBEHT B, fopoldFrU7IoANO-TAT Y NEIEEE(ENS. OA
DN HFEBHOE-RTOREESF(N)(E,

f(N) = fego + N X frep (2.4.7)
TEREINIZ[L, 60, 61, 86].
BB E
4 Tceo

BfE ¢

241 - REHL-Y-0HBN QKRR

4 “virtual” comb .
Optical frequency comb

-
-
-~ *u
) "
’ *
¢ \
! v
! '
' i
] 1
v i -
v '
. [
5 ‘
. .
. Vi .

\ ______ / Frequency

fre
fcro b FN) = fceo + N X frep

242 FEIREGRIETOYCREIRE I LADELER

2.4.2 HREFALIEHFE RKEER

R 1.5 pm B CRIRI2E— REHATIEDAEN ITFAN-L—H—-%R-2EUTE Er T74\-14
(&, /NBINDEREETHD, BCADTFIAIU—-TEHEMDOETHES N AIRETH DI, HBEDIEE
ROEUTARAZ RO EFCTILCERUTVWR[1]. - REHPACE, HiREECEANZERZSIESEIT
REENE— REIHBEL, ZBNCERNBET2ZEIE— REENSDS. SEUERENE Er J7(//)\(—
JAE, FEMRFZRIRIEIER(Nonlinear Polarization Rotation: NPR)[8712FEUV\TE— REIHAZZERLL TL)
3. TITAEITIZZO NPR [LOVWTIRRS,
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FI7A N\ - ZEARAD/N AL - -HRERITZILEZERS. BRRILIBEOERD, B
RF32 DOMMRIADERENEEHARIENTES. T\ —ATRHEHEDER T 2= DDRNE
B (CHGRRE(ARTFUTAARZE N R AEL, BRRKENMESECEEETS. Iz NPR EIFA.
T7AN—(FZOI7EDNSEDR(FRIREZIBITROZELNAE Vs, NPR Z2BB(CFRAESEDIE
WEIEETHS. TrAN\—HhTE, JOLZAOE-IhE, IRNDEFBERERD (FE SAAEZETME
BAMRZR RV ORI ROFZE TRUNEER IS, 20— T/ULAOEE R, 37
DHHEEERED IR ZZIFIV. DRIC 1 DONILANT, EasEaPUKEE S OmILEN
HERPRENFRLETD. CCTRERMERIHEFZI7AN-HDIHEEEL, [JULADS5FEER
R OmEAE MR F BRI MR M2 —HI2LIRFITDL, /ULADE-TEB (&
RAFZERIZ AT, KBREOIDMEIARENE-TEDERRDIOT, BAFLIDIRE
&N, JLZPREET S, TrAN\—HIREFPTIX/ ULADEREREB D (FOEB)IESKD,
FISEE(EC) TEBIEENS—73T, EORDIPHIBNTVE, B3/ ULANIERMINS.

243 E-MESHEH

4.1.6 (&, AR w, Lo, DL —F—HDOE-MESZIRH IT2HDHAZROERRZRUT
W3, L=Y-HDOHXEHBICDOWVT, ENTNDIRIBDIEXTEZE, LE,ETBE,
Laserl : E, = E el(@1t+¢:1(0) (2.4.8)
Laser2 : E, = E,ei(@:t+¢2(0) (2.4.9)
THD, ¢1(t), @,(OFENENL—T-ABHOAABESETTHD. 2 DOL—T-DFNE—EE
BIOATZERM(CERENDE TIRLZE TR T DL, REBENSDEIEST Ve (D(F,
Vaet(t)  |Eq + E;|? o Ef + EF + 2E; E;cos [(wy — wp)t + (91 (1) — 92(1))]  (2.4.10)
THhd. 5 3 BN -F-ORIKEZE, In58—NEKEE%ZRL, PD 'S5 AC E5ELTEOH
JIENTIRETHD. F2, HF41HE, L-Y-ABHOMBIESENRETELIE - MES DA
ESETHS [79]. R(2.4.10)TIIEBSLLN, RERCIE-MESOXRESTKEDERIED TR
&N, 2 DOL—T-—HOKHEZENET, E-LNEEFITICREL, miAz B3
BETHD.

Elel(wl t+(pl(t))

Laser 1 PD—{ cauency

counter

Ezel(a)z t+@- (t))

Laser 2

243 L—H—-0E-MEHEEITIRDIEIX. PD: Photodetector.
2.4.4 {ItE[EEA

HJESOfIiEZ, BELBIBIDESCAMRIZLZAMAREALIES. (BRI NYE
RERDOT, (ABZERISESLEIREBEMENS. FICTODESHIAEBESZTHHEE, BEEL
RBIEBHES (L—Y-) ZYRI-L—Y—, TNCZEILENINERBES (L-Y-) ZAL
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—JL—H—EMEA. 244 (CL—Y-OAAEEIROELER%ZRY. Laserl ’NRAY—L—H—,
Laser2 NAL—JL—Y-TH%. FTINNFOAZFHDOBM)IAAELLERZRELTARAWS. 2 DOL—Y
—DE-MEBSDABIREEAMIBIESEZENENWpeat = W1 — W2, Ppear = ¢1() — @, ()ETB.
E—MESDAABZOpear(t) = Wpeart + Prear; HEETDMAAEEO (L) = Wrest + PrefE T DE,
E—MEB Vheat ()&

Vbeat(t) = V1€05Opear(t) (2.4.11)
T, BEEES V(0
Veer(t) = V2c080¢¢(t) (2.4.12)
T#&RES. INH5% DBM TEREUT LPF TRBEIRESDZREIT DL, BEINIBRESE

2.4.13
S(t) « %COS (Bpeat (t) — Oref(t)) ( :

ERB. INZIS—ESELT, S(t) = 0LRBEICAL—TL—F =L TI1— R)\woliEz h it

3E, 2 30)b—ﬂ‘—(i&%@ﬁ%@b%t(t)—eref(t)=§%ﬁ3&5(:4ﬁ$ﬁﬁ,ﬂﬁén5. ZOBF(IC

Wref = Wpeat N DPpear — Pref = g’C‘ﬁJD, E-MESOREIKER, (HEESEOMANEEES(CR

EALENBLICRD. 0, < 0,DBFE(Fwpeyr < 0THINS, O-/NZATA-ZBUIHIEZ,
2.4.14
S(t) « w cos (ebeat () + eref(t)) ( )
2
&%, 74— RI\WIHIFNCELT 2 AOL—H—(&
(2.4.15)
ebeat(t) + eref(t) = %
ZHROLI(MMERAEAENS. [ABFEEAOREIM D ZEX3E, ARKEE | 0, — w,|OE—MESH
BRI w, o DEEESIAMERIAT L5 -2 ZHliHlTdIeT, L-Y-2)DEERKEE
L= -1Q)DBREIRED 5w, LT BRIAERERICEE(LLIELEFLL. COLIBERKEZ
E{bOBEZ ATy OV EMER. CORAERERAE, PLL(phase-locked loop)ElEgZALE RF F
r2sc B UHEAH ThB1z8h, OPLL(optical phase-locked loop)cEIF(ENS [81].

Elei(mlﬁ%(t)) e Py local
laserl -l | b =m—m—mmm———— = »@4 _____________ ’
oscillator
. Vicos(wpeatt + Ppear(t)) Vacos(pert + @ref(t))
Ezel(f—ﬂz”ﬁpz(f)) 1
Laser 2 :
¥ LPF |
1 Servo I
—— - a—— N e S g
control

2.44 FABREEAZITORERRORENE.
PD: photodetector, DBM: Double balanced mixer, LPF: Low-pass filter.
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245 BEBBELCLZTrI7IONO-TATEY MNERE fepo DA

FrU7IOAO-TATY NEEE fopo DI (BE, BESRELMINZTSHiHRIZRANT
ERREN3[85]. BCSIRIALE, BB —D0ONEIREOLNS fepoNERDIEIRELE 2 TEE
FESE, HIERGER)TED 2 DOAILE-ROE-MESZRHEIZDTFETHD. ARINUIE
W1 ADA=TLL BRI EEE LISV TS — 2f TSt 2RO EN—RIN THS. Sttt
UTed3(, HREIEEROLD n THEOHEE— ROYLERKENE

f(M) = fego + 1 X frep (2.4.16)
Thd. KEEHBIALOZRINUN | ADF-TUELENTVWSES, REFAIC N, ZFEOILR,
SEIRAAIC 2N =N, HFBOILNERHFFTET DL N DIENFIETS. 2D N.=2N, BT
— ROF B ER (S

f(N2) = fego + N2 X frep (2.4.17)
THhd. —HT, N BEOHE- MEREZHEIEROEL TE5N3 SHG OFEREIEEIE
2f(Ny) = 2fceo + 2Ny X frep (2.4.18)
THd. &2T, D2 D2DHDE-MEBZAITET DL,
2f(Ny) — f(N2) = fceo (2.4.19)

feeoD185N%. CCTREGHEHOSD n 2855 —DOBRRELN, EERESEEREDLDET Ot
E-REEDD n (AHHLU, INBIRTHfpofSSRECAVSNSIY, AABEIHIHEIC+I
SNR WESEN3[86]. —ATHEIREALDIRININ 1 AVA-T(SHBIRVES, IDERO
BIHREARVCECSRIEILLD, fpolE5%IRETS.

2.4.6 XREKREOLDETELL

Fe B R RIS CHEXT R S TR TE B A EIREOBOEU 1L TR EIRE I LZFI I 3128
(C, freptfcpoZ BB RBEIRSEECEELTINENDS. TELULIEBIRE LD
EIREDAFENS(E, BEICICAVIRIRSEEDAENSELZENLDHRECTREIND. BEL
DFFEELTIE,

(1). #BOBURBERES frepEFPUT IINO-TATEY NERES fopo 2 X1 VORISR EIL T S.

(2). JLAD 1 DOE—REFEIRERIKOBIREEREC, Fr)7I>oAO-TATEY NEIRE fepo®
NI ODRIEEE(CRTEILT 3.

REDFENFEFONS. AAFRCTHEREETHAOSBAL - — L THIAUABIREALR, 1

OFETHIFEHENTZ Er I7A/\-1L3B B)E, NOFETHIfEIENIC Ti:Sapphire I3 E)E Er I74

N=OL4 B)THD. EIT, (HEQ)DENENOFETHITEHENIIEIREILD N ROHEE—R

DFEDHEII I DN EZE R B.

245 BLUB 2.4.6 [C()DFE, IBDENAIDEREDHZERALU TERIESILZRZEL
IHIRORNEZRY .
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PD DBM

local
| , L OFC | D" ®heat '@‘Tn;f_ oscillator

Frequency h i
-1 c%?mrt‘:gl T O\|LPF
245 IAIOBAEERFAVVE frep OFIFD
PD DBM
| ||| OFC — 1f2f I—D-;,;E; o] oscillator
] )
Frequency | ciirt‘:gl e e ~\\| LPF

2.4.6 NAVORIREZRU fopo DHIEINRTN.
OFC: Optical frequency comb, 1/-2f; 1f-2f interferometer,
PD: photodetector, DBM: Double balanced mixer, LPF: Low-pass filter.

245 (&, FERBILD S, 21 IDKREIREIREABREA T2 ROMERERT. ¥
FIREALDNEIREERTRNTDE, BB fop2BURITEIENTES. OS5 & local oscillator
DOEAE(ES%Z DBM (CASISE, DBM MIABLLEZREL TBE, [ tBEESOMMEEESZ
HH9%. 2OESZIS—ESELTH-REBANTILTH-NMESZESL, AL —F-(C
EOfHIBNTE PZT A L -8 R(EESNIRIF IR F O BRIREILOR IR R 2 HI1H 9
BIET ey DRELDENRT S.

2.4.6 (FHRBEEALD fepo@NA VDR BEIREIRECAABRIITDROMEBRZRT. fiopt
B0, fepoldlf — 2f T THEANZTHESZIRLZB TRIEIT DL TEHAIINS. 20D
SIB(S ., OFMHERIRTHD, HEE(C(EY-MESZRVTOLEREILOREERZHHITS
ZET, fepoDBREALNERENS.

COZE, NIRHE—ROB I 2EIRETFENEE

Svn = N X 8frep + Sfcro (2.4.20)

TEREND. FIZEEIAENEN10- OV IR EIREARECEELENE, fego = 10 MHz
M frep = 100 MHzDNEREANLD, v = 250 THANADHIE—R2E XS, FEKREILZAL
T BEE RIS T ORIEEETRITIE, MTE—RRE N HMIERICKE, SEOFITE2 x 1052E
THhd. NMIORERREIEEDRFENSD N BILEESNZID, AR OME—RIETS
THEDE(EN X 8frep = 2 kHzERD. AAXSAHENS(EN X 8fiep/vy = 1071 THD. — T3 TfepoP
LZECZRRRICITIEZDARENE(L, 8fcro = 0.2 mHzTHD. FERE vy DHEE— ROHENTER
BT T B8 fepoDIEFAFENE(L, 8fcro/vn = 107 BEIERIT/NEL. WXIC, KEFREILDE
RBBTEE 3 frep DRENS, TRDENAIOBFREORIRELZERE THIRINDIEICRS. 4o
T, NMIORERELL TERERFEIRSEZAVSIENEFHLL.

—ATQRDFETIE, IRDENAIDRIRELEREIEEZHAL LRSI L 2R EL
93. 247 BHEREEILD—DDE-RZ CW L—H—(CATYy OV T 2RO ERZRT .
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F(DRNRE - MESIREOFETH AR AL B RBIREOL - MESZIRIE TS, KEK
HALZERAL-T-LUTHIRATIHEIIFEORBELLT, E-MESORITERCEIEREIRER
REOREIRBOEEIEE— R 2 DOHNE-MESEERKL, ZOENDHEE—RES 3y NEEOFE
HAEBRTBBIENFETEND. RIS, EIEFLORRIIAI-Z2AVWCEYICREIIFIZITT
BUNEETHD. BESNEIRE LN RIREIREDE - MESZRERN A IOIBARE(C
AIHEREATBCET, KHEAKRBILD—DDE-—RE CW L—Y—(CREILEND. KNEKRLILD
feeol&, FEFEEABRICRA IO EIREURLE(CABRIESNS.

W PD  pe,e DBM

Laser D_ mref
|

1

1

| | orc LPF

1
---------
control

247 JLO—20F— Mz CW L—Y-([CAAEREAT 2RO
OFC: Optical frequency comb, PD: photodetector,
DBM: Double balanced mixer, LPF: Low-pass filter.

FERREEAE THIE R EZELL — T —(BEE fow, THENEZS fow)AABEIERENIZEE
LD N ORHEE— ROFEBIRENE, TENEZEHT
few + 8fcw = N(frep + 8frep) + fceo + 8fcE0 (2.4.21)
TREIND. LLEUGRREDS, SERIREOAEKBEIREIEEDC-MES%Z 0 L. FHEKRER
SHRICRIFSNAER D M IRHEE— REBIREREARFENS(E,
fm +8fm = M(frep + 8frep) + (fceo + 8fcE0) (2.4.22)

M M M M
= ﬁfcw + (1 - ﬁ) fceo + ﬁ5fcw + (1 - ﬁ) 8fceo

TRINS. EBLADELEIBIET,
M M (2.4.23)
fm = ﬁfcw + (1 - ﬁ) fceo

M M (2.4.24)
8fm = ﬁsfcw + (1 - N) 8fceo

DORAFRZISS. CITHEE—RREIN &M (FARIEERIRCEIE I 228, ()DFEICEEATHE
- RABEEOAREN S I/ NERBBIEVITENDND. FTFEERZRDZEMRCLD, EROERR
([CBWT, 8fcpoldHEBYISfepo = 0.2 mHZAZEE THD. TNS, #HitE— RAEIREROAFENE(E
KR EIEEDAFENS TRESNDZEN L.
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2.4.6 JERELIRELD L FVTHE YE R ERE T

FREMROL —F—GERIEE DRI LOFIZAICTFE T 5LE, WRIEMRL—F—
EXRRE AL DT HMERZEHAIT2ETL — - DI K EIKRE B T2 ENTIRETHS.
BIZ(E, KEEEILD N BEOHHME—REL - -t DE - MSSORBIEE N fpear COIEE, L
—H—-DREIEEIE

f = fceo + N X frep + foeat (2.4.25)
TRIND. NEREOBHROERR %X 2.4.8 (CRT. LIANEKBOERERRTEIX 2.5.10 (CRT
F3E, 0 < f < frepDRRIET 2 DDE-MESHELAIENS. TNIF, JEREIKEALDE 1 RoiEE
—REL—Y-DE-MESHREIKEILDE 2 Bt —REL—Y-DE-MESHEE(Cf , AT D
BZ2EITBHTHD. fiaser DERITIEMIT—RXEZ n ELT, MET—RXEREZf (n)ET DL,
|fiaser = F (M| = foear (2.4.26)
fiaser = X frep T fero T frear (2.4.27)
THD. OB, flaserHBVEfoopDI5— T OEEBUBEZALSEBETHRT S, fiophk
U T eaNRERBNIL,

n=N+1 (2.4.28)
fiaser =M X frep + fecEo — foeat (2.4.29)
ERB. WS, freaMNEBNIEE
n=N (2.4.20)
fiaser =M X frep + fecro + foeat (2.4.31)

BB, fepoREESICBILTERERICEZSNS.

f beat
, “virtual” comb

r

Optical frequency comb

‘- ~
7| \\
,
’ Y
! 1
|
i |
| 1
' 1
v I}
i) ’
AS ’
A ’
L4 .
S > »
. e /
frep /

f=fCEO+Nxfrep + fheat

id

Frequency

2.4.8 JEREIREALZRVWL—Y - BIREEHAIOEIER
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Spectrum 21/12/16 12:13
Ref: -10.0 dBm *RBW: 300 kHz SWT: 222 ms Trace: Clear/Write

»VVBW: 30kHz Trig: Free Run Detect: Auto Peak
65.634921 MHz -77.6 dBm

flaser

fiN) f(N+1)

fbeatl fbeatZ

»

Freqluency

249 NEREALE CW L—H—-DE—MESOMIGE.
ERIIAEIRL — - BRI ADRITIEHE— RO B EE MR O =%,
AREIARI NS AT F AT -TERIENEEBROE - ME5%RY.
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2.5 AYTIVEDLRF 7 EOER

AEITIE, Yo RFOSHEBLLTHAEING 'S, — 'P SN FERZIERIIOCHLER,
[RFOIRINF - FBROMERCOVTEIRT 2.

2.5.1 iEE

2DONBEFHLELRESIREEZERS. LSHEATIE, AEVEREVALE, BuEMHESHE
EAEHERTLIEGTS. RFAOETFOEHMEREHNELIRBFOHEREEZLLL
C

b= zli 2.5.1)

TRENZ. FARCRFARAOEFOLIE>SE, B2 DEFDORE>s ORI NLAT

5= Zsi (2.5.2)

TREND. LELEFOHR, s;=1/2THd. SHCEHERENELLEHEREHNESZN)
MLBICEBLEDR L TEAER S/ 2 ERT D.

J=L+S (2.5.3)
ZDEE, ERBHMEIOAREI/E,
J=IL+S|IL+S—1],-,|L—S5| (2.5.4)
THhd. IO L-S EEDEREZ IR SIS, IHEESIE,
254, (2.5.5)

tRY. DYEMEFEEFHL =0,1,2,3, (U TEES%S,P,D,F,--LEIDH TS, Fl2S+
1ERAECZBEEEFEN, SOz AENOSEKDOHERT. HLSEEEFH 1 2FHVT,
n**, (2.5.6)
ERIIBEDHZ[8S, 89]. SEIDMATR T:EFEIT2ERI(E, Yb [RFD 1S, — P, Thd. 1HIAREL
ARRBDOEBFIRAEZTR 2.5.1 (ORT.
F251 1S, — P EBORIARETOETIARE
1S, $=0,L=0,]=0
Py $=0L=1]=1
KBREFOIILTAOH-FEREHEE, IRNF—FEETFE 0 OHAMKEFTD. ECANER
(ZlF, AUEEFEH n TEHRBNRI TIRINF—EANDHIDIRENELD. N, 2EFR
FONIVRZT UG BEDOEB TR F—EERBABEERADIRCINZ, AEVCRARUIZZDIEN
FEIZHTHD. I, BEFAEAAIMULHESE- AN, BETFBBOPEEENCLDFL:
I DERMNMEDMIHZE O BEVEREL THEMNICHRAEN2AE VBB EER(CLHTEUHEE%R
HEABIE C DTSN,
FBEFREOINF AL, Hund OFRRIEIEENDLATO 3 DOFRERAVERICHRES8S, 89].
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(1). BARD SZFIRENIREETHD, SHNKBBCONTEREENRAITS.

(2). B S ZFEFORETIRAD L ZRDIRENIREE THD.

(). LESHEIUEE, BROFDUTHIEBEINTONEER/ND J DIRENIRZETHD, 5
U EFEBEINTOWNERAD J DIREENRZTE THD.

2.5.2 WBHiEE

[RFOHFLNCHIRFUNMIAE S 2RO TVSIHE, BEFOMKE—X> MR FROBSE—X
hOEEBEERICED, MBS TRIFT—EANEECHHTE. COESZBMIIES L.
BAC #EZBRBULSEEOEAERE F (£, BEULTCVRVEEDEEIEFE J URAE>Y 1 0N
NLAITERU

F=]+1 (2.5.7)
LR, £EEHEOAETSFE
=|J+ILJ+T—=1],, 1] =1 (2.5.8)
Thd. BB EDIRINF &ML, EFEHFZRAVTEEIILNTES [88, 89]. ZUT,
JRFOREMHMESEIERZ R I/ \ZIV NP2y (330259 TEX5N 3.
6(I+N>+31-]J—-210+1)JJ+1) (2.5.9)
2121 — 1)2J(2] — 1)
CCTHIINE 1 IRIFABOE FH OIS LR FROBKIRTFE—X> MO BEER Th AR
BHEFAREERTHD, Apps[FHERIWBEFEEERTHD, REFENKREN. HiLEE 2IAFRE
FEOERANAIR T BB AR FROBRIUEMFE—X> b OEBEIEATHIBRIUERF
HEEAZRL, By dBIUERFIHEERRENTHS(8S, 89].

Hpps = Apps(I*]) + Bpgs X

2.5.3 i#RA

[RFDHATERAENZBBEAE 3 BAESPEFER, BMKIUWR7E%, RUERNE
WER)(CDIBND. COPTEEIEFERNRLEBBEZNZ ). EIPUBFERTE
K[IABEFE- X PENTUTOBRTHD, INHMECDS2ERZNENTEER, TOTRVER
ZHFIEIEBRBLTS. COBBMECDEDRM (—ARIIGEIRAIEIFEND) 2K 3.2.2 (TR
7.

252 FERA|

DHEAEHE L AL = 0,+1(JZfEL, L' =0 & L = 0(3Z&H!)
2 AEEIE S AS=0
THEEE | A] =0,+1(FZ12U, J'=0 o " = 0(3Z&H)
LHEEHE F AF = 0,+1(2L, F' =0 & F" = 0(3Z&Hl)

REL, #RAIAS = 0GAEVBEHRBEIERNVNEWES, IRDERFESHNNEVRFEFIC
JKEHTEFE. RFESHIAREMRZCONT, SERANMENIEENE(RD. SEEORELRST
RIF—EUBOBR TREENZ AR MR R EIRREBREITS. REIRMERERHE
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KHNEL, IRHEBABHNVNS EEMAFEGHIREVEVIFREEZE IS [89]. HIXESEIOHATT
THUE Yb [RF(E, 3 DOEEIEMBEBZIFD. 15(C, 1S, - 3P, BRIREHBRLETIN,
BOBEZEMRBO—DEROITULS.

=32 =772
6s6p 1P 6s6p 1P
P F=1 s6p 'Py F'=1/2 6s6p P, F'=5/2
F'=3/2
21 6 2 15 21
65°_So F=0 s 20 p=12 &7 So F=5/2
(a) (b) (c)

X251 Yb[RFOIRINF—HENE, #IRANAEDR 1S, — P8
@IIRYVENHK, b)ET7Yb |, (©)E73Yb DIRINF—ELEZRLTVS.

2.5.2 BRI~

B—IRFTH, EMIARCIHOTEREIRMNERZBENDD. CORKRERMMAS T RIEA.
BAMAS JRDRRGE R FRZOBEDERL, RFZOERDHOLIDAARIERIR)CLOT
HUBEBZSNTVS. HFIC YD DIICEVRFDIHEL, BENEERFERTHD[8S, 89].
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2.6 AVFRD T DI

FEREIEEDIAFTIREV THIFAEINDE X 2 [RFDFTHIAVZRD FDODIHICOVTDIE
wERY. 2ERFRTFOIRNF—(E, EFIRIF—, BEIRILF—, IREITIRILF—0 3 DD
TIHEBCRI ENTES.

Eora1 = E» + E,+E, 2.6.1)
WX(CAVRD FODINEEZDZRE, FT2ER0OET, DFIRE), DFOEZEEIINENDD
[88 - 91].

2.6.1 IREIIRILF—

9, 2 RFDTFeEES 0MALREFEHRT. DEOKENREEZY.LLT, 171>
H—-AERE
R2 /92 9% 92
_ﬂ<ﬁ+ﬁ+ﬁ) =B (2.62)

THd. NZfKE, BERETFERJ EDFOBIEE-XIN = pr2Z2 VT T O#ENESNS.

h2
Er=5:]0 +1)

DFRHETE, CORE he TEOIFMEOAZ TENMMNBIENZ .

(2.6.3)

E,
F(/)=E—B]U+1) (2.6.4)

CCT B ZOERELEVD. [OEROFENRIEY, (&, BERETFE J CHSRETFE M #HVWTEKEA
FBGEL TR IMEN3. CCTHIRETFE M (,
M=]]—1,-,—-], (2.6.5)
ZEDIST, hMIEEFLEAEOBEENEKDZRIT. D TFETEREUATERVOT, EERO
BROE O AL TR EIREREN D I MY,
F(J)=BJJ+1) = DJ2(J + 1)? + --- (2.6.6)
HEIESNS. T212UL, ROIDOMIEIE D (& B (CEEARTIEZMI/NEL[8S - 91].

2.6.2 ¥RENOIERTRILF—

2 [RF D FrIANIRE FEHRTE, IRBIOKEEREE Y, 2BV 1T —AERE

h? 92

C2ud(r—r1,)? (2.6.7)

THZ5N3. IIT, rldtkfiiest, (& FExmEiEsE, « (GFAFRE FOODEEZERT. N
ZERAIRB FOI R+ —EHBE,

1
¥, + Ek(r —1.)*¥, = E, ¥,
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(2.6.8)
E, =h\/§(v+%) =v0(v+%>

EERENS. 2L, IREBEFEZY =0,1,2,.LEETD. RQ.6)NMSEHSHRLSIC, FAFIIEED
FOIRNF—EMIERIRTHD. EROD FIIERIREFTHD, RTIvILEHEIFERTR
<H(2.6.9)D Morse RT3 vILEFANBIENZS .

2 (2.6.9)
V(r) =D, [1 — gmalr=re) ]
k
= 2.6.10
4= |2p, (26.10)

D [3EEBPR R IR T —%2KT. Morse RT3V T, BRIEBEOEEIBNSDEAINAZEL
B3E V@) IDJICHNATS. COMBZEFZTIILTOH-AEERZHE, RBIRILFT—(Z
1 1\2 1,3
G(v) = v, (v + E) + voX, (v + E) + voYe (v + E)
THZ5N3. x,,y.Z3ERFNEEEIFY, —ARIC 1 LDIEL88 - 91].
CCETOFORERCIRENZIMIZICE XN, —MRBICCNSERFICAELS. DFIIRENT 285
(IR FEIREREN' AL S DD TIBMEE— XD MEEZE(LTS. #HERELT, IREBEFE v (9 3[m
BREEB, &, IRBPRVMEEORERTESB EERLDZ. IRETEH I IMIEROIIIZED,
hor1 1
B, = 41Tcu[r_2]a,, = Be — (v * 5) e (2.6.12)

TRIND. [ laveldFHZRT.

2.6.11)

h
 4mcur? (2.6.13)
(T REIRER CH I BEERTELI THD. a [JIREBIOIEAFMEICTRESNDEI THD. =S
DFEIEIA(L,

e

Dy, =D, — Be (’7 +%> T (2.6.14)

THd. D [FFEXERERE COROMIEIR, B, (3RBIOIEAF 2RI TELTHD. INS5ZAL
T, IRENBRE v (CHBIFBEERTRILF—(&
E,(J)=B,JJ +1) +D,J?(J + 1)? (2.6.15)
TREIND. IRBIEEZTRILF—(E
E., = G(w)+E,()) (2.6.16)
THD[88 - 91].
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2,63 2RFDFOEBFIRREDREC

2 DOKOBICTFES REBETFOEFIRRBIIETHN, [, m, THED TSN, E—0FEEFHnL
HEETEHZBL, ERZBMNETFE m | DEFIREZXBITIHIC, EFHNLEEERTD.
A=Iml=01-1,,0 (2.6.16)
ZETRADZETFE, BZEMDEFH O MBICEIR (RO TV ESZAN TR (SESHL T
2EEZD. COEBOT, KEREE @ (q,) TRESNBZZEFEIEF N, [;, ,ZAVTEREN 3.
ZEFFRORENEIE @3B 2 DETFDKRENRIEIDIEIE

¢ = ncoi (q:) (2.6.18)
TREND. DFICR@EINLETFE, PEVIERESSECACAEFNE2RD. IVREOLIR
2 BDRFICLHOTHEBNILEBIG(EFFERR TREINDMINGZ2HE I 20T, REFECHDH1L
AEFSEZAVTETIRELZEX2. ROLYNEAEEE L 0D TS EMKITAL

4= Z A (2.6.19)

TERIND. EUHEEERNEDOAETIA =0,1,2,3, (U TE 1L A, @, ---LIREEREKT. ROEAEY
S(E, B4 0EFDRAE> s, NV

5= Z o (2.6.20)
TEREINS. L, BFDHBEs; = +1/2TH%. DTFEABNDG KDL, =2EFE > 2H0)
T

£=55-1,,-S 2.621)

TERINB. LIHHT, EFIRBOZEE(L2S + 1THD. 2 BEFDTFOETFOLHEERHZE], (S,
EFOIMERERSELAEAEHNZEOITERINDG. FVRDFOIORERDFOHE, DF
BHEDDDOEIER(CHU TRODEBIZ(IAETHD, DFEHEOBEHEM D (TRFIND. EFOD
AEE=E], 0D FEHNDEIFM T Q (&, UTORTSI5N3.

Q=A+5% (2.6.22)
[RFCHITD LS EETHEONZIESL SIS, 2 BFDFOEFIRRERFS 14, TRINS. &
[EYRRE(E, SEREIC X ZDIITERIDHNIERFITHD. BERIRELRIUAES ZEE#IFDRIIAREL,
FIE TRILF —DVNEVEICA, B, C, ---ED3BN%. BERIRREEZEEMESICIRRE, ab,c, -
EIZNIFTEREND. &z, DFONFETIE A 2 L%, B ZTEMELEZTDERZA — BEFR
5097388 - 91].

2.6.4 RENBIERDIIFNE

DFREMOBRE, REFORERKCIEBFERIROEERNEC, BRICES5TS 2 K
RRIRMOEETMZREIDIVNENDD. TITKEBEROESMECOVTERS. EFOKENREE
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Y, OXFFNAE(E) DT EERBSHFRE T, [CIEREAIDRENRSEI DTN (LEIER DR ENREEI D/ \UT1£&,
ETFIRENCERZERID)\UT 1, BITIAOIFNETELREN 3.

DFETHD z MO_LEIC 2 EOESBENENMIIRREZERS. | EBEEHOBFOAENTNU(T)
(CXUT, ERBIRRTORER(r; » —n) XL I DR EIE(FZ 2 DIEfMIDE, KENREEITTIC
R3. IRBDE5RER(CLDEHUCLDEFRENEBHY,, FFRFSDODHNELTINENDVITNNERS.
RERIRECREBEHOFENZELRVEEE, ZOFEMB/\UT(THIEFY, (gerade : g)T
F9. —HCTRBIBEROFENENTIHEE, COMEEE/NUT(EMFY, (ungerade : u) TR
9. DTHEDDE T REBEEY, (HME < DETREBERY,OBERETSZ5N, 20/\UF1(F,
BT (EEDEFHBEUERS (9 THD, FEETHNE (1) THD. REIRIECEET DX
(&, —AEEVICIEEES DA TICKRECIT .

DFEHZSOFEZHRREELT, IVRDFOLIBFX 2 [RF0FOEFIRRE(FERIRITER
H2B93. A= 0CRB)DIHE, EFRBEBHNRIRER TARZER/MGEZ EOXTNG %D ]
EIER. —AT, RREMTE FRERFERORASNHEILT21ma%Z BOXMFREZFFD JLIFA.
COMFMEFEFIREORECDERICETRILTD. 0 2 REEEIFRILF—-HICSHEEL TLRL.
ZD—HTA # ODZEFZOIRBIFREZRF RV, IEL, BRI D FOEEREEFIREEDIE
BERCIHOTHHULIEE, A= 0CARR)EEARKCGRMSINEEZHE TS, COLEEUDEE A
BTEnwteLV, BEREFE J NRERJIEDEEMLALBV. AHAKTE, IVRDFO
B °’N{, —X 'S BRNRAMNROEBFEZ THD. COBBOMREBLIREOD FIREER
2.6.1 ([CRT.

F+2.6.1 B N IRREE X 'SHREOD FIRE

) BFIRRR [RERIBAEDIIFRIE HRBRIBIEDOIIFRIE
B °IIg, A=1,5=1,0=0 25 /0UF4 () EH)
X 'zg 4=0,5=1,9=0 8/UF4(e) iE(+)

[CIERDEENBIERY, DRERIRIE(COVTE, FEKIC 2 BIDRETTDIRRRICRBLZEEZ DL,
PEDEBREEOTENELITINEHDOVINNTHD. EEREMD/\UT1(E, EEREFETHS
HZAEURBWMEEZIE/\UT1(HT, ZIbI2%EZ8/\UT1(—)EFRTD. DEDKREIRIEN RER
(CdOTRBZEILTDMNILERETEE J DBEFHETREIND. J MBEOEFC(FEERZELID)UF
1(E(+), JHEEURSLIEREEALL(—)THD[88-91].

PFOEKRBBILL, BFOKENBILRY,, REIOKZENRILY, LOEOKRENRELY, OFEOAZT
RINDB. FoT, HIBFIRAEEOLIERAEMDRERIREICOVTOMINE(E 3 DORENEGERDOITFR
HCFOTREEIND. 2 RFDFOBESRIRENEXFRTHIEZIBERDE, DFORIKENRE
HOMINE(E, BFIRRBELERREOMFRE TREEND. INTOHEAEDEZER 2.62 (ORT.
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F2.62 BBEFIRETORERE T J O/\UT/DOIEE

RS F48 J H&EE(—) ElEn S T4 J HMBEE(+H)
BRERIREICRALT | B)UFq(-) E)F1(+)
IEDXIFR4E
RIRIRECRELT | E/NUFq(+) 8/)WF1(-)
BOXIFRE

AR FOREREMZR T EENRENE, BIHUCBIL THFMEZED. BEHACLDEIEREE
RO ENEEDOFESNZLUBVIFHEITFR), LT BRI ITIR()EMER. BRI T B
R, BFIRREBEEEREM O/ VT, TREIND. LOEFKRBC(E, BETIREMB/UT1 (gD
&, EEREMOD))TAHE) THNEEEREM(EXTTRG), BEREMD/UTFHE (1) Thhdml
SREALIR TN (a) THD. BFIREEN ST 1 (0)DES(TFEHNRRIZT B[88 - 91].

2.6.5 AVFRD FOBHHES

[RFERERIC, DFICBVWTEBTFOSAEEE J LERTFRZOKAEY I OHBERICEHTIFR
IWF MDD HESE, IRNDEBHHIEENELD. £I, BETFOKAEIOVWTEZS. IV
RN FORAET(E, BFR2DEFENENZ A & B ETRDKRAE (1, I5)DFNELTEZBN 3.

T=1I,+1Ip (2.6.23)
PRAECOKRES T,
T=1Iy+1Ig0p+1Ig—1,, I =I5l (2.6.24)
L%, AVRDFOLIREX 2 RFDFOBE, Iy =15 = BOT, BAEOXREFEZIETDE
PRACUE, T=21 ,21 —1,- 00fEZED, £ZIAECTHEDSDIREEI2T + 1THD.
BACETEREURLE, ERCETFDTFOLKERLL, FKELEFTORKENRIEEAL VK
R, DFEDRZ, IRh5
Protal = PPty Pr (2.6.25)
EEIIR. INFTOEBEERIC, DIRENBIEORITIAIT T DRI (IR AL >R BB 2w, O
RS, EEREMOMFRMECIOTREIND. COMEER 2.6.3 (CFELDHS.
* 2.6.3 RAC B OMIHREE OERERI ORI FIEC IO TRESINZ IR ENEIER DX TN

AL > BIEN I FR(s) BAE > BIEN R 33 (a)
[EIEREERTIIHN(s) XFF(s) [ 33F5(a)
[EIEEEERTH R T a) [ 33F5(a) FFR(s)

ERCIREFDFORACREBEENE, T =21 ,21 —2,---OBFIBIIACK U THIRES) THD,
T=21 —121 -3,--OEERIFR(a)THD. T = 0DFORAE > RENBIERLI N EEERS TR
T, FEBOSRIFRTHZ[88-91]. IVREFIRFZOZRAEN 52 THZDT, AIRET
(& Fermi $IFTHd. &0TC, IVED FOREEEREUIRIHATL TRIFRERDRD. DFD,

EIEREERINTFR() TNE, AL EAEIIRIHR(a)RREEZED. OB T (HMBEDIBEDH%ER
D, CO&SPIREE%E Para state ¢S5, HlC, EFREAINRITFR(a) THNIERAL > BAEEHIFR(s)
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REEZRED. CDIHZE, T(IHFEOEOHZED, CDLIRIAREZ Ortho state ELVD.
AVEDFOEBEINE F 72 J &I DNINFITERL, TAEHE=EFE F (3(2.6.27)T
RENZEHROEZEDSS.
F=J+T (2.6.26)
F=[+TlJ+T—=1,-,J] =TI (2.6.27)
THhd. AVRDTF(L)DBEEEAVREFORIEIN =512 BOT, BFOEBRAE>OKREE

11,9,7,5,3,1&12%. BIZIE B 3N ARRET(E, EERETEL J D EEOEMIXIFR(s), 1BEDENL
(IR FIFR(a)Trd. F2.6.3)2SHRI DL, J HEFE(-)DEALE Para State(T (FBE)THD, 1BEX
(HDEEALS Ortho state(T (FETE)THD. —73T X 'sPREET(E, EEREFE J NS EHOEML(L
RXGFN(a), {BEXDEAIIITFN(G) ThD. FTIREBBRICEZDE, J WEEDEENI(E Para State(T (&
BE)THD, 1BEDEAI Ortho state(T (FFFE)THS. B °Mg, —X 'S BROIRIARE, IR
TOREEEHDOMFNEZRK 2.6.4 (TRY.

R 2.64 BN IRREE X 'SHREOEERER TOEKRAL > DB

&EFIRRE J &8 J MEER
B 3I1¢, Para state(7 (${B%%) Ortho state(7 (3&5%%)
X'sd Ortho state(7 (3&F%X) Para state(7T (31BZEX)

Para state DIFE, T (MBEUE(T = 0,2,4)DHZEDD T BMHIIES ZEfIE1 + 5+ 9 = 15&D 15
([C3ZLUT, Ortho state MIBE, T (FFEUE(T = 1,3,5)DHZERDD TBRHHEEHEALE3 + 7 +
11 = 218D 21 (CDHTZ. BMHBSEIEEEHE F L2BRAEY T ZBHVTIEEINS[SS -
91].

2.6.6. BHHIESERDERE!

BIEOIRRBOLELE FH %), WWIRRBOLEEFHE) ELTEDEDZ4] =] - ]"EER
9%. SHEBEEFEHICOVWTERIRICEDZAF = F' — F'EEEZIS. Hund DFEFERZR(C)
(CH3EEND 2 [RF D FOES B FBEROEREE (BB T A MBEHEN, BRNSES
NZFEBEODERANEZER 2.65(0RT. 4] = —1,0,10BBEZZNTNPHY, QFL, RAILLIEA.
BRERILIDHE, 4/0fE%Z P, Q, R DLVITNHTRL, TOEACEFEERIREDLEE T
B S OELRBIETFHY, EFMERBORBE T Z25Ed. HIXE, J=7"-1 DBFEE
PJ"W —v'ERY. FURTTFDB — XEBEHETIE, 4 = 0DOBFOLERIREED /(T 1 (FZ{EURL.
&0T, 4] = +10OBBOHNEAIEIND. B(C, IVRD FORBMMEEROBRBICOVTIL,

] >>TOBEFAF = AN ROBEEENHS, 4F = 0OBRICHHUT2)24E, RO, 4aF =
—AJBR(CXUTL10J4EETEBEN3[92, 93]. Lo TSEIFAF = 4] DEBHMHIESER DI Z2EZS.
BIZIE, R(36)32-0 BIEOEEIRREDLIERE T2 = 36 ThD, Para state RDT, T = 0,2,4%
ED1S3. &2T, 1+5+9 = 150EBMHEEZRI DIENAIRETHS. —75, HEIRRRDDI#ER
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EFEUI) = 37THD, Parastate THD, 556 15 AOBHHIIESZIFD. 4] = aF = +1,2%
B3, EURInIEERBMHIEERIESE 15 KIEREIZIENDIHS.

£ 2.6.5 AVFRDTFOEBSINBFEFRDIEIRE

[Ol#nE T2 4] =0,+1(ZZL, ' =0 < J" = 0(3ZEH!)
EERIREED/ ()T +o —(+o +,—o —(IZEH)
s e s,a o a(s « aldZEHl)
BFIRRED) ()7 ¢ g & u(g © gu < uldZH)
PHEEE AF = 0,+1(FZIZL, F' =0 & F" = 0(3Z&H!)

2.6.7. EBHEGHES/ \ZIILhZT>

BREIBSERZRI\IVNZT O H, 3, T(2.6.28)TEASN, TOBEENBHHIIBIEAK

D OMEIPRZAFHOIS.
Hpps = eQq X Hgg + C X Hsg +d X Hrgs + 8 X Hggg (2.6.28)

AROE—IENS, ERUERTFEEER, REEEABEER, 7OVIRES-AEHEE/ER,
AN5-AE>-AEHEERZRLTVS. TNEND/\SILNZT7>DEFEL, eqQ, C, d, § [FEN
TNOHBEFRAOAREZEZZTELTHD. BEIUERFEEERALE, RUE-—X2hOXESZ
BULERECMARL 2 DOBIBFE-XT L, IRHOEBRIUERTE—X> MEBEOERNAZKT
PESZAREOEBEERATHD, IVRD FOBMHEE/\JILZ7 > DI5RE8ENKEN. X
E>EEmE e, BAEEROELEBOROBEER%E, RE>-AEABE/ERIE 2 DO
AECOBEOZECHUTELSBEERTHS. HBEDEAVCEIIESER MK D ORIKREL
BFAIEMENS, TNTNOHEBEFROXRESSPEFHKFHEZER L, KHEREIEED
FREMEEPIAVREDFOBE, DFIEOLDFFHRRMIERO L TEEREEIZRLT. XD
RO FORYTZ-JU-BHICLD, FVRD FOBRIUEMFIEHEEFOXESHEREMOIR
ENE T EUMKIF I DEN KR (CBABINTENTLIVB[94].
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2.7 IPAN—TF 55T DIR R

R THBL — - DA BRI SRR E B, Tr/ N\ —TF Bt 2 EIREELEL
Ureskiigl U (U EFIREN 3. ABETRI7AN—F 5T THRAERROL —Y - DEIRKEL
MEZIRHEL, BXHEHICEIDZOMBEZRIMI SEANBIFACONTIRRS.

2.7.1 TrAN—TFEEHILBBEIREGEE O F-v 2 BRHRIE S

TAN—F551E0 T, B2.7.1 BEUE 2.7.2 OLIDBERANCEIRELS 79— %2 ANTERATI)L
VTSt BRESHIHREEZS. hT73-THRREINIEHORN, SBRIEABNSAESIBN
EHER. SRREEERS L OT7AN-ZFELTHTS-TBUDIREN, —38' PD AAEIT3. —
AT, hT5—THIRENEHOA, EEZRIEABHIINEES LTS, E5HEFERS L (CINXT
LoadRVHEIENIGEBIET7A N —%=HEL THT5—-TBUDIEEN, —36h' PD A3, 3
TFHEtANZIER I 20FEIDS5, BB, (&

nL
TO = 2 X —
Co (2.7.1)
THD, EFHEESBIGELET7A)N—-(CLD
nLadd — nLdelay

Co Co (2.7.2)
R OBER R, MI5ESNTWS. IV, Lyeiay = 2 X LagatUTE. EIREZE SRR L T 7 A
N—DFBBIBERET, SBALESHOX/NT—IERRBEN MR THD, ZHEIHEF

Eyer = Eycos (wo(t — 7o) + 8¢ (t — 7o) (2.7.3)
Egig = Excos ((wo + 2wm)(t — (19 + T5)) + S (t — (79 + T5)) (2.7.4)
ERIATES. HEHT5-(CEDERENTVWSBDT, PD (CAEITZH/NT—(E
PlgD & |Eref + Esig|2
( E? E?
22

T, =2 X

2
+ %cos{Z(wO(t —19) + 8p(t — TO))}
2
+ %cos {2(wo + Zwm)(t — (1o + ‘L'S)) + 8t — (1o + 15)}
= +E,E,cos {(wo(t — 7o) +8(t — TO))
+ ((wo + Za)m)(t — (1o + TS)))
+6¢(t —79) + S¢(t — (To + 75))}
+E1E2COS {((l)o(t - To) + 6(t - To))
— ((wo + Za)m)(t — (1o + TS)))
+8¢(t —70) — 8 (t — (To + 7))} (2.7.5)
TERIN3. £ 12IE8EDC D THD, 26 3-5IBISERED 2 BRSNS IS CERIATIEE
BN THD. WXL, COESZESESEETERITDE, SRINIRERM DL DC D ZEERL
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TE 6 IBOHTHN
VEp~nELE; cos{—(Za)m(t - TO)) + (wg + 2w)Ts + S (t — T0)

— 8¢(t — (10 + 75))} (2.7.6)
TEREIND. T, UITFOIIICFhIREEHZRAWDE, BRIESIRDLICERENS.
_6§0beat = 6§0(t - TO) - 6§0(t - (TO + Ts)) (2'7'7)
20y = wg (2.7.8)
E1E2 - PO (279)
VPeD'VnPO COS{(ws(t - TO)) - (a)O + ws)Ts + 6§0beat}
= Pycos {ws(t — Tg — T5) + WoTs + S Qpear} (2.7.10)
From laser 50:50 FM
system coupler
AOM 4@5 FM
A
= faom: —
v .
PD > system FG Lyelay

2.7.1 TrAN—TFHETDFNFREPOEI

# PD AR ER Y]

DBM

o servo 1- To laser
f system
AOM » 2faoMm

For AOM <=1 FG }-=--

X 2.7.2 JrAN-FHETOEXUESEBORTNE. FM: Faraday mirror, AOM: Acousto-optic
modulator, FG: Function generator, PD: Photodetector, DBM: Double balanced mixer.

BIZ (SBREELS JA—-MEAZTNTULR 0 = 0)5E, IRDEREIMUIREDIBEEZEZSL,
VEp = Pycos {woTs + S@pear} (2.7.11)
133, COBEETHFHEINEREE -V BT IENTIRETHIIENDND. Ve, = 0L23H

E)‘)ﬂ%ﬂl(i ’E(Jﬁﬂé S5(CHIFRAO— 7°0)i7a':4:%F§L/'C EEOOVIRA > NEIRE L Z DRI

HRIIEIIEE m EA Ty NV S R BT
Co 1 ¢ (2.7.12)

v — e <Yy < V" + =
lock 2 ZnLdelay 0 lock 2 ZnLdelg_y
¢ (2.7.13)
Vige = (m +Vioee )

nLdelay

TH3. &2T, HINLEREOL—F-NEIIEREBEE (H2VWFRERBIRINEER
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#HRUTL) ZERTBEE, COTPAN—FHETN /v ZHHCTRE R ENIRER SRS, ZOEaAE0y)
N> NERE L 2B EELTUA T OARZFN TRENS.

Co

1 ¢ 2.7.14
< VO < V{gck + Py 0 ( )

Vigek —
lock 2 ZnLde[ay

2 andelay

FAEXDER——TH3. IRDEEARBEBOASHL—H-2ALBBEE>T7(/(—REREC

2nLgeiay

U CEUAInTRERBIdE L T2 EN$DD. —H T, F-V BHOEGEZB5I5—E500v M1 > NE
READACHITBEEE, UToRTRENS.

dVPeD o Zﬂnl'delay (2.7.15)

dv c
V=V{gck 0

AO-TOHEERMES SNR LEBFRHARIRE L EM T RODIBIRERD, HENKESVEEITHAE
RHEEEN LS. DRI, IPMN-RERUEAFRIFBIIRIEGERZ1S5N5.

NFOFAARRDIZEISEEZRLUT, PD NESOBSUESZAMEBRMRKR I 2L 2ERS. B
E5ELTLO NMBOET

V) = Vysin (wgt + §¢10) (2.7.16)
& PD WBDESZIFYTRUDE, IFINSOENBEVE, [FUTOLICRD. EHC, BEKE
(2wg) B9% LPF THhyhd3E, HIESVEylEL —T—BIKRE w,H2\ERES ThEw,D
JEIRARAZRE L TERIRTES.
Voem = Vep X Vi

= nPyVy cosf{ws(t — 7o — Tg) + WoTs + 6 Ppeqr} X sin(wst + §¢10)

nPoVo . .
= [sin{2wst — 5(To + ;) + WoTs + 6Ppear + 6910}
= sin{-ws(7g + 75) + WoTs + §Ppear — 6910} (2.7.17)
nPVo . (2.7.18)
VEBMN%SIH{O)S(TO + 75) — WoTs — SPpear + 010}

AFOYLARRICBNTE, SXECERITETHD, EEOOVIRA> NEREREZORBER
R, B8 m EATEY NV R RNT

Co (2.7.19)
Ay, =
lock n Ldelay
Co . (2.7.20)
Vit = (m + Vioee©
nLdelay

THhd. 2T, HINXEREV,OL—T-NEIIREIEHNZEE (H2VWERAIERFNRINEER
HRUIRN) ZE8RRITREE, COI7AN\—TF5HaTH -V ZHED]REREIRE RIS, ED&aiEOY)
R NERE W EREEELT,

2.7.21
‘o <V()<Vlrtr)"ck‘|'1 ‘o ( ’ )

Vioek ~ Y
ocC
2 ZnLdelay

2 ZnLdelay
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TSN, W8(Eco/2nLaeray CTHD. &0T, BEIRBEBORERL—Y-ZAVHSRIFTIN-K
Z3aKUCERITT gE Rl 2 L (TP EN DD, BIZEELERN 12 m 0K, FvTFv—L>SEH9 8
MHz T&1, Nl CL module DJY)—S>BFDFRNIE(~2 MHz)ELEERU TILLES, IRIRIE(EN AT RE
THdEEZSND. —ATEIEEN 50 m(FvIFr—L>> 2 MHz ((HHE)ZKEGEBX2E, R
RSN RECRZETFREND. —ATREREFIEICBVT, -V BRI S00ZA0-TOMEE(ME
B SNR EEEICRRRARIRB T ES R RDDIEREIRD, EENREVFERRADRIRRZEEN M
+£9%. DR, IPMN-ReRUANRIFIEIREERZE5ND. O —RATREFRZFRE

BHIEONTFERTHD.
x 271 TPAN-FH5tOEEALIEREDRTEDHDLLER
EEERE R FrIFv—L>> R
A x @)
=0 O X

IPAN—TFHATIEONRERESZIIESLUTHIAL, Vigy =0 (H3VWHIFEDE) L2
BEIRFEHZITICET, - —OREIREFIENBEIREMHZ OERRNERIND. ZOEAKRFIEL
T, HHMESZL—Y—NRIORIIZEICOVTEERTD. w1, 69, DEEIHERR TEB(EE/NE
WEARTETD. Vigy = 0ERBISRFIMMES ZL —F—AIICHIZDE, woTs + SPpeqr = constEld
3. EEREr N —TEEHREDEFERTETHNE 0 ESPpea NETEILENS.
IPAN—FHEZANDIELT, L-T-0REEEMEZE - MESOMEZEIENSEIERIEETH
32tRUTCER. INZRIORmNSEZ3. L-HE-MESOMMBEZE=E, (2.7.22)THH,
SHICT-VIZEHRI HERN(2.7.23)2155.

8Ppear(t) = 69p(t —10) — S (t — (7o + 75)) (2.7.22)
8Ppear(f) = e 20 (1 - e 2W)5G (f) (2.7.23)
ZO—A TL—Y AR DOBIHEL
v(t) = ii [2mvot + S (t)] = vy + ii Sp(t) (2729
2 dt 2mdt

THhd. WRIC, UTOBRMRINNRDIZD.

1d (2.7.25)
ov(f) = ot Sp(t)
SV(f) = if6@(f) (2.7.26)

FHEATREVE-MESDAABEEIZES e () EL—T—BIREGHE DT - ISV (f)ZLE

BIDE,

e—ian‘ro(l _ e—iZﬂfrs) _ (2.7.27)
7 5¢ ()

Z15%. WQ.727)EADFREETrAN—THTDIEREE HHELTEBZDIENTIRETHD,

TOKRESF

S@beat (f) =
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nlL (2.7.28)
~2nTg = 2717

H(f) =

e—iZn:fro(l _ e—i21tf‘rs) _ ‘(1 _ e—ianrs)

if if
THhd. L, BEOR TS « 1/1,2IREL TNSREER 1T, EENEREDEWNCLS
REREBIFHZERICRY. J7AN-T 55t ORILZEREDHY MATBIREN R LEFIDRERIC
ndElE, RQR.7.1HBLVQ.714HTRUEARBE—ENTS. Fz, T7AN-FHEtORESURER
BOREST 1NN —RATOBMRICHDEF, | 2.7.1 TRUABE—ETS. LOEFERNIC
(&, (ERERMMEEIREBRIE TE—KTHIDE, OVIRS> NEIREGERTD F-v B 5T
BRBAR CHILICHTIEL, Ny ATRIEEAHET T H0iEsHD D IEXIEDIFHRAZ tRiskCXT 5T 3.
COTEMRRE, EBERZMITLL Y- FEREMME 25 VVRE TR PIEER— A TEURIRT 8E
RSN B EERLTVS. TNBER 2.7.1 (CRENEBMRZESZTIFLTLS.

2.7.2 I7AN-TFHETOREZLH)

USR] dt TOREZEE) dT TEISRISNINBRELEEF, BOEFELNBREARGRETTHL
THRREVWELZBEFADE, IPBIICUATORXTERINS.

d  _[dn, dljdl  dndl (2.7.29)
" _[ dr ndT] dt " ar de

OvIRA > bOZEENHRIR TEB LB RT —ILCHEWVT, SBRERROBINRESNGZS
SHARIRBIRERZR BN (L, ABXTEYIC

dv 1ldv . dT dn1 (2.7.30)
_—=—— X ———
v vdt dt dTn

THD, BIRBZEEOM LICIPREDRFMZ(NIT /dizEi# TIENEE THIEEZIASND.
AN-FHETORIFIZE— R m (CL—Y-FIREZHIHUZOE(C, REZBCLDTFHTOELR
WANL go10y EHZEALTBEZE RS, BRENORIE TRITIEE— RNRE m NMEEBIULRVLZIEFRD
&, LFORQR.73DMKIIL, VKODDORERTI(?2.7.32)2153.

m
_ nLdelay X Viock (nLdelay)
Co

_ N(Lgeiay + AnLaeiay) X Viger (NLaetay + ANLgelay)
co (2.7.31)
Wiz = Viger(MLaeiay) X : X ATd—n
n AT (2.732)
TERFEIET7A N\ —F 12 m ZBI3T74/\—FH5HIHWT 10 mK DREEENECTVSIHES,
TNUCHRIBEIREE RTINS 20 MHz(at 1062 nm)IEE THD. BEFROELIRER)T M
IRHICEEENDERTHEH—DMTRESIEHNDE(CRDIN, EETFAN\-RIMRRIERE
HREUEL, EOLSBREFIEHOEIRNEET (CRD.
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273 EIVFZIF1I-H-DFLFIVIL>OS

TPAN—-FHETORIFIEE— R m (CL—Y-EEEEHEILOSC, Jr4/\—TF5EHIEOIT
12 PZT NOBRENEBE EZ AV, LA LS B TIRON BB 2 E XS, BEIDFIZR TRIAIET
—RRE m AMEBLRVCEZRBERDE, VKONDRERTR(2.7.33)%18%. IELICT(E, PZT
OERENEBEZLICHU THREE THAEZRTEL TLS.

ALMAX
AVpzp X 'Vz\ﬁ)T(
Avlrgck = Vlrtr)lck (nl‘delay) X I Lt
delay (2.7.33)

RERPEZEIFAN-F 12 m 28I3I7(N\—-F55HCEEBEE 150 V. T 20 pm HUS
PZT(Thorlab: PC4QR)YZERDAF (32155, REIREES IJhENEERE (L 3.1 MHZ/V(at 1062 nm)&EHA
BaENn3. 18, PZT OAMI-I2PHIREREEEERUDBE TERINDEN—MRIITHD,
ERRCTF AR DRSS T BB LDNERBLTEFRU TRETI 2 ENDS.
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2.8 BERAFNIYT(MOT)DIBH
2.8.1 SF AEHA

G

\ / C?S
100 %\ < /A‘ — @
@®
e Master L —H — 1, @,
==—>Slave LD From ECDL

2.8.1 FEAREFEDBEIZ. ECDL: External cavity diode laser.

ML FE-REIRLTWSEH S LD(Slave L—Y—AEK#w,, 8E]l)C ECDL(Master L
—Y— 815 £, AR w,, BEL)DXEZEATIIHEEZEZS. SavelD Z, Y1 IREZS
O 4 MOZ5—ZFAVVHEIRSREARER(CHC. CCTHIRER@EIBED Slave LD HHEIHZ Er=g E
t9IBE,

g =VI=RVGe *VT=R ) (VGRe™)"
= (1-R)VGe /(1 —+GRe %) (2.8.1)

ERB. &=w,L/cld Cavity #—BUBREDAAES TN THS. Slave LD MFIRLTLOWNIEVER =1 T
HD, w; —wy K c/L = FSRZEMIZILE,

_ (1-RWVG _ ic(1—-RWG
1—(1_M)__E Wy — Wo (2.8.2)
C
LENTES. RIRSEBEONEISRET
2 (1-R)?G
2 =\ —_—
lg2L = (7) ook s,

T5Z5N%. Master LD OFIRARERKRE (w,)& Slave LD OFRIRARELRE (w0, ) DEN T (TS
WEE, 91?1 = I,E72D Cavity RIRE DT 1 HEEFIL, #EXILFE—R LD RTHRIRL TUVHHEE—
R(wo) DT A >ZEAI (0D EWVIEDD. B(CZDDOABKREEE DT 2Ew0,DHEE— RFEIRNTE
PURIEL, FAN (0, DIBIENDHNTERD. CDIRSRZFE ABIHA(injection locking)& FEAN. 43F(C
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2 (1_R)2 .
lg|?L; = (E) a-R°c I, = IoE2B0EE% locking range EIFUF,

(w1-wg)?

(2.8.4)

~ C 11 ~ 1 - R 11
|y — wol =E(1—R)\/5 E:FSRX = |
TH5Z5N3[95]. (2.8.4)XNBEASHRLESIC, YILFE-R LD AADEAXLD/NT-HKEVD,
HBVIVILFE-R LD MO DK/ NSNEEOYVF IO SHARERS. TN, EAR
BROFGbFEZm a3 CECERE TS, LlEUCCET(E, master L—H—¢ slave L—H -
H—EU TV RIBEZARTELIZ[95].

2.8.2 IR AF NSYT(MOT)
A A RIRDEURTIBHIF (&, BRISZRAVAIETERIEEZHIHIT BN TES. Z0—AT
RFOEERILDD, TROESHTIIREGIERCREE THOE. L-—F-DORAICLD, H0bR
SEEBVERFOESHENTIEE R0k, SBE TICHITPEE M OFITRE v (&

b 2 |2ksT (2.8.5)

Vi M
TEZ5N%. Yo DEERRATSE,
TEMRRFREE hk OL—Y—(CEDRRUZND%EEZS. L—H—H8EN 1 OB, REFHE
HCIRREBICO\VBHESR (oo )l

[N
NN
~

Pee = (2.8.6)

21+ T+ 4r622
T525N%. L—Y-HE | ZKEUTH, R 12 [CEEIT3DH THIESERITD. #nh
ZEIEIL—T-HBENELTZ5R20N THd. RFNBERREZITOIOERIIREECHD
BE0OHTHD, TOBRBEOL— MK

Rscatt = I'Pee (2.8.7)
THhd. BRME—BIOE hk OEBEZZITERDDOT, [RFNEMIFESHIOICTEL TZITE

2EEE, IADERERFHNRRUDNOERETER

NN
~

r
Fscate = hkRgcqee = hk =

> (2.8.8)

1+,Sat+4;12
TERENB[96].
DEIL, BIEFMERLEL TV A EORERDZIFBIEEZEZXS. 2 ADL—T—
FENHSFFBERGTE (FHIFRECLDZFLWG, RFEHEZFRV. IRIJEFHEBILTVS(z 875

MORERDEFONWFEZEZD. OBAR, RFINIRECS 2 ROL—T—EREIRYTS5—-%)
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ROZETERZEICRD, HWIENEENDS. HENUSHL—F—FIKREICED detuning HESNT
WIS, BETOESAMICHL T TIL - —H2LDMEEICRINT BLI1CRD. cnid, &
EAMEICHU CGEMEDIRGEZZIREICHETS. 2L, RyTS5—/HEITELERRRINRE(C
(LT RME(Ry TS SARFEBENFIES 2. TN, FOFLRBENDEFOERKLICLD,
HFOEBNE hk (CHRIDNMNEEZIFERBCECHERTS. NERBE (recoil) ZIREMER. Ry
T3-S HRFRE (L,

hI’

" 2k (2.8.9)
THZ5N%. YOIRFOD 'S, — 'PFEAFERZFALLL—Y-S5H05E, RvIZ—15ER
FOREG 0.7 mK BETHD. HRIBRBEZFAIZE, RvI5—HHCLZEEREZ T 52
ENETRETHD. oL, RyTS5—SBiTILEBIRIT—2ESENTEZN, MBMRFENELE
SHZERICRTF =NV T BEFIARBIEETHS [96].

EBEOL - 15EDOEERROISCRFNESLTLBIHBEE, RvIS-ROFETHEIS
L—H-KOBEREEzEREUS. 22T, EFE-ACKBUTARSEZADEIREIE(CHERAS
2. UNU, BEFORRCHEVRYTIS-STMEITDE, - BRSNS T3
RBESEZRIANRRD. EIT, @EEINTRESEIHIBICED Zeeman I MNE5|ERRS
UTRYTS—3TMDELEZMEIEL, BIRFHNSRIEABIREN—TE, IROSHISEREIR
D, BEIENRIIBNBLICTEIENSZ . LRI BLI(C, AEERTIE Zeeman JAILZfE
AU,

ToFANV LRIV U SO ERREIS#RESE T, B ETAARZROD 6 AEHNSEHECR
HEEDSN L —T-HEAGEERLT, L-—T-15HMEBICERF HERE22En eI EE
B3, COMIBCLDERINIEF NI 2SN FENSYTEMER. FIEEOD, 2 FEMR<
BEEIRGE 2> J=0(mj=0), MRIREE2IEY I=1(m=0, +])THIRSNBIEFZ2EZ3. BT
OBBEIELL oA NMSDITHNCEOBER § KBRS oL OL—Y -2 mEIiRETRT
(CBBETT 3. L—Y—H(CEITREE 2 BhEERD. J1)UCLBUEBRISE, 2=0 HETIZEAY

(C

Tp

B, = bz (b > 0) (2.8.10)
THRIND. WIHPCHIZT-IIITINLE, WREFHmELT,

TSNS, ug@R-7HF, 9;,33>70 g AFTH?. z MIEOAESZEFLETIMICED,

=0 fHADRFICHLT, zEEOME(CoHRAD, BOMECo IOl —Y—IaX MU TASS
F3. oHRILDNL, Amj = +1OBBUNSIFRIFENMERBVRISETIS. HICTRILIIC,
z<0 QIR T3 z BHEDME (AR T Dot RmADHKIH T IBRHERNEL, >0 DRFEFZOFETH
3. IRBDE z<0 OIRFF z BIEDOME(C, z>0 DIRF(S z HEOME(TIRFIEZRTD. NS0
HE, RFz =0 OMBENBINIIETHICHHZETD. COZMETESLIC x, yBICOVWTEHILRA]
RET®HD. &Iz, MOT beam (F/BHAEBERECHL TRCHEAINTVZOT, RyIS5—1HHME
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FAEERFCEK[96].

E _mg;uphz (ii) E_mgjuphz
h— h h
gl h E/h
gjupbz _gjkpbz
[ 70 h

282 BIRNFENYICHESIZETHOMER. ()L ot RHDIANSDIERETE, (ii)(E
ot RLDFHNSOERETE % (iii)[F 2 DDIENBD M—FIL DR EZRL TULB.

2.8.3 IR AEF NvIT MO AL

2.83 (ORI LR 3 RTHBIEBERCBVT, FER, &3 D OMUECEREEINEIMIV(ES
21, TR DMIB(zp)/FBEH(B.B,)EZNEN

ul 1 R? —p? — (z—-D)? ]
—_ - k2 k2
z 21 /(R + p)2 + (z — D)? [K( )+R2—p2+(z—D)2E( ) (2.8.12)
s z—D R? + p%2 — (z— D)?

Bp = 2p /(R + p)? + (z — D)?

—K(k? 2
[K( )+(R —p)2+(z—D)? ( ] (2.8.13)
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THREND. RU, k2 =2 4 (- D)?THh3. T, K(KD)IE—BELEMEES, E(k?)

T (R+p)?

(FE BB/ N TH3[97]. RIC, Z #AMIC—2D BENAIECHE R OI(IILABD,

EBRMFEEE(SRNTORERR(T7 > FALLRIVY I EF(EN 248K ) 2E ZD. T IRRISEL
fIBCHVT, FAET DB
B I3 DR? N 115 R?(4D? — 3R?) (42 — 6p%2)
z = MO T Nsz Z T RIS Zz° —6p°z
(R? + D?)3/2 24 (R? + DZ)% (2.8.14)
3 DR? 15R?(4D? — 3R?) 3 5
Bp:_uli—sp—}_ﬂlﬁ s—(p” —4p z%)
(R2 + D2)z (R2 + D2)2 (2.8.15)

LIEBEN3[97]. E—IEOHZEDHU THISOEZEIE IT2ENL 0N, SEIEQR.8.12)8LU
(2.8.13)ZFAVTIERRRIEZITD. LDEMMRZRROEIEETHD, BIX(FHISLIAELE 2D=R D
BAXEZED, ZOEEOISHEL

dB, _ 48 _ _dB
dz M osvErRz T “Tdp (2.8.16)
ERB. IRNSE, ERM(CHIBDEZIES T Ao, [JINEEBZF D (Fm) ZRBANRGE
D322, JMINHFREDMIEEEREZRBINE LT B ITENEETHS.
(1) (2) z

2.8.3 JMIUE)ET > FAINLRIVY IV E) DGt BICHER/NSA—F—HTE
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%38 BNAEYER-J-E21-IL0IVEEZTFEI
K2 ORI —TTI& 2015 (L, (P4 XD/ NN RAME R EARL —H —% Ry T5—
=B HRICEDERRIENTIVRD FOBMMMBESERICEENIDILT, FEE 531 nm B
ZEAL—Y-ZRRUE. COMTRTE, BE 6 cm DAVRUIEZERTHERAL, ZHRHFEHEL
U72W Dither Lock EM(ENS 3 REFIEICLDEIREZ ELRMiZRAVSIET, RESARD/)
BUBICAINUIZ[48]. VR T D R(36)32-0 B OBMIIEEM D a) (CL—T—KEIKE R
LU, HBXMNREIRIZEE 5x101(1 s)ZEKUZ. EBICCOAFTIE, CORIEMEZELL
—H—0 2 REFEOIEXT BRI 564074632419(8) kHz LBEHL, EESEEHEESEISED
FIRICHFSUL[48]. TNICKD, LEDEERBTENL -2 REFEELLTRWSIENTTEE
B0, ERICEZERSHIRAICBVTIOVIS —SFH5HCFIBRIBE THRENRENTZ[53]. L
HMUCOMAFRT(E, R22AZ2I2NINILDD+5372 SNR Z2EFI3Ilc, IVFETIZIT[RIET
%—ATI-IRIA—EZEECEFEN T2 L TRIFIRIN D HCE 59 5IVHRD FEZHEFRL
Tz, ECANBOFRERELT, BUVRRIRINCHR S 270 T HOBERIRUNIFEAL, FRAZIRUN
OEEFOMEIT, IRHERYTS—TOI74( )L EiHOEADBHHEE BRI OHNERIEN S
WIRRRENEU. L —Y—-DJEREIREZE(CEIEZ TS Dither Lock ZRAVWVZIEEHET, VR
SN RyT5-JU—ESORYNERIE(E 8 MHz T SNR (& 10(bandwidth: 1 kHz)& RIFRDYE4FIEE
FEXY, EREEZEED 3x102 TIWA— A XLNVCEBREL T, Z2ITARARKTIE,
(1). §& 45 cm OIAVRCIINZRETEFENTRET, EHLENIDZERU D DDHICTSI3IVER
DFOFEETEERL, SNR DR T2
(). [HEZAERZAVERYTS-JU-3FEO—FETHZ MTS ZRAVTRYTS5-JU-IRIVES %
BS9%
TRZMEIET, £DEL SNR LERVIRIERIEZE S 2 Ry T S5-I -3 HES 2 BHMHlESEER
OERDTERIL, IVRTECL—T-0REESEZEER LZEIEUE.
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3.1 B/NEIRERL - —ET 1 - )LOERKE

3.11(C, ARAFRTHUVEREE 531 nm (QDLaser 1128, QLD0593-3220) I4 > Y4 XH&IKL —
H—EZ1—)(CL module)DEEELNEMERKZRT. SEHERALIZ CL module (&, B 5.1(b)D&
ST EIRDEAR RS2 FIR T 20 M IFREFE/RL — 1 — (Distributed feedback diode laser:
DFB-DL)&ESED/ VD —ZIENE T DI DH B EIEIEZR F(Optical semiconductor amplifier), BI{R
PRI D SE — IR S K 7 Fe 4 S B DI D IEHR I S F s H (Waveguide-type periodically poled
lithium niobate: WG-PPLN)A, 2 cmx6 mmx4 mm(RExM@xEH)DEARCERILENTLS. T
HEDBOBEARESED/NT—(FERATH 60 mW, ZXRESFRETHDERILFRATH 25mW TH
3. INEDHETAZITIDICHDRE N THDES RS, —HMNIC, DFB L—HY—-(TREHDLE
BRZI>Y MO—-IVU CRIREIREZHIEH I EN B RE THS. ®3.1.2(C, 531-nm CLmodule (CD
WT, ‘REZZCEEIRICPI AN R AR LIRS | #FZ RS, KERE—RRYTEUIC, 500
GHz OREREUFSINEIRETHZENDND. RIREIREBOEEMKFEE, -42.2 GHz°CTHD.
DFB-DL DEFENEFiZZLEEDECIOTORIRBEIREZZE(LEBDIENBIRETHD, ZOBRD
sensitivity (£-8.8 GHz/mA T#&%. IRTEXSNTUVBIVZROIRINEREZIDSS, 531 nm L—H—-0
FIRBEE LI (AT I 2T RE 40 DL _EOIRYNERZ STHA98 I BB UTcAE SRz 3.1.2 (C

~Y.

DFB-DL 1062nm ™ con || PPN |,
PHIFERFER BRI IR T
Lt MEET | | B8 (oo
2cm

3.1.1 CLmodule c-—HEEREA)DEE (&) &,
CL module DIEMEEDIETE(H)

564.21 Slope: .
O,
—42.2GHz/°C
N
E 564.1 1 2 807
~ 3
2 ‘s
S 5640+ =
3 s
g E 4
563.9 1 g
2 0]
563.8 +
T T T T T T 8 |
20 22 24 26 o, 28 30 56‘3,8 56‘3,9 56140 56‘4,1 564.2
Temperature /°C Frequency / THz

3.1.2  CL module QERERAIZEH(Z )L, BRIEASNTVSIVZEDOIRINEIREL[98]DS5,
L= —DOFIRBEIREHEACFE S SHEXTEE 40 DL EORINERE).
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3.2 VR FOBRED BT YERIBK

AVRDFERAVCEBIEE D HORBRTAHAVEERZR 3.2.1 (ORI, SEIOEERTHAL(E,
RyT5—JU—33D—FE TS Modulation transfer 2 MEEZR V. SEIGRAZELS(C, CLmodule
HBETRIMEDEAREIEIR FE)EZD 2 REFRE THDRIHRA;(SHG H)HHhEns. L—H—-0FF
BERODERIENSD /A X ZHIK T BIDICHY MATEIEER 2 Hz O LPF ZRATWS. F1904Y
)5 —(Dichroic mirror : DM)ZFBW\TID 2 DZDEEL, FRIMEIEIRECAIERAXD, By
Lo ZRT7=FVWTE - LRBRZNSKUTIFAN=(TBL, DHARIGED. T7AN—-Z2ZA(YFFBIET
HRDERONZE—DODERIOEDIEETIRETHD.

TrAN\=h5HETEN Tz SHG H(& HWP & PBS ZiBiEL, 2 D(colkaEns. HWP DElEr=%:R
FIBIET, SHG AE—LDND—7Iktb AT D ENPIRETHS. PBS TRETENIZ S @l
ROTHOKEZRZT. I, ROTHE AOM T@EBL, BRI INMe5Z5N%. I35 RAY
S TVZX(GTP)T 1 RERFANMHEOSWV S mAZEDEL, EOM AZBBIE ThIEZRZ5
Z3. AVRDTFORIGROBEAIREE 500 kHz F2ETHD, ZHRBERKRENL 300 kHz F2ENELT
3. LZANEIMT BL5(C CL module DFRTE 2 MHZ FZE TH DI, ZHRBKEMENVGEY
A RN REFPU7ES(BEEN, MTS {E5%2EUSI2IoDEY)RMAEZE %S5 X 5N B\ alEe
H&»%. €T, EOM OZFARIREENL 800 kHz (CFRTELIE. DEFRANTEUS, $HIEOM #5&ET
DOIFOVFHRICEHNETS RAM Z{RFESE3/C, EOM EARZRBAFO-ILTEL), KfER
SBEZEBOIIFIRRM. ROTHEBIO GTP ZiEBL, I5-TRIINTIVELIAZEBT
%. —AT, PBS m@ALL P RATO-THOEEIZRILT. JTO-THEINTROTHEE
RENDTTHEIBLIICAREEINS. GTP TROIETO-THz08L, JTO-T¥#DdH% PD T
THTD. HHATONCHRIZMEZETZIHIC, PD OFIEOBEHZZE>TLS. PD HMS0D
BEXUSS%Z EOM OZHERETIERAL, I5—E85%158%. 13— E857ZRAVWTY-—RHIfEHZITV,
BYENEIRICTM— R)\WImR T CE TRIREZ ELZ1T3.

AAFRIAERURIVRAZACIVCOVWTEAS. Modulation transfer 23¥E T, A>T¥eeT0-J
HOERDEZEMICEEI 2AVRD FOHMES(CEFSI 3. 20, AVRTUINRVEE
{E50 SN tbFmtEd3. Ff, AVRUNZSEHNTZERAEoTAVRDFNEREL, J-ILRI1
H-ICBFES. BIROKHAEIVRD FRRD I ZECIAOKENTHD. BHRUILIICIRYNER
& (ET—IETHD, BRAREEEBLEFLNDDIITEREINDG. WIAROKENTH2LEZERN
BATEOT, IRIGRIBNNERS. IVRCILOSENEBDZI-IVRI(H—EMER. 2.3.3 TN
LI BIREE EE (L SN LEENMKEVFERS, RNERIEBNMNEVNEERRS. U EDELD, 39
FEDFODATIHER, BERFULRVWILZFIFAITZONEELL. AAFTTEES 45 cm O
TILOI-IVRI1VH—BE%E — 5°CHDNE-10°CIARBEEERZITS.

CL module DHEEEGEHAZEMET 2 FFR%2K 3.2.2 (CRY. DM ZFEBUR IR HKEL VIR
PTE— LR NUIABICHTAYL—F—(C 2 EiEIBEE T, HWP [CBUIZ#& Non-PM SMF ((&
A9%. HWP (£, IR JEDRIEEFAEELU THEIRIOLEDE—MESD SNR ZEAILT DIh(CF%
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BINTWS. IR HEABIREALDHK(EHTS-TEKEN, PDWNewport: 1811-FC) TR} 3.
PD N'50E —MESZBENRO—/CAT( A=)\ A NNZT1)LF—TikEHU, RF Amp(Mini Circuit:
ZFL-1000LN)Ci8IRL, GPS {E5(CEEASNIEIREND> S —(Pendulum: CNT-9NANAFTITB.

B L EAL CL module DEEHEZERE AT I DIHC, IVREZELL —F—(CAHBREIHEAS
NIz Ti:Sapphire IAZFIAURE. JANZYIREERI7A I\ -ZFAWNT 0.5~1.1 um FTARI NLIL
{EENzE—REHA Ti:Sapphire L—H'—THKEINTULS. foro (& 1£2f BESBEZAVWTERTE
N, GPS E85%91LR—-REUIE FG 5D RF EB5ICETEILINTVS. fero DETEAL(,
Ti:Sapphire f&ERZHIEE I DKE 532 nm SHAL—F-0/NT— (ZFH1HTS AOM DEIFEIER)E
74— RI\wIHIFEIF DL TIERMEND. E5(CE— REHA Ti:Sapphire L —H—¢AVRETEIL Nd: YAG
L—H—tDE-MES%ZIRHL, GPS 58291 LNR-ZEUIZRID FG MM RF EB5ICEELEN
TW5. HIRERZEK TS 4 MDI5—D55 | MIABEEINC PZT ORBEEZNL THIRER%E
FIFEHTBET frop DETEACHERNREND. BBINR £, (£ 780 MHZ F2E T$H%. —75 T Ti:Sapphire
JAE, HIREFEBOTA N IHERIT7A I —ADK AL P EBOZER T 51 A MO RIALZ E M4 (CERE
5D, ZLOEBRRICBVWTHBNRRE T THEFHEETHD. BRELT, O
Ti:Sapphire JAIBERIB(~KkHZ)DM DB VBRI LZTEE (10 %at 1 s) 2B I 3.

Iodine cell 45 cm , PBS W2

] P | |
FG I Probe

N Pump
PS |le==-- @ GT Temp. control

800 kHz ! EOM NFS
bemmmooo ----j E 80 MHz Frequency
- I ) I_-E 75— measurement

Blas-T;@ CL module] DM system
i
L

1
1
1
- i ! === | Driver
1.7 MH LPF 1
’ 3 i LPF 2 Hz
1
________ _,®_____’ Servo Current
control driver
3.2.1 CLmodule ZAAVZIADVERD AR,

TR(ETRINE, FRHREEIARE, RIREBRIESEIRERT.
A/2: Half wave plate, PBS: Polarizing beam splitter, AOM: Acousto-optic modulator, EOM: Electro-

optic modulator, GT: Glan-Thompson prism, PD: Photodetector, DBM: Double balanced mixer, FG:
Function generator, PS: Phase shifter, Amp: Amplifier, LPF: Low-pass filter.
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Nd:YAG /12
Optical
frequency
comb

LPF  20dB HPF  20dB
{-{amp -{-{Am |

M2 ISO %2 I0MHz | N Frequency !
reference counter
| I spectrometer |
N\
VU
[ =
DFB-LD pm
with PPLN

3.2.2 CL module DYEREIRERIER.
THRIETRINE, BERETPAN-ECHR, mAREESESSECHREZRY.
ISO: Optical isolator, LPF: Low-pass filter, Amp: Amplifier, HPF: High-pass filter.

3.3 IR FD Modulation transfer D7 EES4F 4

3.3, CLmodule ZEEVTRAWE MTS (CEDEVUEENIZIDZRD FOIRUNER R(36)32-0 D
RyTS5-JU—E850—FIZRT. I5—ESEUSOBRCE, hybATREIEER 100 Hz OO—/\ZX 71
H—mERAUE. IRIVESORRIEIZF 5 MHz T, SNR (357 THhofke. IVROEEIRENBE(L,
OlEr 2 FEOBRREMNMBETHNL, BAEDEDREECLOTISEDRIEAMICHRTS. K33
DEDHBEIIC, 15 ROBHHHBEDEM D ZEURITDLICKIIUE. 12U, an & an, ans &
a OIRUHRIEFIER(SAIZL TLRIze, BRDEST 1 DOESOLICERIENT.

< 3.3.1 Modulation transfer 73 D EEFRSF

&% R(36)32-0
Pump JEH 6.45 mW
Probe Y& 0.2 mW
EOM ZZ3RIELE 2R 800 kHz
AVRESN 1.4 Pa
J-IWRIMH—RE -10 °C
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857 MHz

as ds ar das an & a ~ ai & dus ais
a- ds ds o o J

Linewidth: ~ 5 MHz
S/N: 57
Low-pass cut-off: 100 Hz

Relative intensity

Frequency
3.3.1 MTS ([CEDERRIENTZ R(36)32-0 DBHHHEE B O/ .
3.4 AVRTTELL—Y-DRIKEHRE EE M

3.4.1 AVERBELL—Y - OFRIETM

DFB-LD OBFENERZHIHTZCET, BHSNEIIRD FD R(36)32-0:a0 B ZEREIE 4
EUTZ CL module DEIEELELZEMUL. 3.4.1 (C, ESA THIESNEREEZEIL CL
module @ IR & Ti:Sapphire JADERIFIZFE—REDE—-MES%2RY. RBW=300kHz (cHIID, £
—MES® SNR (& 30dB THD, OBICEREESNDIEREGETRIAER T IEIRENI>H—-DIRHL
NIUTTHDTHD. TV—-F>D8FD CL module D IR FEOERIE(X 3.4.2 A&#R) (3K 2 MHz Téol.
—7T, FERBEEZITOEED IR JEOIRIEE] 3.4.2 #FER)(E#Y 1 MHz T&Hofz. Ti:Sapphire
JLDFRIRIE T3 (TIEARIBE(~1 kHz)THD, BUAIENZE—MSSOHRIEX CL module DfRIEZRL
TW3.

-40
RBW: 300 kHz f
rep
-50 | vBW: 10 kHz
-60 | fbeat frep - fbeal

Power (dBm)

_1 00 L ! ! ! ! ! !
0 200 400 600 800
Frequency (MHz)

3.4.1 R(36)32-0 D a¢ D CEIREEZELEN
CL module & Ti:Sapphire JADRIAIEE—REDE-MES
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. | | !
RBW: 100 kHz Free-running
VBW: 300 Hz

Locked

Power (5 dB/div)

Frequency (5 MHz/div)

342 E=MES(frea) DIEKEK. IEHRIITV-FORFOE—-MES THD,
FARIBEIRSEZ ELZITOREOE - MEE TH.

3.4.2 AVRLTEILL - -0O7 AR ERAETH

3.4.3 [CRNEEND > —(Pendulum: CNT-91)ZFVTEEERENT, R(36)32-0 D ay iBHHHIES
B BRI Z ELENISKE 531 nm @ CL module & Ti:Sapphire JADERITIEE—REDE—ME
BSOREROBEIZEEZRY. BEIREHIIA-DT -1 A 1 #THor. SAIERFRE(=6000 s)
(&, Ti:Sapphire JA®D CEO EREEHIFHINR AL E M ICLDFIFRENTULS.

344 OJOvh (8 &, IVRETERL Y- (CAHAERIEAENTE Ti:Sapphire JAEDE—KE
EENSEHENV IV EREREZ RS, SEFTIC, BHRHRCHEINRIVREZEIL Nd:YAG
L—H—-ORRSLZEE %Y. Ti:Sapphire JADHE—RO—DIIVEREZEIL Nd:YAG L—H—
(U TAABEIBAEN TLS. WXIC, Ti:Sapphire JADRIRIZ EEDEBHREBIZETHD,
[EREETRIORERAZRT. SEIORIERRE, R(36)32-0 O ay KDCEREEZELENT
531-nm CL module QORI EZEEZRL TV, FEIRBEZEEL 4.3x1012 (FHIERE 1 #)Th
D, FIEFM 800 FT 4.1x1013 (CEETS. 800 MLULT, HARTREINZIUvH-JO7L
RIVTEBELTWREEZBNS. BIREBEZEEN 1N BfRICRELTHST, HIZ(E CL module D
NI—DZEENPOIVI—, DHFRNTORAM [CHRTZEHEHE TIRVERN RS OFENTR
E2N3. SEETIC, BRIRCHITARM81DIAVRETESL CL module DEIEIZEEZRT.
SEHANSREAICHIZZ I AN TORFEMEIZKICEVT, | HREORIRNZEE OWMENHERINC.
DIEROE(CEDIEITIAZL[48][CTUTES SNR B 1 MIERESNCEEBE NN TS,

1 .
) E 0 QGate time: 1 s
§ S R "
S N 0
L
£5%
52 -10 ‘ .
m 0 2000 4000 6000

Time (s)

3.4.3 R(36)32-0 D ao A EIREZ TEILENTZ CL module &
Ti:Sapphire JA&DE — NELEEIDRFEIZ &)
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1010 3 CL module/T (@531 nm)
o ] (Previous work:2015)
S
ks 101 ]
= ]
(5
=
5 1012 4
e ]
= CL module/Ix(@531 nm)
Zo101 -
=] D R L
= 1 -~-Ll_. Measurement limit
< 1014 | | |

1 10 100 1000

Averaging time (s)

3.4.4 AVRBEL Y- (AABEEAENTZ Ti:Sapphire JAEDE — NELREHSEH SN
531-nm BELREEIEZEIL CL module (£%) &, FAFRETIREI S Ti:Sapphire JLDEITEPRFR (M
&, FTATHI[48)DIAVZRETEIL CL module (FBfR) DREIEMEEE

3.5 #EX EREG DRICEI TR A D S 5T

R(36)32-0:a; A7 OFEXTEREGHRICEI TR A N SF M Zst A Te. SERNIREEHRIC (ISR
FelcfepkEnsz, AVRETFEL — - (AEEBENEERFIHEL Er J744/\-1L%EAUE.

3.5.1 ROTHONT—-ZENLDECDRELEES T~

EOM OEZICHZERFENEREL, IVERTIUCATT TS Pump HONT—%2Z{LEE3IET,
I THDOIND—BAL(C LB ERES T MesHRIUE. 5.6 [TRILIC, ROTHONDT—%Z{LE
BIBRORLERES T ME-0.40 kHZ/mW Thole. IVRDARANTORY THOINT—FESF(F KK
BREHOT 10%UATTHS.

a4

3
':::' 2
= T 1
£ — |
7]
)
€0
=
o
ol !

Power shift = -0.40kHz/mW
-2
-3
2.5 3 3.5 4 4.5 5 5.5 6 6.5 7

Pump power (mW)

3.5.1 AVREEML—H-0OR>THNT-2 Tk
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3.5.2 AVRCIIADEANZEILICLDELDERES T~

IVRCIHROENZEACICEDECBEIRERS TNEE NS ITRER. IVREIIOI-IRI(>H
—REZZSEILETUIROENZ LREE, TOBROENSIMNERBALDE-MES
WSEHILE. A-ILRIA > H—RENMSHRARIREINADIRE

3512.830

log(P) = — —2.013 x log(T) + 18.37971

4.1.1)
([CRED1Z[99]. B 3.52 (GRILIIC, DWRICHIFZIAVELIADE SIS TMNE-2.1 kHz/Pa THD,
TIRE D DARENE(ERECRIEEDT 0.2 PaFZETHD, XWIEIIEIKENSTRE(F 0.26 kHz T
3.

Frequency (kHz)
o)

-12} Slope:-2.1 kHz / Pa

2 3 4 5 6 7 8
lodine pressure (Pa)

352 AVRTZEEL-Y-OEHSTH
353 IS—E50ATYMEEZRILICEDEUDEIRKELS T

Modulation transfer 937¢(&, ATy IV-DIS—ESZEUSEIEETHIEVSIFISNHIN, 73
HRATELS RAM PEJLIEAO /A XREMNRERET, I5—ESCATEYNEENIELS.
K42 OFEALLY-REIEE, I5-ES0ATY  MRAEIIBZMA TS, €IT, I5—1E
BSOATZY NEEZZELE BT BROBIRES I M K EIRE O LEDE - MESHBEFMLZ. Y—R
B8 TRAEIDIATTYMEEIESE(E 0.5 mV BELHETFEIN, WEIIEEESINER 4 kHz
THhd.
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Frequency (kHz)
o

Slope: -8.1 kHz / mV

6 4 2 0 2 4 e
Servo electronics offset (mV)
(353 IS—E50ATYNEEZENCHFET DEIRES T~

3.5.4 ROT-TO-THDIRT AR NMZEDEUDERERS T b

EOM D#EZERICEREINIZ PBS ZEINT CETROTHDABEENDTMNCELSE, TOBRCHRET
ZERES IMNEEHRILE. 212U, Modulation transfer (S5 HEREASTRIFHNN THETO—T
HDT 54X MREIBEN THZ(TRHEME - ADOKEN RS —EU TVIRHEREL TS,
HEABIDNZIZATIA AT NMCEBEEESTINE 152 kHz/ |mrad[Tdd. —AT, HEABOIZT5A X
> MCEBEEES T NS 5.16 kHz/|mrad| Tdrd. WINOSBOERELS I N IFRENHS. SHIE
(CBVWTRET DR THOIRTFA X NMIKERIEEDT 0.1 mrad FRE TH .

(@) Vertical

30
= 25 E
i 20 Shift slope = 15.2 kHz/ | mrad |
&
£15
E 10
g
g ° I

5

-1.2 -1 -0.8 -0.6 -04 -0.2 0 0.2 0.4 0.6 0.8 1 1.2
Angle (mrad)

(b) Horizontal

Shift slope = 5.16 kHz/|mrad|

Frequency shift (kHz)
N B O NWLAUON®

-1.2 -1 0.8 -0.6 -04 -0.2 0 0.2 0.4 0.6 0.8 1 1.2
Angle (mrad)

3.54 IKOTHETO-THD, (fEAME (bFEAEDOIAT A A NCELDEIREES T
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3.5.5 AVERCIIARFHEICEIDEUSEIREARHENS

AVRCIAOAFEYN, BEIRES TIN5 EIIENFBNTUVDS. KRR ICFERENZEIL
(FEMIHCTIVRZFASINTSD, AEHDICHZRET EIRES T MIEE/NELN (<S5 kHZ)[100]
Ctx, BA—AVRCNEZRWVEIVREZTEL NdYAG L—H—0iExd BEREG TR EMSEE DL
EER(CTHESELLL.

CCECORIREA NS Hiiz FEHIiEREEK 3.5.1 [CLHT.

+351 REAENSCREIZ—E

Effect Frequency Frequency Parameter
sensitivity uncertainty uncertainty
Pressure shift -2.1 kHz/Pa < 0.4 kHz <0.2 Pa
Power shift -0.40 kHz/mW < 0.26 kHz <10%
Servo electronics -8.1 kHz/mV <4 kHz <0.5mV
offset
Alignment of the
pump beams
-vertical- 15.2 kHz/mrad <1.5kHz <0.1 mrad
-horizontal- 5.16 kHz/mrad <0.52 kHz <0.1 mrad
Cell impurity 5 kHz

3.6 EE3BOFEELD

BERFINERVIAVRCIVEAHAER AR ZAVERY TSI -3HDO—FETHS Modulation
transfer DYWZFAVT, I/ X0BNEEEERL - - 1-)OIVRETEILEERMUL. #F
IBOAIBRLEERSNBHIIEDD, FATIHZR[48]ICHLTRYTS-J—{E8D SNR H—H#1Ek
ZU, R(36)32-0 D a; H'5 a5 FTCORTOBMMIBES D OBRICEKRINLEZ. e, IVHRE
LY -07UEERECERICH—HIREL, REHAOBERET 4.1x101 ([CEBEUE.
800 LU LT, DARTREINZINWA-JOTFLANIUCERELTVWREEZANS. EIADT7S>
BRAEREGHENR GPS-DO 91 LN-2 RE E5LDERIFTHD, COFVRETEILL-H->X
T AFHEREFILOS BN EIREBUEER AR 2 RICA B ABEIL R fE ThaEHIFIN 3.

AAFRICRE I BATRFHR

Junia Nomura, Kazumichi Yoshii, Yusuke Hisai, and Feng-Lei Hong, "Precision spectroscopy and

frequency stabilization using coin-sized laser modules," J. Opt. Soc. Am. B 36, 631-637 (2019).
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648 BINEFERL-T-EZ1-I0/\1JVy REDK
D

8 35T, CLmodule ZFIAUIIAVRLECL —F—DRERICOVWTERLIZ. —ATINDIVE
LZECL—T—HEREN | MHz £+ RENT, Je—LOAEMEVZHITSRADEH
FlRENS. FIZ(E, RIEBHEZIBELLE S IPBEICEAREETHD. EH(CEDEOIAR
T, ZOL—Y-327 LAZRVWTIAVED FOBMMESEROIEX EIREGETRIR>, ZnzFIAL
IR HIASE E L ORENEMEINS, FTITHRFRERBEUIERNMESNL[98]. B3 ETIE,
RIBORERL—Y -2V MTS (CBVT, BRBLDOAREVERAEIRETAAEZERAZFIALT
Wz, N, L—H-BEOARINVHBERICAHAEZAY A R\ REIBENEERVEIICTZI28
THole. UNUERARBIRENIKEVBEICE, BERINCELD£L1 ROYA R RONTZOEEN
DHEREEEENLND, RyvTS5-I)—ES0OTOIORREARKOBHHIBE B AR ER
HECS. COMRN, FERUIDERD FORBMIIES RIEFS K D OFEXT B ENE 1A Z RIZE(C
FREBEREINTLB[101].

NZEES BI2DDFEREVTIE, RISHDOFETH/NBREERL - -2 1- L DOIRIEZIRAE
{EUIzDBIC, BRWEFARIEE CAARZAZMNI TRYIS - -2 HEEITITDENS 2 ERFEDH]
HINB THDEEZSNSD. BIUGITHORIRIBE, FEIRER[10210774/\—F551[103)%2/E
EEABZBRELTL— - DREIREMEZEAL, ZOESZELICIS—ESZ/ERL T —REfH
JBILTIEMEND. HHIREBEAMBOBINEELEE, REFAEORBILCED, IREIDOR
REDBRIBZEN XU GRERIF G ZIES I DENTIRETHD. EN—AT, IrAN-FHEHHME
FEOSVWTRGEZHAASNDEDETEB(CHBRREN, TN\ —18RTHDIDZEMT 1A A N
BEARETHD. SHERBABIZROEFSE, 97205 FSR ©° Q BLES(CEERRETHD. £
BRICEREE T —L > hIpA - O(SERRIRER, Jr4\—FiEstzFIRLE kHz fRL—5-0
ARIR L (Hz $)MNEMSNTLE[104-107]. —AT, 5EBLV(< 10 m)AINTOAT7AN-KDI74
N—TF5512FIFLIZ, MHz #K#RIE%ZE 9% DFB-DL OIEARIE(L(~ 15 kHz leve)BEREETN TV
3[108, 109].

B FBIgRE BV TR/ EERKL - -2 1- L OBIR M E 28I CTESHIMICLD
Rz ERst, MXTIVRDFORYTIS-IU-DHZFIBL T IAVREELEERT DB
i ZIRETTD. COLIR 2 DOERDEIRENFE%E I IEKREF B2 F Uz ) \A
Ty REIHEEERTS. DL ATV REIFIECNETIC 2 FlFREEESNTWS[110, 111]. 1 FIE
(& ULE £#R28/\D PDH lock (C&D Nd:YAG L —H—-DEHAEIRSRETEEZNEL, IVREEL
(C&D ULE HiRZZOFHISENMTIEAINE AOM OZREIRE EHIHT 2L TREANIRERER
ZEAEERLTVS[110]. DL\ TUy REIFHIORIBLZEME, AOM OF1FIVILIST
FReN3. 2 FIETE, IVREEILICED Nd:YAG LY -ORBERSZEILEZERULSZ
T, ULE H##x23A\D PDH lock #lfEHIZENNENTE AOM & EOM NIRRT CET, L—-HY—-SAFLD5E
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BRI Z EE#ELUZ. EOM ZBINTRIETIFIVIL O SMENRISNTB[108]. E5
SOSATIAITE, /\A Ty REIEE
(1). ULE HiRZBROBEZENCHNRI ZERERIT MeeiZET 3
(). L—Y—0iEdEKEEREIS
eHICOHFIAEETNTVS.
ZO—AT, SEFA FI7AN-FHetaBOTGB/NREEKRL - -ES1- L OFIREMS
#EVHIL CBELRHIEICLIRIBEERSE, ZO3XTIVEDFORYTS-I)-DHERMEL, T7
AN-FHeEEZEIVRLZTE(CHIET 2 2 ERRSOX RIS ERMET 5. CDLIR/\(TUYR
FlEzELR T 2B ERREDAERIFIEZB I AL - —(HUTEITIDE, (HEQR)THIZT
(). RvIS-JU-3HOESHERNESE, /Iy REIEERRIC LU CRIFLBEREZE
EEZEIANSREFEFTINTOREHIS TEM TS

4). PzT VLREHMHZRFZFAUI7AN-TH5TOERFIHICED, SETZEZHHEHIIREL
TERERD)I\A Ty REIENCEERTIEVA A F2VIL S (> 100 MHZ 2B 5 (ES9 3

(5). 2 DOFHIENCHIFZDHHFIBRDFAEREZEHCITD

SHERNEFENS.

4.1 TPAN-FE5eAVEE/NEL —Y -T2 1)L OBRERIB(L

4.1.1 EERtyhvT

EERREBEDIRNXZX 4.1.1 (RY. FIETHS CL module DFFEAARGRIAGEIET 2. IFEKME
L>XTHAF%ZTIX—RU, DM T IR H& SHG ez BEUIz. SEDAFRICHVT, IR ZAER
NEET BN TFAN—FEEEPD DIGERFDRZET, CL module DFIRAZEMNELDE
HEASINCIRO TV, I T, LYARYTE-LR%Z 173 BEHIL, RDFEEHIET3IdDZE
RIBDN 7MY —F—ZBBaE e, KTAYL -5 2 BR(IERTBLI(C, BEDEERTE 3 )
EALTLS. HWP & PBS ORYT IR % 2 DEIL, HWP OBETHIkbZHHETS. —FHD
J6(& AR coated FC/APC Non PM SMF NfEESENIOEAIERABBEND. £5—FHAD(E AR
coated FC/APC Non PM SMF NfEEEINDBICTrAN-TF55tAEBNS. RO/ \yFI1-Ro—T
UE, IR XOT7AN\—EENRZERBIL T 2EZF—FBICGERESINTLS.

412 [IRY MI AT Al 50:50 hT5—, Jr57—-35—x2, JPA)\—AOM, iBfll Non PM
SMF THERENTWS. AN¥%E 50:50 hT5—THBkEE, —H%2SBX, 65— H%ESHLL
TRWS. SBAETrFI7-I5—TR}N % 90 EREREETREIL, 50:50 HT5—TE5(C 2 ik
3. E8XETPA/\—AOM TRIEES I NSRBIz D5 T757 —35—TRA% 90 EREREET,
50:50 HT5—TEH(C 2 DiFEE3. FGNF [EEE:WF197)NMSDES (30MHz) % RF Amp(Mini
circuit: ZFL1-2)TIBIRSBES 2T, J71/\—AOM %ZEREILTWE. FTILINRIBRL THDBIE
&, EENDZIZEIEESINEE 60 MHz Thd. CORRRT(E, 50:50 HT5—0HR-MD
S(EAER R DEABBALETAORTHIEHEN, E-MSED SNR (FREICRATH?.
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ZODfzsb MZI EERXD, Non PM SMF THERENIZ 7 )\ —Fi55t T THMmIEI> M —5— (A
ETH.

YRS AF7 LM% 4.1.3 (ORY. PD MESDZMEESDES/(TJ—(3-33 dBm, SNR (& 30
dB FETHD, /M XJO7FSay NES TRESINTLS. PD NoDF{SES(E, BPF & RF Amp
TES/NT—%IEIESE, DBM(Mini-Circuit: ZAD-3) CAAEMKEE 3. MAEIRKOSBREES
(Z FG @ CH2 MDD FIES 2from ZFIHLTVS. DBM TEKENIIT—{E5 %Y —MEIFRICA
Ho, HEMESZEERNKTS. BULHIEHESFEVED Bias-T EIE8%1EU T DFB DL (ORI TETHR
FRIE{CZIERK TS, CL module DYFHEELT, L—H-FIRNALZETHD, FIRIEENRIITS
DFB-DL BFENETRECFENIEE(CEEVV(EREYE : <0.2mA). WRIC, THETEBNCHRIZAERK
HZH (RUTM0RS!) (LD, REAFIEIZRIRIS2LETERN L. 22T, EBVFIEHES%Z
10 dB (FERRSETREIL MI—5-2BUL INVFIRFAIRTET, REAHIHZERSETOS.

L-Nd:YAG laser [CEZFE{LENS OFC EDE—MES% SA TEIRILIZ. BIDOZEBRICT OFC OFRIE
(F 1 kHz FEE THAENEZZSNTHD, E—-MESORIEN 1 kHz ZEBX TL\35HE(E CL module
DIRIBEEZBNS.

FC/PC FC/PC
MI baeenanne .
AR coated E
FC/APC Measurement E
system .

AR coated
FC/APC

Servo
system

4.1.1 BHREFEIHOEERERE EFER) .
TRERIITRINE, FRAREEIIRYE, BAREI7AN\-EChR, RiREERESEIREZRT.
CL module: Compact laser module, DM: Dichroic mirror, ISO: Optical isolator,

HWP: Half wave plate, PBS: Polarization beam splitter, MI: Michelson interferometer.
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PZT
controller
FC/APC PZT .

50:50
coupler

A \ | J FC/APC

[ ... Servo a @
PD = system Amp 1850 Non PM SMF
‘!‘ fAOM
4.1.2 JFEEFERHEIHOERERIRINR (M1 88) . EBRET7AN-OHR, SREIERESERZ R

9. FM: Faraday mirror, AOMI: Acousto-optic modulator, PZT: Piezoelectric transducer, FG:
Function generator, Amp: Amplifier, PD: Photodetector.

e SA
H Current
: controller [ “FF [
y Bias-T
—»{ PD ->- - ]-b Splitter =
{ ¥ DBM =««»] DFB DL [—>
f HY :.._,l . ‘|___ Temperature § .
For AOM 1 4_A_(2h_'1_ - faom Attenuators > controller » Peltier

413 PESIEHMORRERE (Y-RSATLM) . BEEIAN-ER, SRIEAE

SHc#RZ7R9. PD: Photodetector, BPF: Bandpass filter, Amp: Amplifier, SA: Spectrum analyzer,
FG: Function generator, DBM: Double balanced mixer, LPF: Lowpass filter, DFB DL: Distributed
feedback diode laser.

4.1.2 PHRmE{bOsE b

MI O AOM & FM ORSICHEA 3 Z3EN non-PM SMF % 5 m 9DZ1batE, FARIEHIEID relock
% 7 B _EEDRUTHRIBZAIEL, MRIE(LICHI2HRIEE MI OB R EOBEGEABULIS
R%ZEX 414 (RY. BE, non-PM SMF ODZENE Sm (F, MI DEZERRICEIE 10 m ([C7R3.
EEREEN 12 mH'5 42 m ORER T, #RIEETFT 9 kHZz BETHD, BERETTERICAN
DEEEREFERENZHIOL. —AT, BERE 2 m [CBIF2HREFIFT 17 kHz EB{EU.
BERRRMEBOCET, BIRSMEORERSAIOBRE MR HEEZSND. I,
52 m BA_EOMEIET(E 10 kHz RTHEOFRIENMESNZ—HT, FARBIENITNZEREEIZRIIAR
WEEEREN. CCTORTERFERIE(E, FIEHNICHINZINHIVEIRIENSETD, FIRIE
(LD BN ROV IRA > MRS REDIRRZIET. TN\ —FHtOFvITFr—L>SH
CL module DRERDIRIEZIAICBI THITHNREECRSD, HIWIHIEHOELETHZ MI HIIEPRIE
DFREZZIBREDFRNEZEZSND. EEEEN 62 m ZBITAIECHWVTIE, FH5HzFECE
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ATBIENTERNOLI, 62 m UTORIEERERIRIBNRLS. E0HT FICFRLTOEL
B, FERROARLZEREENRE, SHICRIBEE(LL TUKTEZEEELE. SHICEERRZ 100 m
HAFTREMIDE, B 4.1.5 (RIELIIC CL module HMERARIELEN T ICRIRERNTOVIRA> b
(CRELSNBERFHEERENTT.

25

o
)
1

[a—
N
]

Linewidth (kHz)
=

pidg!

N
1

0

0 10 20 30 40 50 60 70
Imbalance path length (m)

4.14 EBEEBELIFAN-TFHEINETELSNE
CL module D#RIEE DRBER.

49 1 1.6MHz

—I I «—

Relatve intensity (dB)

35 37 39 41 43 45 47
Frequency (MHz)

4.1.5 BERE 102 m OO I7A I\ —TFHENTE/LSN
CL module OYEARI ML (RBW: 300 kHz, VBW: 10 kHz) .
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4.1.6 [TRILDIC, OFC EDE—MEHRADREAIRC 99:1 DBENTS—%IEAL, 99%%E
—MEHZRA, 1%ZERESIAAGEEE. RRZERU D DIMRIR(CZEMIT 2/ THD. IIT,
DTS5 —%FT(HRAUBROBEL A EARIB CIC R F T REEICOWTHESR I 1, W58 AR
& TIHRIBHIED relock Z 10 [EHEDIRL, SBIEMRIBOFIIREREZE LU TLERURL. &R
EUT, HWT5—-BADREIMERSINBHID, LGOS TORIETEINTS—%IBmALTVS.

99:1
coupler OFC

wavemeter

4.1.6 EERSTBIUCNTF-ZEBIUIBEDERK. OFC: Optical frequency comb.

DE(C, CL module MFEFRZIVIRD FORIGRCEESEIIROIRIBRZRIEL, HERIREOR
R FFHZHERUL. #ERELT, CL module DFIRERZE B (CLIIEIRIRLDBLIIFEREN R
hofz. 2N, CL module TRIRAIGEMEROERMIKICEVT, 10 kHz ZEDOEIRIE LA E]
BECHRLZRUTVS.

WELOFZEZEETDICD, TrAN\N—TFHetZ2iRERB(CEEULDZAT, ENSINRTZIHEYILZ
TULAERCHALUR. AEEEIRIVFIRT, EAROHMICERMTES - MEBLTWS. &I,
RESAREPHEET I AERIBIBRORSTREELT, BORAEINZITNS. 5L, TrAN
—FHETO—AOFEIRZIER T DI71/\—D—8F, BEARBIC(E AOM & FM OREIDT7A/\—D—5B
#9 25 mm)DEBEZ I7A N\ —ANWI-TRIEF, PZT LEBL TV, BECET7IINAF1 MeFIRL
. I7AN=-OXREBDETLRETFAIN=U=)L51 NMESHFENTVS. V=31 D ECEFY -2
AA—HDAAYFT—=TTRERIEINTWS. BEEEVIVZZIAEARDRIECE 4 HFr+1 HNFRDIIHZENT
W3. 4 BPREICOWT, 2 WERICEDPAN=0R%05 %, £ 2 MFER(CIEFEKIFIED BNC IRI5—
ZEWDMITVS. JrA /=095 —(E MI ASH/HEIR—NTHS. BNC IRV5—(&, PZT BFENS
BR—be AOM EFEMESR—ITHZ. 1 HPHAICIE, BHZKIIFED Dsub(9 Pin)IRI49—%ZEID{T
(FTWVW3. IBESENRIVFIRFEREMESDXEL, Y—IAY—DIRFUEZAITE S 2IcHDR— ~THh3.
FZI2U, J7AN=03%99—3BAKMIETERV. Fie, EAROSEEHIHOIMA 4 NFROXIN
D55 1 hMTHEATHED, INSOFZETERZRAN AT REIEEEN®DDEZEELTHL.

MI ZERICF AU EC LB AR EHITHIADR ERTERUIZECD, ERTAILLZKIRRER
TRCE (FHEERENBhofe. — AT, RIBEHHORBZEGZERETTAELECS, A
BIETHEERMEVNRASNZ. EATARORERREN 4.1.7 ()T, #9 10 42T 200 MHz 12
EOREES TMECTWSEEDIC, R IRARDBIFEMRELRES T RNz, RIN1)
BB OILKED—H%R 4.1.7 (b)ITRT. ZD—AT, K 4.1.7 )ITRIEARTABDAEER
TIEIEE S TN EREENZLLDIC, BFENRMIOMEREINR. BRETOFRRR/IND R
fE(E 10 MHz TH3H, T—YEUSEFIC(E | MHz LAIVTEEERENS. F357(a)(b) LD/ 1 9(FRTR
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$ET(I~14 MHz)TKREETDDf

7L

4+HE

THIFRENTLDDOTIFRS, # 16 MHz PR TRES 2I7(/N

—FHETOBHEDVIRA > M CL module DYEEIRENEIRICERIZL TWVSIElZ, HILEDE—h
EREGEHAITHERL TWS. CORNAFERZFREUEEY, BREREHIEOD 1 51> zEdlre

S(CERE(CRETD.

—
0
~

Frequency (THz)

(c)

28200032
28200030
282.00028
28200026
28200024
28200022
28200020
28200018
28200016
28200014
28200012

Frequency (THz)

Time (min)
14 MHz
p—
L 10 120 130 140 150 200 10 0 0 fmn)
Time (min)
28200082
—_
E 28200031
[
=
S\ aaaaaaaa
=
2
=
&
ST
bl
[+
28200028

Time (min)

X 4.1.7 BERBCRORNBBIRELZEE. Tnen
(EAREAR, O)R/\AIEBDDILKE, (o) EAFAROKRRETTORIERR.

DE(C, HHE MIAEDE T (CEDFTARINFIZRFZEMEESET, MI OXRESIEHZEMUIER
DIAFIEE CL module YRR DIFH2MHERLL. RIAEBMEOBR TRIBOSNE RSN N
ofz. T, BEHIHOBELRNRAT - THIECHKRTZIEHERIND. RAZTEMHRIE
ERO—BIZE 4.1.8 (RT. 1 KA _ECHIDESRIBENMMERFEN 2 FNR TEMINS. Ol
ETEEIEZIRITNE 20 MHz THD, MI OEEN 10 mK FBE THIEHENTWSZE(RD. 2
U, CORIEERITNAEGAERBF P EREDIZAEBBDERTFICLDZ L OEE NG

AN THL.
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2200032

2200031

2200030

1200029

Frequency (THz)

28200028

13 [0 33 (3] 035 03 835 iy Bis 058 855 10

Time (min)

4.1.8 SmAHIEIBFOBRERIBLHEIAEID 1 KRS (CHI 2 REASHFHER

4.19 (L, —EORIFETEVREING CL module EXFEREALDE-MES%ZRT. (a)ldTU—
SUBRFOERI CL module DFRIEZLSHT. (b)IIHIRIB(LEFOE - MESTHZN, ARINUIE
(& ESA ODFREETHIPREINTUVS. FRIBZAITE T BI28CES(C ESA DFEFEEZZEEUIIHEDRITE
FERZ(C)ITRY. INTOMRIEAE FRIER/Z 400 ms (GRELTHD, COFHAICHVTHRIE
6 kHz ToHofe. HRIOYNIRIEERZ, BREO-LOYERICLZTvT>IiERERT. Y-
MO TBURIT 2128, SA ORFREEZEBULAIERER () (Hitdh : x50 L) (Hitdh : #RA2)
([RY. BRI CHIEOHIEESzE Y — R\ TS Ri&EEofcéc?, 750 kHz Tiholz. SEHER
Ule Y —REIEOHIEIFIEEERAT 10 MHz F2ETHD, TrAN\-FFHtNTEUZEERHE(CH
KIBIERERRL 4.1.1 (LTRIESDH) 8 MHz THD. I RHESEIOIEIRIE/LHIHOHITE
wiEk(E, U—REECIPAN-TFFTOEERBSY, TEXEREES O SNR BETREENTL
BEHERIEINS.
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—~10  RBW: 300 kHz frep
@ VBW: 10 kHz

‘920 .

S 30

E- fbeat frep = fbeat
2_40 B 2 MHz

__m

&2-50 -

0 10 20 30 40 50
Frequency (MHz)

Cc
( )-10 © 1 —
5o | RBW: 300kHz frep 0.9 —T;}“mg
- VBW: 10 kHz 08 - casurement
%—30 b 207 4 RBW: 1 kHz
2 fbeat frep T fbeat g VBW: 100 Hz
Z-40 A 206 1 ~6kHz
£ 505 —
2907 £04
Z =R
260 A ~ 03
Q
= 70 0.2
’ 0.1
-80 T T T T O
0 10 20 30 40 50 3.68 3.7 3.72 3.74
Frequency (MHz) Frequency (MHz)
(), ©
%gy,: iokll‘{HZ RBW: 10 kHz
~ : 1 kHz !
%_50 _ > 08 VBW: 1 kHz
S ‘5
z s
%—60 1 k= 0.6 A
g o
E 2
£-70 A £ 04 -
= S
K [~
80 0.2 1 1.5 MHz
-1
90 0 T e T
5 7 9 1 13 3 7 9 1

Frequency (MHz) Frequency (MHz)

4.1.9 CL module EXBEREOLEDE-MES.
(a) TV-32DFE, OIEFREEEMUISE, (o) JIRIRILEEOILARE
(b) O—LYEETOIYTAITER, (d)(e)IH—RI>TOBIERERZRY.

LAIgOIRTORIETIE MIZEKRICERL, ‘mESIEZELTVNS. &, &R TIPAN-F5
SHEEDASIITz PZT NESPELILIes, 1EESNII A\ -8B CEIMRL TRtEL, BIERRICEIUF
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NETHrIZIX PZT ZEELE. COVFEDORIE THIRIB(E ORI ERRCERREIHERSNZHOL
e, TORGEEEIERIIERZTD.

42 )\ ATy REIFEZRDOBRFE

42.1 T7AN-HBRIIFRDHROFHFE

ARRFTIE, 2 BEOIVEREDER HBEIVFEDLR, MIIIVEDHR) ZFAVTVS. i
EB(IBOAITI N —TEHRTHIALTHD, SHG F% non-PM SMF TIRiXI2ENDD. &BE
(IAMAFTLTHIZLTHIALTHD, SHG YZBHEEMBTRELTWS. FVRDHRERYTS-TY
—DHO—FETHD MTS ZFIALTVWS. DHFEOFMEE 3 FCTERdREnNTLaiey, B
93.

4.2.1 [C SHG EDXEROERXNRZ/RI. HBIAVFRDIERIC SHG HZAGFIILHIC, =
5—3 MEIEBREL > X2 BV THARKE(APC/FC)N' AR I—F4>4ENJ non-PM SMF(2 m)\A
BUle. 20, 3 FEFED non-PM SMF(5 m, 1m, 0.5 m)Z#EHEUTHBIVEDYERA SHG
ZIRELUTVS. CDEE, MTS {E50 SNR ([CAEREFEINAZEMEMERENZ. OFC & CL
module EDE—MES(CERRORFBIAZEMNRLEL TV, SHG H2HBIVREDILERN
(GIRTRERPETAREEGNEUREEZZONBATHS. [ERFEEEFNM SRR TRAICELS
RN ROLEFUIL.

AR coated FC/APC

lodine spectrometer

CL
module

DM FC/APC FC/APC FC/APC

42.1 IpAN-HBRIIVRDFHZRNAD SHG HXEXR.
TRERITRINSE, FERE0IRN, BRI T7AN\—AeiFa =T,

CL module: Compact laser module, DM: Dichroic mirror, AR: Anti reflection.

1 420 DM TERELENBHOMI IR FENIEEKEL > X TR EIL TEDFEL T CL module (CASTL
JeEFRBU, AU S5— 3 ZIART DM (CEELUE. DM D IR J&/SHG D BELE(EHLE 20 dB
THD, HERSIUR IR & 120 dB IREIDEHAFEIND. ECANCOZEE THRREIFIEDRE G
RSN ofe. IR BB TEUIEDOZZELEZISNN, 71V —5—-DE#% 2 Bh5 3
ERITIBWUIN, IEAEMREFRERENIRNoL.

DF(C, SHG HNVINHLDOAFEEPGE TRETLTRERDAELT CLmodule (CABUEFREL, T7
AN—$EGEb D ERUE. 9, ’4.22 ()DESDATIF non-PM SMF D FIHEE/ (T —X—4—
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THYTUIIREET, ARSI E R ThdezERU. 423 D(a)lcI5—E8%A>0X]
—TTREVEERE, OICI7AN\-T55T0OZEES D ESA TOEBAKERZ, (o)[IERE(L
CL module ¢FREIEEIALEDE-MES%ZRT. EMEIEERICE, I7—(ESEXEDERERE
20mV EEETHD, PD ZEESD SNR (F30dB FZE THole. DEICX 422 (i)DEHBD, HFAL
2274 N=D350WINh (HBWNFEL) DIREREZHERIZD, REIDINTOFHMA
non-PM SMF(1 m, 2 m, 5 m)%2 AJJF non-PM SMF EEEHERUE. 958, RO 2 FEFEOHfx
F3 non-PM SMF Z3EU RS TALZEMNMELE. K 423 O(d)CIS—{ES2AIOXT-TT
BIEUVRREZ, (e)CIrAN\—TFH5t0ZEES D ESA TOERIKERAZ, (HITIEFRIE{E CL
module EXBEREALEDE-MES%ZRY. BIEEERIC, I5—(ESEBXDIRERZEL 34 mV
BETHD, ZOBED PD 2SS0 SNR (£ 15 dB IZE THolE. FL(ORREAREZEMEEL, EME
IEEISEEMERBIINMEFLCEIENIR TR FZRIAL TS, CORBRNSIEFIRII—EBCHIT
BDREIHN, T7AN—FRTOFEETIIN T BELLOFENRENONDN, N EORFEIEREE
UMk, MRz I 35S, DRVWBIZE 10~100 m)F kA non-PM SMF NAE (TR
BIHTHD.

RECRENMFEUIEES, TR CCEBREZRET 2RI DERZERUL.
422 (iii)M&L3(C, non-PM SMF D ABIAPC IRIF)EIND—RA—H—% FC/PC T7HTH—Ti&#x
U, BAXEITUR. COLE, SERIBSITEINNDSRVIRSREMERUL. e, iRz
(FTARRE TRIRDIREZITOE, HIHNRIRT CLzMERLIE. K423 D(g)lcI5—{E8%AS0OX
JI-TTRIEUCERZ, WITAN\-TFHEt0OZEESD ESA TOBRLERZ, ()IIERIE(L
CL module EFEEEEOALEDE-MESHERY. COEE, IS—E5EBXDEEREIL 62 mV I
ETHD, T0BFD PD Z{SESD SNR (X 10 dB FETHolz. Ffe, XEREOLLOE-MES
NTER(COIN TUEARBECBO>TVIERFNRTEMND. SEETIC, FC/APC 75 T5-%=FIFAL
Za(CE, CORSKREHESREINRNOEL.

B EOFERNS, HBEDHFN SHG e AFUBROFIEAZ EMHORERELT, FEIUILY
> EELSD W EIHEIEFER D ORGSOV TNIHRE TEUILREDFE(SHG )Y, CL module D
EARIREIEC B 2 R EUTOBIENMFEINZ. B2 TR 4.2.4 (RI L3(C SHG HDT71)(—
DYV RISRIZCATAYL—9—(37 dB)EIEALR. FERELT, BHIES SNR LE-MES
OREARZEENFRHENT.
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(i) (ii) (iii)
AR coated FC/APC AR coated FC/APC AR coated FC/APC

—g- —g —g-

Power Power

FC/APC Lmster FCAPC FC/APCLISST | poapc —Lmeter
1m/2m/5m FC/PC

Power

X 422 FERIBEFHAZESDOABERR. HRARERIRYE, BREAT7N-ELRzRT.
AR: Anti reflection.

=
i §

-
-
-
=
| | |
.
" ———

1
LTS

-

423 PHRIGHIHALZESHORERER —&. IHRETERERED()IS—ES, (b)PDZME
B8, EREEHALLDE-MES. HREHHIAZERDWA)IS—ES, (e)PD ZEES,
(OEEREALLDE-MES. HRIBHIHRIRFD()IS—ES, (hPD ZEES, ()EAK
HALEDE-MESZENEIURY.
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AR coated FC/APC

Todine spectrometer

Servo system

CL
module

PZT

DM FC/APC FC/APC FC/APC

424 PAYL—A—EAED SHG JEOXSIEFRAERK. TRERIITRING, FRREDIERYE, =
WRIET7AN LR, =AREESESECHRZRI. CL module: Compact laser module, DM:

Dichroic mirror, ISO: Optical isolator, AR: Anti reflection, PZT: Piezoelectric transducer.

422 AVFERDNEREF AU \A Ty R4

I\ TV REIEIOFNEIO-%EK] 4.2.5 (7RT. £I, CL module DRIREKEZIVRD FOIR
IHRCEDES. D&, TPAN-THetzRVIRIRIEFIEZEMRTS. O, ERIBCEE
B (CRTIEOVIRA > M ERBHEZ EIbENS. DF(C, PZT BREEEA2E Bt CRiaiE0Y
IRAVN (BLUOLELEINTZ CL module DFEENEER) %#1F5IL, IR FOBMIMEIEERT
ZBUATZ. REIC, BURIENIBRHIEER D ZAVTI7/N\-F5et2IVRTENTS. 3
DREZFEICE, PZT RSA/)\—%TUT PZT BRENEEZ Y — NI 2L TIERMENS.

Ffa

¥

CL module®OFIRE K ZIIERSD
FORIGRICEDED

]

T7AN—F551 2 UOERERIE
(i

y
PZTERENEBEZEBIET
TEHIABIE R DR S D

T7A N —TF351 2 RUVVEBRARIE
ZEN

]

BT

425 )Ty RENEOFIEIO-
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I\ TV REIEIENT CL module & OFC OE—MESZERENTIF-TRIEL, ETOFERNS
CL module DEIRHMZEEZHMIEUL. #EREVT, K 4.2.6 DIIRFERNESNC. BHIFEE
BEfE 10 ms)DEIEEZTEEL 2x101 ERIFTHHB0OD, EEFEIZEEL TV EEREN
WEINBL. NBEZRCBVWTTFHARHHENECTVDIEZBIRL TS, SHG FEDIRIX(C
non-PM SMF ZFIFALTHED, IJ7AN\-HNTORAZENDILESZRBNICE(LSE, IVRE
EtzBLEETVRERRDNE. 22T, J\AJUyREIFEIF(C non-PM SMF ZDIMNIESL, B
BEEAELR. K427 (RIEIC, TrANN-OERIMBIENICIE0 T/ \A Ty REIFEL —5—
OREIEES I M RAETZLaMERUL. HEIVRDARICHITZISHIR SHG KORAZEN
DABLVIVRLTECHIEICEREES I TVLHERIEN 3.

Date. 05/28/23 Time: 18,0843 Dalo Poinis 1ihey 209101 2091 Tou=1 le. 20230528180835.1v
FREQUENCY STABILITY
s 20230528160635.txt
- Sigma -
1.50e=1 |
1.04e-1 -
) 7.33e-12 |
o 6.93e—12
= 7.96e—12 |
> 7.54e—12
K. 6.00e—12 |-
= / 4.37e—12
& i 4.00e+00 6.72e—12
E
o NI S U S O TS S o
=
—‘5 .
<.
g
2 il i H H i H
10 2 107 2 100 2 10!
Averaging Time, EtE, Seconds

42.6 TPAN-HBEDAREERULER) 1Ty REHHORIREZ EE

15

A =>4

Beat frequency (kHz)

30
Time (s)

4.2.7 TrAN—(CFaEASE TRRISESUIBRICE U A Ty REIHIL — 5 - DEIREZE)
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EERZEOARL -3 OE=NS, INTOIFA N\ -DRERIFEIREE THOY), B 4.2.8
(CRIMIIIAVED R EBHRUL. BRGIHIEIORIR(ER 4.2.9 (RT. ERFBRK (LT
EETLARTHDARET D, Fz, RIRHD) ATUyREHHRODAEZR 4.2.10 (ORT. EERF
IEFSEFELERTHD, IE5HAMTS.

PBS

lodine cell
w8 | ]
EOM \J PBS
: = HWP
J74—
74
PZT

TUy)N—=5—

DM

4.2.8 MITIAVEDHFROBERK]. FREREFFRIE, FIREAIRYE, RREIEBEIESEREZR
9. CL module: compact laser module, DM: Dichroic mirror, ISO: Optical isolator, HWP: Halfwave
plate, PBS: Polarization beam splitter, AOM: Acousto-optic modulator, EOM: Electro-optic modulator,
PD: Photodetector, PZT: Piezoclectric transducer.

—»] PD -{-» BPF f=» Amp }

DBM
PZT

X2 ==l Servo === r==py PZT
controller

feom + fEom

For AOM 1 4

429 Y—RIATLAEBOEREAK. RiREETESHEHRZRI. PD: Photodetector, BPF:
Bandpass filter, Amp: Amplifier, DBM: Double balanced mixer, FG: Function generator, PZT:

Piezoelectric transducer.

91



Ry Se1"vo +--®< ------ FG

Fast : Y 2faom Aluminum box
. Slow; | PDI : faom
' 50:50 * Copper baseplate
§ i || \coupler .| AOMI LM
5 | FM = PZT
i : a
i Temperature e !
controller | peltier device © N YAGT
i S DM HWP PBS : : ~
b ) [l Servo
DFB p| SOA ~ PPLN WG 1] -»> IR h
! 112 dB . Counter E
i Bias-T CL module 38 dB * sl OFC ___E i
: S L SA :
i|  Current — PBS lodine cell :
1 controller | H N PH)eITl]ﬁm | PD2 ’g}
HWP Pump  Peltier device PBS DBM;
AOM2 || EOM FG

4.3.10 J\ ATV REHEIZROPAR. FRERETRINE, FRIREOIRYE, RIERESIRER
9. DFB: Distributed-feedback diode laser, SOA: Semiconductor optical amplifier, PPLN WG:
Periodically poled lithium niobate waveguide, CL module: Compact laser module, DM: Dichroic
mirror, [SO: Optical isolator, HWP: Half-wave plate, PBS: Polarization beam splitter, AOM: Acousto-
optical modulator, FM: Faraday rotator mirror, PZT: Piezoelectric transducer, PD: Photodetector, FG:
Function generator, DBM: Double-balanced mixer, EOM: Electro-optical modulator, Nd:YAG/I,:
Iodine-stabilized Nd:YAG laser, OFC: Optical frequency comb, SA: Spectrum analyzer.

AVERDFOMTSE50O—HIELT, P(35)32-0 D ay B3%E 4.2.11 (LRI, SNR (38, IRUX
FRIB(E 670 kHz THD. ORIFETERULZ LPF OhyMATRELIEEE 300 Hz THd. IEERIBED
FIET, IRIGRIEN I —HIIEINTVS. MTS E5H5FRISNZEHRARBREZERE
1.6x10"" at 10ms THD. SBCIOBFESATLZANT, P(35)32-0 D aj-a ODETOBMIHES
BahEualENz. UBEORIETE, &=E SNR OKRER 0, KD 2FIFHTS.
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1

< <

wn o (%]
] ] ]

Relative intensity

-1

-1.5 05 05 15
Frequency (MHZ2)

42.11 $4FIE(L CL module ZAAWCERRISNZADED FORY TSI -3¢

4.2.12 (I)\ATUy REIFEIZNTZ CL module & OFC OE—MES%EOTYRIA LRLKE NS
—THELER. =ML 10ms THD, NIFRELIEEND>A—-DRIERFR THD. &EHEL T 2000
s L EORAGIEHNERENE. COEREBAWVT, CL module ORI TZEELIHMAILE. 20
FEREX 4.2.13 OFTOYNIRY . BHAOEIREZEE(CDVTIE, 9.8x10"2at 10 ms THH, H
BREFMERFEERT 1Nt BRICEVFIEIERIENNCEERVREL T, SBICCORERE
TZEEF, K 4.3.11 [CRENFEIRFROIRINERIRE SNR NSBEHENFRIBEESHER—ELT
B, AREBEZEENMDIHROFETRESNTVWIILFASHTHD. FHAORERIZEED
WTIE, 10 s<1<100 s DFEITIE 140 BINBIM, EB(C 100 s <t <200 s DFEIE TIIEIREZ EE
BRI IRFHNRTEND. DIERATIOREBEBOARERH SN IVED LRATFETD
ZtRUTWS. COREEUTIE, Pump B LU Probe HDNT—LZEMELDHFRAD RAM H
EZ5N%. AHAFROER (TRNHE/\(TUyREIFHINOEIR) M5 BIzs, S5RZDHROME
HECRE(EERBURN O, E5(C 400 s <t DRAIT(E, BEIRMTZEENBUNRELIBDD. N,
SEIFEZREDETHIADEIRBZ BN FIILENBLICER TS, S5ICEREEIENMCK
PEAEHMBZEEDNE, )\ 1Ty REIEINIVRDHROIVYH—HERFACELEL TLRWNIE
ZRU TV, IEBEREZEEIET, SHRZERBTEER_ LNMRIAFNG. SEFTIC, Y
—3>0 CL module DV I AREREZRIRT, PHRIEFIEEFD CL module DV IAREREZ TR
HRTRY. RBNNEBENTVEAOERBREZEEN 2 BN TVS. — AT, WINORIERS
RCBVWTHIRIEZE), FHOREZECHERIIEIEE NI NZETRIOBIRSZEENE
{EI2RFEMREINTVS. &, £ 3 BEOAERKRZSEIOVNT, AHAFRCHIIDAERART
53 Er I7AN-1L\ORIEHEZEEDEEBE BWIRTRT .
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15

10

foeat — faverage (kHz)
fan)

-5
-10
_1 5 T T T T 1
0 500 1000 1500 2000
Time (s)

4.2.12 J\A Ty RHIFHIENTZ CL module EAREIEEIADE — MESOREZED

1078
freerun

107 4
=]
= |
8 10-10 - fiber-interferometer-
2 stabilization
<
<
= 1011 Todine
g 1 stabilization
=
w
8 10712 + \
<

10713 A s

S~ hybrid lock
Measurement limit ~~._
]_(]_14 T T T T
0.01 0.1 1 10 100 1000

Average time (s)

42.13 V-32(B8), HEEt OF) , BELP/\ ATV REHEIEIFD CL module D7 I AZHER
Z=. B/0YNIFREEZBL TORVIAVREELLDBE (BB 3EDHER) #/rY.

4.3.3 )\ Ty REIEIEN T8/ B 38R — B — D@ X S R E A

DEIC, /ATy RFIEIENT CL module BN EIREOBIRMEEMERUL. AIETE 2 BREIC
DIED 13 BIO relock ZARMEL, &EIT 1000 U EORAIEZEMUEZ. &'— MEFREIE 0.01 #2TH
3. B 4214 (L&, )\ ATV REIFEIZNTE CL module DYEEKRED 13 BERIEDFIHEE, ZDE
[Bl(CH13% CL module DIEXIEIREEDEDE, BIERENEZRLTWS. SBIEARENS(E, A
ET—INSstEEINISERORVEERREICHSIIZ VIV IEEREZFIALTVS. COBIRMR
BRICHBVT, /ATy REIFEIZNTZ CL module DFEEEIDFIIEL 564 011 175 767.2 (0.7) kHz
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EEtEENZ. LEIODNONOATRI I -TFCHNT, ERDIE(1-kHz & ECDL)ED R TRIE
SNz R(35)32-0 a2 DFEXTEIRER(E 564 011 175 773 (6) kHz [112]THD, ZDZEIHI 5 kHz T
%. AVRD TFORIGRECIATRFYIOFZET 5 kHz ORFENSHERESNTUB[100]CEZIEE
Z3E, 2 DOBIEFERIAHENSOEFEA T—EU TV\DEHRT ENBIFETHD.

(8]

foeat — faverage (kHz)

'3 T T T T T T T T T T T T T
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Number

42.14 J\ATVyROVIOBIR iRt ERIE R

4.4 FH

12 m OYATIVI> TPAN—-TF551E VD FORYT S5-I -3¢ 2L, CL module M)\
ATy REIEZEIRUZ. RO\ Ty REIEIEERRD, (HIRNEROBRIBLDEIRBENAAZOL
—H— (WU TIRIESIEZBEAL, QEeMnXxERAZR2FBEC, BSrsnizrZIFiI—4
—ZNUCRIRSARISRZEHEIVRETECTIBRICED, RIFRRYT S5-I (TRUERIE:
670 kHz, SNR: 38)CEIRENLZTEE (6.8x10ZIEBUI. IRIRIB(LIFD CL module DFRIEE 6
kHz (CBRZELTHD, /\ATUyRHIFE CL module O#ENT B EETAIE SCITIAFR OISR EAFENSA
T—HU, SVBRENERINE. 2O/ ATV RGIFHIS AT ASBEDHOHRST, FEIREE
EMEBIE—L Y ANEREINZ TS T 0NBEADESNEIRE TH D LHAFINS.

AAFCEI T BAFTFHER

Junia Nomura, Daisuke Akamatsu, and Feng-Lei Hong, "Linewidth narrowing and frequency

stabilization of a coin-sized laser module," Opt. Continuum 2, 2552-2560 (2023)
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F£5EF NER YL RFL-Y-HHIREORFE

AYTIETLRF(Yb)E,

(). 2 DOIFR(FEIRIBEOREIRRMEREHFD,

(2). BEERREBOBFEREN —BHEIINRETN 2 EF)THH, ERREEFIHHZOFEE
220,

(3). 7 EEOEERTERMIANFITIS,

(4). BREERATHENMSIERIMBIRKCITEL TS,

REDFFBZFFOIZ-IRIEFTHD. WIS, FAEFIFET[12, 16 - 21W°EF>21L—23>[29]%

IRsHEUTAR 2 RERRYIIBOATCHIEEINS. X TCAETHE, S FIFTHCLZFE/RE S

J, BAEZHEEIILHICRERERNIBIRCHDNIRE 10 ARE |1 25EE (R I3

HOEFEMT Y -0FIRB11RE, HED Yb [RFICETATRISSHAFRDODEIANELNDZR

BTVW3. WINODISHARICOWVWTE, ERMEOBRICEL - 5iREZ2BHANEH I Z20E

n&h, NEUEPEREEE N, BEt, BEEBOESS, BEmt (LAEFTEINSZHIRL

TNBUYBEFRT D) NORATLAREAEREINS. Yb BEFOL—H—SHICHNT, /INEUbzREE(C

FRIERELT, FIREUATO3 mzZEF3. ()IEEEBOEE, 2)LQ)EETEEIPDIRE CH

3.

Q). L=Y-BHoresic, sHDORNEEREZELL —F-NRETHS.

Q). ERENTINERICHUTURS, SHEREFE-LZEFIZHIC 450 CIEEETINRTS
HEHHD. RERIFOBMEBEOIELLT, KeFBUSHEKS)EFIRATZIENZ.
[RFE-LAENKRERIZE, A(vF2ANTHLIRFE-LZESIZETC 1| KEEEOUA
— LAVYTNEBRSEEHE.

(3). MOT DERICHEBRBHZDENTVINIERBIEFICHEATKRE, JMIOBEEEINKEVE
&, MOT JMSHULTEKBIENNETHS.
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6s7s 1S,

1077 nmx
3.3 MHz
\ 5d6s 3Dy
6s6p 1P, — 5d6s 3D,
770 nm 5d6s *D; z
(5.9 MHz) 1388 nm
6s6p °P,
6s6p 3P, f
6s6p 2P, f /
Zeeman cooling, 2d_MOT §04 fim
1°-MOT, 556 nm S0 IcHz
and Imaging 181 kHz
399 nm 28 MHz 507 nm
11 mHz
6s% 1S,
5.1.1. Yb [RFOIRIF -4
+x 5.1.1 Yb R FORAMATFELLERIE[113]
GIEIVEZS [EMAALE BAE>
168yp 0.123(3) 0
170yp 2.982(39) 0
171yp 14.09(14) 12
172yp 21.68(13) 0
173yp 16.103(63) 52
174yp 32.026(80) 0
176yp 12.996(83) 0

Yb [RFD 1S, — P BRCEER: 399 nm, BAIE: 29 MHz)(E, WHMER Yb R FERZEKTS
fz® 1 RSECHEENZFB/AEEBR THS. COBBEERABIASZVD, MRLL-H
— BV EITICENFIRETHS.

BERORYT5—J) -3 ESHRAORIRSZEL - -BFOLITHIR T, E((C3 B8R
OL—Y=-AFANFIBENTERZ. 1 DB, EE 798 nm O Ti:Sapphire L—H—& SHG JF %
ZFALUL - -2 XTLATHB[114]. Ti:Sapphire L —H—(3EREIRSIEBENLE /D -H
REWVN, Ti:Sapphire L—H—HNKEITHD, FIC SHG HERNDEICRDIDTEERRNKEYLT
3RmNH3. 2 DE(E, K& 798 nm @ ECDL & SHG f&S@zFALEL Y-S XFLATHD. —
A7 ECDL O F3/XD—(F 100 mW AT THD, BALL—T—SHCHBERNDT 2SI,
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ERESEOT-/N\-T>T#AVSIENALIRS [115]. B(CSHG AERNMREICRZDT,
(FNEERRMEMCRDRANDSD. 3 DBIFEE 399 nm OL—H—X%ZEHHEI IS ECDL Th
D, ECDL NM5(FEBI(C 20 mW REDHDNT-NME5N218, Yo RFOHOEIKREZEL
(CBRND—ZEHZHIRIEETHB[116]. —FH THEER 798 nm 1 399 nm O ECDL (L —H—15
HCHBIRAND-DEENRVD, FARBACLZAIBEINREERSB[117, 118].

FATHRTRHVSNEDATFEGEK 2 BETHS. 1 DB, KRO-hY—R3>T(Hollow-
cathode lamp : HCL)H® Yb [RFZAWVRyTS5-JU—DHTHB[111, 112]. HCL (FNENDE
iTHD, WMEICLDBRCBVEEED Yb [RF2E5NDEVSFIRNHS. —FHT, HCL (CF
ASNIAEF 3 FEDERICLDEIRES TMEIEE SN2 RENHD. COBEEMR(CLZE
RES TNE 10 MHz F2EEIRESESINTULS[112]. 2 DBI(E, BEZEEENT Yb BRFE-AICHULT
BEICL-Y-Z2BHPIIHADNEEFANITDIDINETHI[111, 116]. CODKEFRFA—-T A
BZEREFZVNELTDID, RENKENDOEMICRIERRNGD—HT, BZERTHIHE
(L BEIREES T MR SN A F mh'eD.

F5.12 15y — P EBOME(113LNER)

E= 15, — 1P,
BEER A 398.9 nm
AL —b y 18x107 /s
Fon =1/ 5.6 ns
BRIE T=y/2n 29 MHz
Ry TS5 —RE Tp=hk/2kp 690 pK
Recoil [RFURE T, = (h/k)?/mkg 0.71uK
N Iyqe = mhe /3273 58 mW/ cm?

Yb RFDOEKEFER TEIERRVZH(~102 Torr), REFREZEHAULEZEFv /N85

(RFA-TUEFEND) BB\ Re—5—%EBEHIT 700 K BEFTINHIIETEST/TZ
=6, BElR Yb ZRESETSUME Yo RFE-LZERL, EREZEEBANIIC Yo RTFERZMIET
3. —HMIRIEFA-T>TEI 100 W IREOBHZHEETZN, COBEEBENOKREDEERE
[RFCRKABOZERZNET ZE(FIAIND. COLSMBEE IR I 2RO AL R
RIBIeh, 2D Yb [RFA-TUCEKGHABNEENDZENS . EFTIE, BEEEREAICE
—A—ZBATBETFvoN-BERARK[P TCOMMEREREZMHELIEL, KIESHESDZER
93(10 W HRFMMNEREENTUVB[35]. Ffz, REFE-LZEYNCTIA—IIBHICEY/I0+v
ESV—PEEIRTF1-THRETHD, URUIERINMEMILTS. COLIREEETOERDEMSE
ZREFBIDC, THAR Y —ZRFHRREL TR AUARAFTRBIEMUDDHD. ARO>FIA(SHER
FREATA ARG —ZRAVEZREN TOHELEDENRIRIN, RFROIZVIRENRIE
E5NTVB[120]. &2, Yb [RFZEAILTAARIY—ZAVZ BEC ORIENMRESNTLB[121,
122]. BEC OERDSD, TAARIHY-—NSDRTFHREZ 180 mW OL—H—HZFWT 2D MOT
(CEDIBIEL, SBICHIDF v\ —RANEIELIZDBIC 3 D MOT & BEC ZERLTWS. [RFE-LA
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ZRIRSETHS MOT ZEMK I DBEDFELLLEUT, DL 2 BEFED MOT LDSEH 785
RI-HEeRD, NBUEZEFIRIZIERERD. SBICTAARIY—PHHENRFE-LADGF
HR AR SAM (R EE SN TLRL.

BZEREO/NEELEBEEOBmEmELTE, RFE-LOMBNRGENFERLLTHIAZINS
Zeeman Slower ZFLEL, L—Y—ZEREFE—-ACHBAGITIDHTE—LZDI MRS S5
F[123]%°, THEHE —LREZERMURVEAFTHI[3710HDEICAIN THL.

SEF L, TlRE Yo L-Y—SEIEEORIMECOT, SERAL—Y-SAFTLELT, Yb
HCL AAD Yb [RF D RYIS5-JU—-BHAESZBVEIRSZE/CKER 399 nm B398 ECDL
ZBIFRU. SHISEARBEBE[117, 118][C&D, L—T—SEC+DsHBE- LB HEESUL.
Fre, BFYOINESARTA AR Y —[12412[ R FHREREVTIRAL, Z=REEnIRE(CERETaN
MOT JMIVZVERRL, TERICEERTNENDORMERZESROBEERE#ZNET-BEUL. Eh(CZ
SOERBZAHFENE LY —1SEREBEZFARL, "Yb OMKIEF MNYIEEKLUZ. T1ARY
Y—hBOREFE-LADTFVIRE MOT RIRFEZAEL, L—T—mElREEL TOMREZINEREL
TEHMmLL.

5.1 Hollow cathode lamp ZFLVZ 399 nm ZE{LL —H— DR

FRFL-—HY-5ETE, BRBOXRETRSEBRE(SEITEEE 399 nm O 1S, — 1P,8H) (X
LTHOINCEIREN BREN L — Y - - L2 R FARE I 20BN HSD. 22T, HEER399nm D
YexBEET SIS Littrow B2 ECDL 2LV HCL A Yb [RFD 1S, — P, BBORYI5-J)—5
Y&, EBRICERSEEINE, MERICLEAIDN\I N ERSZEL - - DR E =ML
IZ.

5.1.1 Modulation transfer 93 %2 D&KL

BRI ZEEILL— - OEEBREBOERKZX 5.1.1 ((RT. BAJETHS ECDLEIEEL: f)
NSO ETFEFEARE THDED, FFENIWITIXLRTTE-LERL, ZRMB7A(YL—5—(C
ABI93. 7MYL—F—DHEHE % HWP1 £ PBSI T 2 DICH3EET 3. PBS1 OKRETH:(E HCL D
Yb R FODHRVEREZE(CICFIFAT3. PBS1 OFEBA(E HWP3 & PBS4 THU 2 DICIEE
ENTV%. REIAZEABBBOENFRLLT, Ei@N2REFE-LAOFEREDTO-THELT
FIET%. cNo:FFERT 3.

HWP2 & PBS2 ZFHVTL—H—E—L% 2 BB, REPERD T, S8 ET0-T3 el
THIRT2. RoTHETO-THOTFHzkI228H, AOMI ZRAWVWTRY THORERKE%E-130
MHz(-1 JRAABZ)STREEBTWS. Ez, ROTHAABZERZSZ3HICFIFALTLS EOM O
ZHAREIREEIE 21.4 MHz THD. A THETO-TH(E HCL NT, BEREDEIOATH@EEH,
BIAIIRAINGIYEZITD. Yo IR FZIFRERIROEBELUUIRERECEOT, ROTHOYA RN
RABZHR)E TO-THABITEES. PBS3 ZAVTELHENZIO-JH(E PD TRHU, 20
ESZECL-—Y-DOEEEEENZITD. I5—E5(E DAQ ZAVTaixd 3. Tz, I7—E5
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DBERENE I~ RSB EL Y- DR S E AT 3 ERHEV\E TV PIF1T-5—0
RSAN-AEBND. BROBETRALESCRY THE fon EFSTNEREIBEE, ROTH
Framp)E TO=TH(forope) DEEEE— LB, EFORIBERE o ELEILL —F— 0
R, OBIR(,

Frrom = foump + forobe _ —f 4 fAOM
wom 2 - (5.1.1)
fi = fatom + 65 MHz (5.1.2)
LS.
mamophic o [Gier [
PBS4 HWP3 PBS1 ISO Prism Pair
Iniecii / I:I I: — ECDL }assssinf PZT driver|«
njection :
Locking 7/ HwP1 30dB :
-llllllllllll LO n PS DAQ :
CaHWP2 H 5 1_|4 MHZ"|_|: |_‘_|:
AOM1 H{ EOM
PBS/% Pump 4 Se-rvo
SMF \ :D I|®II||’ circuit
Probe  LJYb-HCL PBS3 DBM LPF

Wavemeter

5.1.1. ¥ER%UJc Modulation transfer 73 /ERDIRTEK]. 5RHERIFERINE, AIREIBERESAIRT
79 . ECDL: External cavity diode laser, ISO: Optical isolator, HWP: Half-wave plate, PBS:
Polarization beam splitter, SMF: Singl mode fiber, AOM: Acousto-optic modulator, EOM: Electro-
optic modulator, Yb-HCL: Ytterbium hollow-cathode lamp, PD: Photodetector, LO: Local oscillator,
PS: Phase shifter, DBM: Double balanced mixer, LPF: Low-pass filter, DAQ: Date acquisition system.

5.1.2 Modulation transfer {55 DELAIE BIRENZ EAL

PZT BRENEE(CZAZNNZ T ECDL ORENEEEHS1%Z1T0), Modulation transfer (S5 ZEURIUI.
HAIAYR Modulation transfer 8 ZRICRIEEDIC, AIEERZMHEZR 5.1.2 (TRT.
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7ty 172y}, 173y} (1°=7/2,3/2)
13Yb(F’=5/2)
>
= \ 7lYb(F*=3/2) 7%yp,
c 171 o
|5 Yb (F’=1/2)
=
)]
=
©
(0]
e Crossover
Linewidth: ~80 MHz Crossover
SIN ratio: ~29
Low-pass cut-off: 312 Hz
| I | [ |
-1000 -500 0 500 1000 1500
Relative frequency (MHz)

5.1.2 1§y — P, EBFD Modulation transfer {55

2 5.1.1 Modulation transfer 93D EERZAFOHEYE

Pump J¢H 5 2.9 mW
Probe Y& 0.34 pW
EOM Z IR ER 21.4 MHz
HCL &EBE 175V

KITRI LIS, °8Yb ZBRKERAMAD 15, — P BBOBLRICKIILE. ZIEL, B5niiE
O RYTF-J)—(ESEKBMMAREDOM ST E, BIEBOMENEIREETROSITAZR[114)%
SBUTERULE. 7Yb OWRIVIRIE(EH 80 MHz, SNR (& 29 TH3. Y*vb &
3Yp(F' = 7/2,3/2) , °Yb EYYb(F = 1/2) ORUGERIBHNEL>TERIINE. REELT
(FREBSOIRUERIEN, BMASITNILERTAREVHTHSD. £, °®Yb O Modulation
transfer ESHEVASNANOEDE, CORMAADFIELENEBD TINEVCENRE THZEE ZHN
%. EBRIC Yb-HCL ZRAWZRYTS—J—3 X0 TIATE[115, 116] [CBWLTH, *%Yb DIRUX
ES (RSN TLRL.

17%h IRIGENS RIEESNZEIREZEE(T2 x 10~ (FEERME 1| #)THD, FEIREEEES
FIIREIBE 150 kHz THd. FEIRETE(COIFFIERIE, HEICE 24 BRI ETHOLE.
BROBAIEN MHz A—4F-ThdtzBER3E, BIRBETEE FHREmECL—Y—5H0
EER((I T THREHMTEND. 25(C, LEROBEIRBTEEZEITHIT[115, 116]ELEETS.
HCL ZAWEIRBZEILL — T -0ORIEERETEEE, HEKNICEF1077~10" 1 I2E FEE KRR
1 ) THd. &z, KR 399 nm BEIRHMETELL —T—(BIRHETER: 1.1 x 10" FEERHE 1
)23V T HCL N Yb [RF O B EGEHRINEREEINTUB[115]. COAFHERELEERLT,
SEOREHMEZEILL —F-OZEEF—HIE. N, FATMHIRELEELTHYEHACFIA
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BIREIRYE/ND—DMEL, +7MES SNR ZFRITBRVCENREEEZEZSND. €I T ECDL OE—-L%
DHRICETEEL, BE Modulation transfer 7362 EMUL. BUAISNIEARINIVZR] 5.1.3 (C,
TDEEOREREMZRK 5.1.2 (ORI, BUAIRNEY*YD ORYTS-IV—ES(OVT, IRUERIEH
97 MHz T SN (& 190 T&Hofe. IS RIELASNIREIRBEZEE(F1.5 x 10”11 (FEERE 1 #)T
oD, FTEATHRFE[ISIERBETHD. L, COEREZM T CIEFIARBTERT LN KR
VRISEFRT 3.

Relative intensity

173Yb
(F’=5/2)

172yp,173Yb (F’=7/2,3/2)
171yp(F’=3/2)

4

|

Crossover

170yp,171yb (F’=1/2)

Crossover

I LI I LN I | I LI B I | I LI B I | I LI l LI B B | I LN D I | I

-1500  -1000 -500 0

500 1000 1500 2000

Frequency (MHz)

5.1.3 1Sy — P, EBBD Modulation transfer {55

Z= 5.1.2 Modulation transfer 93 YD EERSZAE

Pump Y& 5.1 mW
Probe Y& 7 0.7 uW
EOM ZZ3RELREZR 21.4 MHz

HCL &+ 180 V
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5.2 FARBZRAVIERSLZELL —T-0JIEEE Sy T EE- LD

¥

AYFILVEDLARFD 1st-MOT (CEFT, 5.1 (CTRHFUEEE 399 nm ZE/LL—HF—Dy¢igEmEn
WMEBTHD. TTTSEIFLL, FATHZ[117, 118]EFEHR(C, non-AR I—F1>JDFHEH#HETIL
FE—R LD % Slave Laser LU F ARBIERE(CL S Db AD.

521 BEIAL Y-S A7 LADOEE

BEHAL Y-S X7 AR %K 5.2.1 [RT. BIESEELL—Y-0XDO—8% PBS1 T
EOHUROSB(C, HWP3 & PBS4 TIBICE—L% 2 DIKTD. —HFERIBZRFE-LADRYTS
=)= HICFIBL, B —HORFNZFEAREOENELTHIATS. EE PBSS TRETE
N, HWP4 £J7557—-0-T—-49-%mB@EURE, EME-RMBLZ—HUETAL-TL - -
(NICHIA: NDV4B16AAETENS. AL —TJL—H—(HEBEIFIN, FEEHLIEOHICERIE
RFEENTWVR[117, 118]. AL—TL—H—-0FERK(COVTIE 5.2.3 TeFlziiND., AL-TL—-Y
—ORIWERD—DIENAI - - -DERA+DEIECEABEBANMRD, AL-JTL-Y-H>
INE-REIRTS. AL-JL-Y-0HE¥E HWP4 £J757—-0—-F7—49—%@@L, PBSS %
BuTEhEHEN3. Z20E-AULUY RUDILL D ART7ZBWGRKEEF CRMICRBLICER.ENE
M5, HWP5 & PBS6, HWP6 & PBS7 T 3 AICHB#ENS. PBS7 DiE @KL, AL-TL—-H-0
FIRE— R2iER 9 3128(C Fabry-Perot HHREF(CIXSNS. PBS6 DRETH(E MOT AHE—AICFIA
&N3. % AOM2 [CEDT-80 MHz EIREES T hERTZARIC, L ARTZAWVWTE-LRZH 9
mm ((HEKTD. LAUE—LlX HWP7 &£ PBSS, HWPS & PBS9, ZFW\T 3 DICOEEL, BZE
RBED MOT Fro/\—EAAETT 3.

—75C PBS7 DR ETA(FREFE— LA EL TAFT I iR — A(Longitudinal cooling beam)
([CAAW3. REIZ AOM3 (C&DT-200 MHz STREETEIC, LOAR7ZAVWTE-LR%H 3
mm [HEKTD. ILAURE—AEHWPY ZBEIBURE, FEFE-ACHLTHEUTAGEES.
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Lens Pair2 MOT B 3
H ; Longitudinal eam
AOMS3 Cooling Beam MOT Beam 2
PBS9
AOMZ 7 N Lens Pairt HVI_\IIPT HWP8

\( MOT Beam 1
MOT Beam 4 U U

7/ Anamorphic
namorpnic ppsg
PBS7 |PBS4 HWP3 HwpP1 _ISO Prism Pair

Rotator N AN 1 D«]M ECDL
7

/

Cylindrical =~
Lens Pair

PBS5 E
HWP4 CF

N A
f PBS1 30dB
=] N Frequency | .. :
Slave . stabilization [
LD
| FP
cavity
Nitrogen :
Gas
0sC Wavemeter
5.2.1 BEHAL-—T-—AFLAOERK]. BERREILEINNECDLES), BERIRIERIN A (Slave
LD D), fREESUSSHCHRZRI. ECDL: External cavity diode laser, ISO: Optical isolator,

HWP: Half-wave plate, PBS: Polarization beam splitter, SMF: Singl mode fiber, LD: Laser diode,
AOM: Acousto-optic modulator, FP cavity: Fabry Perot cavity, OSC: Oscilloscope.

5.2.2 Slave L—HY—nDFE%&E

AT TEEEHSIYILFE—R LD(NICHIA: NDV4B16)% slave LD EUTERY%. LD OE—-4
RE(E 401 nm, /UT—(E 300 mW(I=207 mA, T=25°C)T&D, IHEIC AR I—F1>J(FHEENTL
R0\, Slave LD ZFW\W\D—TERHT 21HICIEFBEREZEIZ2ENDD. SEEFRIE
MRFAN=(ERK 200 mA HAOTHD. —ARHICIE LD OEFRMBEN EH2ERIRERN SRS,
SME, YAF-L—H—(F Yb OHISEKZEI(A~398.9 nm) TREILENTLS8, slave LD DFHR
ERZB(IZENDD. TITHRATHFERHKC, LD ORENEEZE 0°CUTICTFIF TR REREF
UIIARETRERZ1TD. BEAR T CHERCRILEENREL, INlE LD MENIIRRICRS.
T THEBOREZHCIDIC, LD ERNZERCTRIEBEULOATEGRZZERL, BEZTIFTLK
WENDD. BARNREEFIEZUTICRY.

(1). Slave LD ZE{AD_EEBLAAIESD, EmICy ZdHS, BIEE 1/8-inch #YTTRUNEL]S. 20D
&, ZEWDfIIT3.

(2). Slave LD OEEECHREARE— 2 0%ZEDfH3. BRI B2L5(C, FERRUIL slave laser ZiE
93 L TIIRENERICEETHD. €T, AIHEUNOETOMBEICRIRHAEDS L
E— OB

(3). LDDEC#RZITD. LD, NIFIFEF, Y—IRADEARIE—NFT(9pin D D-sub)(cEEH TS,

(4). LD ZHEEEZRIFHDEE(CESIAH, RETERETD. CORJEEERIZHEATS. BED
TIRIVFIRFEIEETD. BECERUCOEBREBAINICTHD. BRIV FIRFZA
NBX3aI8EMNDD, BEFEEEHSIVISZERULBHOLL.
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(5). LD OREZRIZHICH—IR4% LD JARICEDDIz. Y—IXINEENMIHNZEZC
Iz, EBECEEERIIEERZERALL. RIVFISRTEY-SXIOERENBINITZETL
BERE N EFLONMKRBZEN DD, B TH-IRFEARILFIZRFDIEISROAFFTL
3. O, LD OREET—IRATEHAL TOWSREFINDINCERDLSEFRT 2.

(6). Slave LD /BB slave LD BE%1EET 3. RIFIRFOEEESEZIEE S BICHRENA
SN #ZEOTWS. Fe, BEAIGIRUARIVFIZZTFOHEAN LD EARICRDEZHSTE
B, ERCERORICIMEARE - IRBIIEE ATV, iz, LD AECEROBEMN
R3ZEEBRCDIC, BERARSEETE-IEERTHS.

(7). LD OEE%ESD, EEAEEFAETS. Master L—HF—-OE—-AIREABNERCTLT
JIKFERDT, Slave LD DE—LAEZNICEDES.

(8). LD EADEHOCYIYSEZED I, BE(CE, ERHANSHMEBOUIERIMNECIEEZ
FRAUE. 1BEBRHISERMTNRVELIIC, #iEZLONDEINENDS.

(9). LD BIEBED LEPICiETEZ R T IIDD > ST —F%fd115.

(10). EBARLE VBB S EE, slaveLD SREOIEEINSERNMERIIZEZHCTZS, ST TIRE%E
18y, BIONGIIVLAZMAIEICEES DI, CCETTEEINE Slave L-T-DEELKE
%X 523 [ORY.

(11).LD EAREEZDINCIBLTEHMZIED, ERZRULIAD. HIBEERNERCAOLST
ICEZT?.

(12).EZ7UIBESIC LD BEZ T3, SOlE-7°CETREZ TR, COBLERZRULGITES
ENEFFELL.

-
Nitrogen

A390TM-A
=4.6 mm, NA=0.53

Output Beam

5.2.2 SlaveLD OEE(L)CEARNIPORRK (). ARIOEREE—-IEIERORZMR.
523 JFARBAZAVCEH B

Master L—H'—% Slave LD ([CHY TSI UIBR®D, Slave LD O PI H—J%[X 5.2.3 (C>R9. LD D
BEENRE (L — 7°CTHD, Master L—H—H(FH) 5 mW T, Master L—H—(3 174Yb OIRUNFREICE
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BEEZESNTVS. BIEOBNCIERMEE 170 mA FEE(SGKEL THSHR L (CEZTIFTLR.
EREZZ(LEETOORIRD, Slave L—Y—0HIE—R(E FP HIREFTEZSI>TENTULS.
524 (C, slave L—Y—0HE—REI7IU-RO-HIREZTEZAUIUIAESZTRT. ()ETEAR
HADIMNIEAES, G)ETEARHANTERICHND, Slave LD HEE—F—REIRUBOES, (i)l
SEAREANNDDIAES, Slave LD E—ROKXEPINEISAETFNTLVIRFDESZENEIURT. HEE
—ROEZAUJ(ERUT FP HIRZ3D FSR (& 1.5 GHz [ElFE Td%. Injection Locking A2
TRAB(ETRER C/RENTZHEE(Single mode area) Tdhd. ZIEIFHDEIRIEL 0.5 mA THY, EEBO
RIFRIEHY 10 mA ThD. EIRIEZ 170 mA L ECTBE LD OFERNKERD, RIVFIRFICLD
SEEHIEMBVDONRADFITHNRETS. 20D, 170 mA ML ETIEHEARBEANMER TERHD
IZ.

180 — °
Single mode area (ii) ...d’/
—~ 170 < Master laser: 5 mW, : -
= SlaveL DREE: -7°C L ~., l,/- ’
E 160 N
g 150 .‘.-' (iii)
o -y’
S 140 - ..' .’ ,
g— (] .'f
.5 130 . 0.'. 10 mA
O o’
120 — o~
O"o..
‘. ®
IIIII|IIIIIIIII|IIII|IIII|IIII|IIII|IIII|IIII|II
110 120 130 140 150

Slave LD current (mA)

5.2.3 Master L—H—XEHy T IZETED Slave LDERENRE (L — 7°C)D PI h—T%RT.
SlavelLD ([CABIURRNZRA—L—H'=(E 5 mW T, BIREZELEINTULS.

()RIVFE— RFHR(I=144.09 mA)  (ii)Injection Locking(/=144.36 mA)  (jiiyT JLFE— RFEHR(I=145.02 mA)

1.0 1.0 1.0

FSR=1.6 GHz FSR=1.5 GHz

0.8

0.8 08

0.6+
0.4+

~ 5 06 d
5 €
1 2 2 04
5
0.2 g o024 02| n ‘
i .
0.0 ‘o il Y 0.0+ 0.0 & Wyeoled|
T T T T T T T T T T

T T
-0.5 0.0 05 1.0 15 -0.5 0.0 05 1.0 15 -0.5 0.0 0.5 1.0 15
Relative frequency Relative frequency Relative frequency

5.2.4 Master L—H'—=¥&hyv > )28z LT, Slave LD BEENERIEZZ/LSEBRD, slave
L—H -0t E— R IJ7JU-RO-HIREETEZAUIUIESZRT. () EABBMMEES.
(i) FFABHANTERLCHIND, Slave LD HME—E—RBIRUIROES. (i) FARENINDLA
&, Slave LD E—ROAZPDNBIZAEFN TLVRFDES. MtE—ROTEZHIJ({ERALEL FP HiR
250 FSR (& 1.5 GHz TH3.

Relative intensity
Relative intensity

Relative intensity
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PI 1—JOERTVS ZARIRDEENCDOWVT
SEARRZEREL T 2IBIEICHNT, Slave I/—U:\—(D%[@JE@/}M_‘E—%—F‘Jéc_t_cbb‘/IlnHﬂb‘
DPISIRVERRNFEEUE. COBACOVTERID. —NICEREZTIFTIKE, LD O
BREERD. HRACERMBEE T TCVE, ,JE%E(LD)U)J:U%H/E&QD‘EJUEC ®I3E, F
AFEN LD REBTHIBU CEARMBNNEREINS. HIBICHVEAIN LD RZEET DL, S1-
WRMCEDHIRERRNRULS. FAREANMDNDIERTIE, O 2 D(LD ERENEREEANKICLD
T1-BYEFRASET LD OHIRZFRZSEFIMILTVDRLICRS. 20—AT, EREZ LTS
BRICE LD OHREFR GRS, HACEREZ LIFTVE, HREZ(LD)OHISEIRENSEAN
E—ETRE, FEANN LD REFTHIETS. HIBICHWRETZIT1-)LEME LD HiksFRZ2 RS
I2AMECEKDT, SEAREAENILSEETRBEE LIFTE, BIZ0 LD HIRESERCBIET LN
TER.
EARERES(C, SlaveLD h'SDRAAEDMME F 3 2IRGKR(ICOVT
Slave L—H—ADA BT EIS (T
E, = E exp [i(kx — w,t)] (3.4.5)
TE&RNENS.—73T, Slave LD IHEI(BEIEH) CRIFSNENZAI—L —H - HDHEIGZ(E, o ) FAHT
RECLEARTARIARN 9N 3.
Eper = |Eref|exp [i(—kx — wit + 1)) (3.4.6)
SEABRBCLDE—E—REENTZ SlaveLD YEOXEIB(E,p)lE, ABIUYRI—L—H=HICHU
TAAENEROIRAE TRIRT 3.

Eip = |Eplexp [i(—kx — wqt + 2nm)] (3.4.6)
2 DOFHIAAEN 1 TNTVBDTITEHULE LN EES.
ETotal |ELD ref|exp [i(_kx - wlt)] (3-4-6)

NN, BIEAHNEECRB(ZE Slave LD DHINNEKRIREREE ZSNB.
SEA RO SE L D —IE0E - SIS RS N)

SYWERRULLERRRICEWTE, SEAFRAOF R EEDRELIERETE. TR
N3ERELTIEAE 3 DOERNMNZEFHNS.

(1). OYIRA> MEBET slave LD DEFENEFRIENRL T L, SEARBEANIINS.

(). slave LD ORENE(LT DL, PEDFEIREENSINGS. YAF—-L—H-DiFERE slave
LD OERiFIEE— REIREN D2 EIREOvFILOD) L ERNSE, 1>21023> 0y
Th9inN3.

(3). BERIRBLEBICZTERITIA A BN, master L—H—3D slave LD ADHY TSI ZHZEN
B HBVNEhYITU T HTRICIHND. CNICED, SEARRANIIMNS.

ZE(1)EeQ)ICHUTHULZISRICOWVWTEEIR I 3.

FIER()CDOWVWT, EERERICTOENLS(C, FARBRTERZILISER(CBRETHS. OY
i1 > REDBERMEZU L F2L09INERBDYILFE- REIRMEETUEY, AU TFRe0y
IHIMNTUED. B TEIRIED /A AZBHCIHIC, ERIRINEBIC LPF(hy MATEIKER 2 Hz)%ZER

107



DfFIFTz. TNICKD, Injection locking DRHGRFRINE D~ +DIEE (CCE2Nz. L, Z
N _EoRESEEERSNANOL.

IRICER(2)CDOWVWT, EERHY), FATHRICENET Slave LD OBFENRE%Z-7°CEFHTEUL.
Slave LD DFEIRHEE— ROE —IRER(Apear) EXAI—L—H—DIRR A, Z LB UBRIC, Apeart
I ZERBNGAEDFIBET, FARPIREBEFHRIDIAEENDD. EIT, Apear <
AmApear > Am) THIUL, slave LD MMEEZELT (BLT), dpeaZRCTD FECTD)TBEIL
ZEMUE. BB, ARETHREIZIERTEMHILFE-RAOKREIOI7I ZELAT 2 ENT
ERHofze, FIRAD A2 (Ocean optics: USB2000+)zF AL, 9, BIREZELEN:
Master L—H'—0DE— A%, JEEREIL > A%RWT SME ADY I ERTE. hyTUSdEniz/t0—
(F 10 yW(EREME) THD. SMF OHETHEFIUX— M FICREEES. HEEO—3bZ 37 25(ICER
DIAHEDARI NVEBLRILTE. DHEERICRUVEE AGT I 2L N EC TRIEIS %251 FHecl,
RIEM(CEDYEEBROMIEDRER CRZOTERTS. BURIE, SMF HEIR— NS YEEROEXTH
RABRMFRZEELRL. TN, DHBREAOATBECEL TUEBNIEILTZHTHD. K
(C, Slave LD E=A%ZRE—®O SMF AQvIU> &, SMF OHETAO—ERZD Y2/ CEDIAH, €
DOARI NV ZEBAILZ. —7 °CO slave LD ORKRIOT7 IV E A peqr < A, C&OIZ. BT, Slave
LD OREZ 0.05°CRIR TR L (C RS, 1,0 2RREAICSTINSERDS, FEARBONMD
H(EEEND-EIFEFME) 28 R0, &FRNC, LD SBE[F —3.75°CEFT LR, BE%Z
L FEETBRD Injection locking DZEALICDWVT, /NI —¢IFEEIFBIOEMSIRNS.

LD SBEN —3.75 cCORFD, BB PI HIRER] 5.2.5 (CRY. —7 °C(¥ 5.2.3)ICLERTHL
ERET LD ZBRENTE3LI(CRofe. LD ORRENRERMNEIIINY, BEIEREZ LR
SHT LD ORBREMENU TS, B RSAN-RURINFIZRFOARYIEEHEN TRE I
AJREICRDIeEEZAND. IRTEFCOIRESRMT LD ZEFELTHD, HAI(C(E 200 mW F2E(E
B 193 mA)DINT-HESNTVDS. tERIEAERRIC, FEARMAONNDEFEZN 10 mA fE
PRCEFEID. —ATHRITIHE[1ZEERD, HIRFEDERIETEE(140~160 mA)TIFEAR
HADODSRVERARELTHD, TOREREARATHS.

IRIATIX, Slave LD O/NT—(F
(1). BARRIAN-DOERABFEIERE(200 mA)

). BARTAN=DBRIVF IR FATREDERIEQR.07 AR FIRTFORKFSEMRQR.1A)
THIBEEN TV, (HIOVWTIEARERAIY M—5—(CZHINIELL. Slave LD (&, 350 mA F

TERZEMNMITIZENBIETHSD. QIOVTE, KERZHREDIRARTAN-RURIFIZEF

ZRATDN, T17INEORNFIRFEFIHAITIETHRENRAFNS.
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2230 _ ) 10 mA | Lo
% Ll L]
g .’
T 220 ST S
L] . ~
g . [ ] ®
L
& 210 ] o
é . * Single mode area
5200 Master laser: 2 mW,
o SlaveLDizfE: -3.5C
190 —
| I | | I
180 185 195 200

190
Current (mA)
5.2.5 NERO Slave L—Y—0 Pl BA¥R CEARIHAKS)

&5(C, LD OBFENREZ EREEICET, FARBAOR G E(CRIRREEmN RSN
FEABEINMININZERZ, BEFEIOENSERTS. K 52.6 (GRILIIC, Slave LD XU LD
BEEBRERINFIRFICLOTHHAEND), EONRAGRIFIRZFEENSEEHENZ(©D).
HEEMZ Slave LD BEEZEL TAKHRIUENZ(Q). BEEOFRNNBEOFFKDE, MAAL—
FEEEZIEL T slave LD EAICHRIUAH, ERAOZERZIMNETH(@). EANDEZRL Slave
LD KU LD /AEZIIETZ(D). RIVFIFRFRUY—ZAFE Slave LD LDBENAIE(CHD. €
O, BARSAN-(AABLTWSREHHHEEZAVTS, LD OREZE{LZHHLENT(C
LD OFIREIEENRITNTUES(®). FHCSEIFIEGERY LD ORFEENAES, PID i
ZNNFRERIRL TUESZHIC P FIHIDAHZEBNTNS. TOes, RERELERRD slave LD JRE
DOBICIFEBRENMFEITZLITERT . BEFEIRE)RUTINILD, LD At —REYRSY
—L—H-OFROENOVIL> D%BIZEFABEANINS. SO LD OFFENREN SR
Izizsh, ZERfEZ EIFT LD ORBAEMENLTE, RIVFIRFNESOBRENTEFELLERT
INKRRD. ZDIZY, BENMSERIDBEFAEN M), REINRG LD OREFIENNERINE,
HDIVWERE RUT MERENEOTEIRUNETFRITES. Fie, VR RSN -RURIFI
FRFDARYIEFEN TREFIFEINAIEEICARD, SRRRNREUICKKBO L HRLZE M@ L(CE
SLTuvseEnna.
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~NRIVF
e
st | @
—
'Sélé--b ®
C ]

5.2.6 LD QOHEEABABDHELZX]. LD: Laser diode.
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5.2.4 MOT L —H—E—AMOT beams)DFIF

MOT DEERCHBWNT, 6 AEINSAETTBL—H—E—AMOT Beams)DERK L HISERKEN
SOIMNC(ERBIMNICE, BRIEIER)AICRRASEIWENDD. L - T-AREZRFORIEE
EENS T BUIRRE TR T EIL T2 73EEL T,

(1). EFIUSEOSEF Yo-HCL)CMIL2EWTE - DEDREFIFTS

(2). Yo RFODHATESNZIST—ES(CEXEATLYIMDES

(3). B> D5— (BIZIE AOM) ZFIFL TEEIREZSINEES

FENFEIIENS. SEINLIC, —DdO/NERBENL—T-KRZVKONDORRCERICFIATS
BEIE, E-LZECHBESERLET, Q)R- -E-LDEKEZE AOM T IREEHZIEN
Z\\. Sl slave L—H—0y% 2 DOBH, IRNDEREFE—LDRIRE MOT (CFIFIT3128,
FENHERUE. U, 10~20 MHz OREVWZFREIEZTHIFARIEER AOM (FBREN TR
L. BT, EHO AOM ZRWCFREORIEE S IMNeERKIS. £9, 130 MHz TBFEIENS
AOM %ZFBU\T Modulation transfer 73762 EML, BUHIESNIES%ZE(C ECDL ZEKREEZELT
. SElCiNfLS(C, COBFD ECDL EREE Yo [RFOHISERELCTL T+65 MHz VR
AT INUTWS. COL—H-2RBVWTEABRRZITIE, slave LD OFIRRELKENE ECDL OFEiR
B E—E TS, COE-LZzDIELIzDS, 80 MHz TEREIENS AOM(Gooch and Housego:
AOM 3080-125)ZiBi@EE T-1 RAZEDHTE, B5N3E—LDERKEIE Yb R FOHIBRERKEL
(CXUT-15 MHz EFREENSTINUTWS. £z, AOM DOBERBIELIRE DAL FIvIL > 20
MHz F2ETHD, STNEOWFARENTIEETHD. —H%(C AOM DEHFAFIEKIFAGT L — LR
HDIREECAKIF I 2. SEIDEFRTIE, AOM QLRI 70%IZE THolz. £z, AOM ZED
AIBCHVTE, EWTED FFP ML 2 F(ERSNEN oLk,

MOT Z{TIBRICIERE — ADERZMEIFZILTDIZHC, ABE—L%Z+D(HEKITIHENDD.
SEINEFRFRT(E MOT beam OHYA X(TREAROEOR THIEEND. SEIIFE-LABER 10 mm
BEEZEFRELT, LOART(CLBE—-LILKRZ T, ERULELART(E £=-30 mm & =+300
mm Cd. BIEITEERUIEELIIC, FHE—AD NFP & FFP (FER>THD, AOM BEICLVARTD
— A ML DR EFBEUIBRCE, NEPONI—AARZEROIFFE - LNMER, JUX—FENBIRER
ZHEBUIZ. 2T, AOMMSBENTAIE, IRNOEE— LN FFP (CRBMIEICML > X ZREUL.
FERELT, E-L/NF—NARSEVAREZIRS DD MOT Beam % 0.74 mm H5 8 mm F2EFT
IEALTAIA=NUIE. 22U, BRARZEOE-LATOI745—0RANNEWs, IEAREOE—-LBE
FIBFRTHERLTVS. TLKEIO MOT E—AD FPP AIFEFERZK] 52.7 (ORY.

111



Intensity

X Cross Section

Position [mm]

5.2.7 MOT beam (HLARET)D FPP
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Intensity

3. P

Xmm] 4~ 0.1 T /4
~ /

06

Y Cross Section

Position [mm]




5.2.5 JHIRFAL —H'—E —A(Longitudinal cooling beam)DBHFE

Longitudinal cooling beam (&, [RFE—ACWHMEUTAGITIL—T-HKTHhd. MBASNRTF
E-LDREZZEISE, Longitudinal cooling beam (C[ETTHIKEZRED detuning 25220
Hd. TERDAFAEER AOM (& 200 MHz BFE)FH(Gooch and Housego: 3200-125)& 350 MHz
EFBVAO_TEXENSDS. £ITSEIE 200MHz BFEIA AOM ZRIET3LLLE. SORERERK
HOBERANVERIZE(L, AOM D double pass B ZEFRTH, Bk AOM ZEEA T NUILL\EHIMT
LUiehTHS. AOM DEHFZIERESERAK] 80%IZETHD, E—L/{F—2(E MOT beams EFERT
0.

Longitudinal cooling beam ({2, —A%MI(C(E Zeeman beam) D5RE(FESFIFEE LOKZTVEN W)
ETHD. TO—AHCE-LFRE/NETRE, WEE—-LEAEEERT 2(RIRBIEER)E T ENR-
TUFS. AERTEFRELLTARHVWST AU -0OEN 3 mm THhd. 2ITSEIFLOX
RP(f=-50 mm, f=+250 mm)ZFAV\TE—LAE% 0.56 mm M5 3 mm BEFTHLAUL. JEKEIO
Longitudinal cooling beam 0 FPP BIEFER%ZK 5.2.8 (ORI, LOARTVDECEIEICOWVTIE,
MOT beam ¢[EHERTHNERETS.

b
X[mm] 47

/
/4

~, 01t/

Y

Y Cross Section

‘osition [mam] Position [mm]

5.2.8 Longitudinal cooling beam(#LKXBT)D FPP

EARICAERR LT BEN Y FE RO ARRIZK] 5.2.9 [, MOT beam LU Longitudinal cooling
beam ERENERBIREEDREIREZEDRBFRZR] 5.2.10 (RY.
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HWP5  Applications Lens Pair2

Longitudinal MOT Beam 3
/] AOM3 %_B"Cooling Beam MOT Beam 2
Cylindrical ™ s
rens el 5 AOM2 7 v Lens Pa|r1 HWP7 HWPS
PBS5 ) & i MOT Beam 1
MOT Beam LI U Current |g....
HWP4 [ Anamorphlc PBS8  ={driver
PBS7 |PBS4HWP3 Hwp1 _1SO Prism Pair

Faraday _ E
Rotator\ N IZ [l |ZPB|:|81 D3;-C|-B ECDL |14 PZT driver 4-;
~ / i Rl s Lo e[ PS ||DAQ | E
=] == Y 2TaNMHz ;% :
Slave ] N LS aom1 { EoM |\
FP : L H
cavity ﬁ \Probe Yb-HCL PumlpZ DBM :LPF [Servo
- / N it
Nitrogen  : SMFs pass '(29 e |' ¥\ circui
Gas ¥
osc Wavemeter

X 529 SEHBNERESAOMER]. BERRIERINEECDL HH), BRREEIN A (Slave
LD 1), sfREERESEFERYT. HXFERDEN 45 cmx90 cm DT Ly RR—R EICUEST
HY, FEEUTEETHS. ECDL: External cavity diode laser, ISO: Optical isolator, HWP: Half-
wave plate, PBS: Polarization beam splitter, SMF: Singl mode fiber, AOM: Acousto-optic modulator,
EOM: Electro-optic modulator, Yb-HCL: Ytterbium hollow-cathode lamp, H. V.: High-voltage source ,
PD: Photodetector, LO: Local oscillator, PS: Phase shifter, DBM: Double balanced mixer, LPF: Low-
pass filter, DAQ: Date acquisition system, LD: Laser diode, FP cavity: Fabry Perot cavity, OSC:
Oscilloscope, MOT: Magneto-optical trap.

Lock point of the ->
frequency stabilization f

65 MHz
6s6p 1
BOMHz 200MHz
fatam
fatom —15 MHz fatom — 135 MHz
6s* 1SO MOT beams Longitudinal Cooling Beam

52.10 BE—-LDOHISEEENSD detuning
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5.3 TAARIY —ZRVWVR FHRIROBFEE ST

53.1 Yb TAARI Y —DEE

SEUERURTAARIY =X, AlfaVakuo f1E®D AS-Yb-0500-3F THD. TAARIY—AIILT
JISFESKFT 500 mg @ Yo EBNAFHAINTED, HHORA>OSUABRRCLDEHNETNTVS
[125]. EBREMIETTIARIY—%ZINBL, HEBANIETRFE-LZHEITS. KEERT
(&, TAARDY—(F 2 KOEBRIHF IV ICF70 74— RZJL—(SOLID SEALING
TECHNOLOGY. INC: FA11638-02)([CERDfFIITEATS. 2 KDinF(EEESEEZET AL (S
BmEINTHD, ZOIBEN—AKEZTA AR —DISVIRICHIATS. TAARY-EDFIFORRICE,
AIREETUIDARZFIATS. JAEDNET LOBERZUTICRY.

o HMEFEMRINZFIAL, T BERTEEHEL TV,

®  J(—RA—IHFHNESNMDT, IBERICHFNHNSBRVLIC, BREIRVNKHNDERELT
3.

o [EHFEICE M3 DEZAERIEHAL, HWIRHNLZEEZHRT SHCEEmATZ 2 DI
LORSTEDS.

o HEZEGRARLOBEZRITDI, JT1—RAL-IHFLIRFLIEHINTVWIEERL, BEZEXR
REED—EPMEARLBV\ELDICTS. 3D-CAD ZRVWTCABEANEEDIERAGRZERIICHERT
3.

ETENBEZRAVT, ITOFIET Yb T4 AR Y —%J4—RAL—InFICEFEL, E5(CT¢
—R2N—ZEBZEFION-([EHGUL. B8, FERE7ENmREINERStazERL, JA

L%, VIVZS—PETIEETZIZED IR ZIOSVENDD. J1—RA-tmTF, BE, 714X
ROY-OEEFEYIT>I-T120 SNz M3 OERJ(BEZRWUEE)ZFERLTVS. nld,
J4— RN —242ERIEBISE R0, RZEEEPCORETEZFIET2HTHD.

(). TAARY—RER(HEMIDIZARF, RIAN-27 N IBERARCNTD. TP
(FREBHARENSHMEDUL. FoREFEE 10 DIEETH.

(2). LRIEEEEZ EAIDT(— RV —imFCEDMITS. ROEZEOIEICRSBVELIC, 12D
REED EDEDT5 (HRUIAD.

(). TRIEEAEEZ TRIDT—RA—iHF(CEDMIFS. T4 ARG —0HORAIOE > 5RDERD
ZITARFTHROHTT, BEFERER 2 LiEHtd 3.

4. FRIEERER 1 71 AR Y —DinziEitd 3.

(5). 71— RA—IHFPLREEREDMEZRE{CLT, RINSRIEE(CTIARIY—NRBINTF
SOOHRINAIET LT S.

(6). T4—RAL—IHFERO-ZX=vT), BIC MOT FIoN-%ZHAHEDEZ. W@EE-LZIT5A
DIHO ICF70 E1—R— BT AR Y -OROEDZEREL, J1—RAL—AEPAOD-X
ZYINORBEZMAETS.
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@) Indium seal
Yb metal o

- a

10 cm

7% SN D \UCE
532 EEFRAREEZAVTI —RU-mFIECEEINTA AR -DEE. HRREER
DN EEZRT .

J1—RAN— AO—ZX=y T

g o
* B

5.3.3 FTAARIY-2E#IEHEEUIE 3D CAD

FA AN Y —
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5.32Yb TAARI Y —DT7I)FT4R=23>

FAARI S =DV IFAN=2 % BUTE. TAARIY—(CERZRUIZECD, 2A(0.3 V)TEIH
[CEZERENENDN 8x10* Pa FTEBEU. TAAR Y —0OROZD>SI LS —ILNEIFT,
HASNTOEZIVIDARERIATRURZENRRAEE ZBND. COEEZTITAN—232EY,
30 DA EEHEUE. X—H—HP[124|DECIR(CEDE, COVFELZRIR 10 DEITINENSD.

FTAAR S —DBERATIVARF1-OERIBEDI 76, X—H—HP[124]([CEE&HINT
W3. Yb RFA-T> QBB LERENRE (£ 400~600°CTHD, TNUIEIDERMEE 4~6 A
EETHZ(X 5.3.4 DEIF91(7T0yNOD=3 mm)). HIZ(E4.5A BRBIERT(E, TAARVY—R
E(& 675 K BELEZBND. EREZAEIDE, RFE-LOITFVIZANEREBRDT A AR Y
—NOREFNICICAHIBI DENDBIDTEFENNETHD. sHlRIZVIZEDFHEICOVTIE
ESUERSY

Alvasources Temperature vs Heating Current
| OD 2mm <O OD 3mm ( OD 6mm
1200 /
1000 _; ! AR - ! - ——
3 800 "
© P |
600
g
0 é 10 1|5 2ID 25
Heating Current [A]
534 TAARVY-BEROERIBRERFIEDT 5T[124]

(%IEIO)?“{Z/V*J—(J, OD=3 mm)
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5.33Yb [RFE—-LDOHEFEA

3.5.3 T-RI&LIIC, ECDL HMSDHED—EP% PBS4 TIREHULT, EFE-ACHULTEELS
O-JYEBEL, RvI5-IV-RENES%E COMS IATHLY PMT TEHUR., TR Y-
DEFBIETRMEIE 4.5 A T, JO-THNT—(F 0.2 mW (s=0.12 ((FHE)THolz. COMS hATImS2
BfkE PMT OZHAESZENTNK 53.6 LK 5.3.7 (ORT. K 5.3.7 (CRENRYIS-JV—E5
OHERMEE, BREABLLLRUTIASNCREV. cNE, RFE-LANEECEIUA-RaNn
THHT, FEBAIISURYTZ—LEMINEAESRICEENTVIHTHDIEEZISNDS. EIT
PMT TORMEES(CHULT, O-LYEBEEHIRABEDERRDIET THhd Voigt BEEITI1vT1>
J3%2LT, RFE-LOREAZEL I LzE AL, 2L, O-L2YEHBOEBERIEEE
IR THBI = 21 x 28.9 MHz ZARFEUL. &2, ESREICOVTIL—T—EIREITES | ORRAZ
ENFERESNIZIRIEOH (B 5.3.7 OFHREPSDY) ZT1vT1>2J(CRIFUR. #ERELT, HUXBIE
DHEEME(wg)l& 93.3 MHz Téolz. 4.5A BREIETRTIE, TIARY—RE[F 675 KTHD, &
DEEDRATERIRE (v,,,,)(d 311 /s THD. RFE-LDENDADHFEFIRG)ERYTS—>Th
(CEBARTMULENDZEERBLT

WG UmpSind
2 A (5.3.1)
TEREIN, SEIOHEFO = 60 mrad THOLL.

MOT coils
\\\
I ] \‘
Turbo
Molecular
Pump
lon Pump

Fluorescence

detection Beam ZI \ @ cUrrel:n
\ PBS4z| source

From ECDL
Injection \

Locking

Beam from ECDL
Beam from Yb atoms

Yb atomic Beam

53.5 Yb [RFE-LDENDHDIHDIFRAER. HRIELINEE, RIREBESUESEHR
%Z7~9. ECDL: External cavity diode laser, PBS: Polarization beam splitter, PMT: Photomultiplier
tube, MOT coils: Magneto-optical trap coils.
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53.6 BFE—ACTO-TWaYTBROENESZ
CMOS DAS TR LR T

1 70Yb

1.0 174
Yb n IB3Yb(F'=3/2,7/2)

- 112y}
= 0.8 1
S
£0.61
3 176
= Yb 171y 171y
= (F'=3/2) (F=1/2)
ks
[P]
(a7

1000 1500

—1000 -500 0 500
Relative frequency (MHz)
537 BFE-LHB0ORYTS—JU-3HTESNE
HES%Z PMT TREULEDEBRIES

RIIRFEEpt RHERE v, ZFAVTH(5.3.2) TERESND, E-LDIFVIRE(F)ZFHELLE.
[REFEBEpILREDTf (v ) LR FD L EMERp,  (v)Z2ERITDET, TN(5.3.3)TERINB[35].

F=pvpy (5.3.2)
o) -1
_ 1 Dior
p= V_ X Pmax X _Q_ X hﬂ)o X dvt f(vt)pee(vt)
int ph —o0
2 -1
_ Vi
L e | Beols (2 exp (=242
Vine . 77 Qpn " 20020 ) [k|v, )2 (5.3.3)
1+4( =+
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Vine[$T0-THERFE-LAOHEBE/EREIETHD, 4.4x10° m3 THD. P, ld 7Yb DEALES
FENT—=(131 nW), Q4o (IR FERESDIZAFA(8n/3), Qppld PMT (CAHTFTBEHILRDOIZIIAH
(0.089 sr), v.&o; (FENENREFE-LLCFETRABEORERFREFEDEE)EZDZEERE6
m/s)Z7~ 9. Mathematica [CKDETEDIER, "Yb DIFWIAIL 4.6x102s'em? THofe. F+5.1.1
(CZRUIZ '74Yb ORAIMAFTELE 2B BT DL, Y IRFDIZVIRFREL 1.4x108 s'lem? EEHEN
3. HABAR-NCHBIBRERFE-LAETO-THOEEERERL, ZBVT, BEfRFEHIDOE
FORAE(TO-L—BN)E,

2

T Lint)
N_Fx”( 2 (53.4)

TERIN3. SEIORIETIE, Lijy = 16.8mm THODT, BRENER 4.5 A (CHIFBIO0-L—ME
3.2x101 ¢! EBHENS. HAESHREOAERBRCHL TEKROFGTRICLDESNE, T1ARY
H-BRENERICI2I0—-L— MNBEHERZK] 53.8 (R, SEUERULETARIY—(CE 0.5
g D Yb BFHNEASNTVSI8, BEBIETR 4.5A (CBVTESHERBOT AR Y —Fan(E 1.7
FLEHEIN3.

40 x10"°

30 -
% "
o
S 20— .
=
o
LL ®

10 .

® ®

[ [ [ [ [ I [ [ I
37 38 39 40 41 42 43 44 45
Depenser current (A)

538 YbFAARYY—0IO—-L— MOBREEFARIFIE
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5.4 ERIEFEIYTICED Yo RFOL—H -5

1S, — P BN EBR AN AUSINFENSYTMOT)ICLD, T1AR Y-hsH TN
Yb [BF% mK A= —FTHEUDDZERIMIC NSV ST RTENTIRETHD. KRETIE MOT D%
LIRFE—LAD MOT SAIENSUN ST £ THIRNAS.

5.4.1 MOT RA7>FANILARIILY A OFIFE

Yb BRFOL =SBV THER z Bi/SBIOBISAES (dB,/d2)E, #30 G/em BLETH
BIENREZTNTWVS [76]. €ZT, 30 G/em DWIZHIACZIERN T DIEHICHERIMIIDEREL
B -BEN-BhEazE0r. 283 HOR2.8.13)BLU2.8.14) 2V TIM I REMEZIRETU
[HER, SEERETSNEEREB(SHULTER 54.1 (CRIFHF TERONXREWISAfRERES
oNdLEING. FTEENAIEICK I 2HIHOAREEZK 5.4.1 (ORI, TR 1 A HIZDO
BARE, 22 =6.6 Gem HDEL=33 Gem LRIEOAND. WXIC, BEABOHIBLR 30

dz dp

G/em ([CHERERMBEEFF 5 A THS.

5 5.4.1 WBOEROFTEICAWVI/SA-T—(ER 1A)

BZEDFEER 41 x 1077 H/m
THVFRC-Bggm R e EERE D 65 mm

JMILFER 45 mm

FHRERIRRESD) ¢ 1.3 mm

it mEEE 28 BF

R EEEE 16 8
BEAMOMIZAAC dB,/dz 6.6 G/cm
BRSPS LEC dB,/ dp -3.3 G/em
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(1)

30F e )
/ \\\
20F
~ C
<) 10 ’
E .
= [
L‘S L 1 h/ L A 1
= |-0.10 -0.05 e 0.05 0.10
2 7 E
& £7
- 3
-20F
\\-\\ ’/ -30F Slope 6.6 G/em @ 1 A
Relative distance from center (m)
(2)
s 20
P e ™ - Slope -3.3 G/em @ 1 A
10}
S
o
G
= 1 1 A - 1 A 1
g -0.10 -0.05 A 0.05 0.10
S ‘ ;
on
<
= L
=10}
N _
-20L S

Relative distance from center (m)

5.4.1 Mathematica ZFAWVZ, 7>FAILLRIVYIMINUCLDHIZLECDIZ1L -3 48R, (1)

BEAMOHSOTS7%2RY. BEARRBRERRMEOIEAREZRY. (HEMESROESDT 57%
Y. BARRANEOIEAMZRY .
J1)VERARDIETE

IRCETRIBOLRIRAEBRMENFETD. BEENMKZVEERARERMEN LRL, B
REGDOIFFRBEIEL/NERD. —HT, BRENMRERBZEININOVERNEELIRDEVIR R
bFETS. SHFk4lE, ERANSRMBOEEDR ¢l2mm ORUAIREERR(MECE
E:200°C)yzFIFUL.

AEoT

SBERTVINIERET, IMIVESFHOBROERNICWISNZLIC, 5 mm DEHEFETS.
UL, EBRCEELDBVIILZEETE TR RENGZEETESZIENHALE. 20 L, EEDE
HODTEF I ERIZROOIEBENBENTUESID, EHNKZVDIIFELRL. Z2ORD, B
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HINEKTINETHD, BICEZXETMINEIMUNSIREZ D251 TOEEZRAVBDIFELL.

J1)VE%D ON/OFF Dbl MOT I OERZZER, FEREBHNMELIHEBEREE
[GGREERNMMNS. COFBEERICEDIRIRIRBHIGHIFEEL, MOT OEER(CRZENHS
AJEEEN®HD. INZEBAECTD, JMVERRRORAEIENTERVWSSGERICTINUAAZ AN, B
(CRBHISZOFZEZR VSR, IFERMERZFIAII A ENDDN, VIZZUNEEL
DEMM TH2IHSEIFERAZEETTC.

BYEIA)LMERE ST

+ 5.4.1 OFEHIREY, POFAVLRIVWICINZERUZ. BEVFAILLRIVYIAIRTZE
BUCDIRVESZT 1| A OERERL, HHI0-JetzRAVWTEROMSOEZETAILE. K543
(CEHRINIZIUERRESD (1)z BAEOBSDEQ)EEAEOBSDEREZRYT. &J3I(CHV
T, BRI mathematica (CLBIEFHEZRT. —H CTHAMEERIME, RMREIERBCHHTEZ—
RAEUC LB T1vT 1B ZRL, MEEBBOR—EU TWRIEZERUE.

(1) z
Atomic
beam 40 ¢
) Longitudinal
MOT coils Cooling Beam

®1.2 mm RUA = RIEEIHR
(MiZ&REE200°C)

5.42 MOT (@I TYER Uz MOT coil(7>FALLRILYIA)IL)D
(EBAIEQ)ESH)EBEOEEZENTIURY.
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(1) 20
15 -
10 H
o 57
ool
7 Calculation(6.6 G/cm)
107 @ Experiment(6.4 G/cm)
2 g 0 1' 2 3
Relative distance z (cm)
(2) o Calculation(3.3 G/cm)
0 ® Experiment(3.5 G/cm)
—_ 57
Q
& o
_5~
_10~

-4 -3 -2 -1 0 1 2 3
Relative distance r (cm)

543 BE7FAINLRIVYIALIUC 1| A DEFBEZTRUBRICRAEUINER SN (1)z #h75
BIOHHZAE. QEEHEOBISAE. &J3I(CHVT, BHR(FE mathematica [CLBETEEZR
9. —ATHRRITENE, siRESEANBICT T3 —RBEERICLZ 19T ERFERT.

5.42 MOT HFE R DR

544 BIUE 5.4.5 (C, FERRLIZ MOT FXROBRKEZRT. AOM2 [CTRIRES TN
Je MOT beam (& HWP7 & PBSS MD/R7¢, HWPS & PBS9 DR7%ZFET 3 DICHIkEN3. PBS D
BEiBF%ZE 1 ABED MOT beam EUTHIFAL, RURAD-TTHESIZEUIAZIC PBS10 £ QWP
ZRAVWTHRECENTZD5, MOT Fro/\-0ETH5 EENFTE EIFBN3. 2 ABE 3 KEOD
MOT beam (FZNE1 PBSY DRGFIALEB/NTHD, 1 KBEELFERKIC MOT Fvo/\-RNziEiEd
3. 320 MOT E-A[FIRTZIS-TIT5REN, BEEFvON-HNTEHELTE-LANEREDES
N3LSIAEEINTVS. SBIC, FTIVIZERRD QWP ZFH I3 TRRAEDAYS T %6
SICEAESETVS. MOT ZROMNRRAZEFTECOVT(E BT S.

AOM3 [CTRIKELS T hEN Tz longitudinal cooling beam (IR EFAEERAD HWP9 Zi@EiBUIZDS,
AAVR TSGR TN\ -OfAImSGGEEINE1-—R—- MBEL TEZERBEARICARNINS. FET
E—-LZRERSERCEZBENET R, Yb TA AR Y —DOHETOICHANHTLBEINCT A A N
BB, TW3. SI[Old Zeeman Slower Z{ERAULRVS, HWPI ZFAVWVHARNIRIEGIARETHD, n
(FERDBRCCENAIBETHDERIRATHL.

MOT Fv>/N—8B(C(E 8 NERDE 1—R—MEREENTHED, 55 6 HPhlE MOT E—LADASHIF!
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FALTWS. 53 2 HFRlE MOT &Nz Yb [R FZEOEURIICHIAEN3. HFAIoE1—mR— A,
FBRAZE C XUV ROAZEDIFTE COMS IXTZKBL TS, COMASTIREZENTZIYEHNS
[RFEORARDLENESZE N CHEERL, AFROBARZEMTS. EIARAIOEI—R-k
HOCEFL>OXE PD ZEREBEL TS, ORI TEIZEESZHALTEEROMAZE, MOT O
[RFEREDFF STl Z RS S.

lens

MOT coils

Turbo
Molecular

Pump

HWP9 =

Longitudinal /

Cooling Beam @ Current
CMOsS MOT source
From AOM3 /,r: — Camera Beam?2

QWP3 A /
Fluorescence E ZI PBS12 /] é/

detection Beam PBS9 - prz\
Hwpg —— QWP1 'E ﬁ' PBS11
HWP7 [ PBS10

MOT Beam U ppsg MOT

From AOM2 Beam1 Beam from ECDL
\ ZI PBS4 —— Beam from Slave laser
Injection From ECDL Beam from Yb atoms
Locking Yb atomic Beam

544 BEFIZN-AL—T-HEZARFIDHONAFREAR. LU, L-T-E-LEEH
BERICAWRUZI-T(FEBLTVS. ERREERINECDL ), BERREERI Y (Slave
LD H7), =fREESESHLHRZR9. ECDL: External cavity diode laser, PBS: Polarization
beam splitter, HWP: Half wave plate, QWP: Quarter wave plate, PBS: Polarization beam splitter,
PMT: Photomultiplier tube, MOT coils: Magneto-optical trap coils, PD: Photodetector, AOM:

Acousto-optic modulator.
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4 |
O () Q / MOT coils

™

MOT Beam1 U

54.5 ETFAMEMS MOT FIV/N-AKZAGTTBHDFER.
QWP: Quarter waveplate, MOT: Magneto-optical trap.

MOTa— L 1
(ZUoFAIILLERILYASLIL) 6 MOT beams

'7"41'\“/"1'— beam , .—.10 i
Longitudinal

| cooling Beam

£

Ol

a0 1
| RO—X=w7)L 1
| | I
1 110cm | 20 cm 1 ' L J
N ST T MOT  ImzRo 1, HZEHRUF23 |
. oz I
' 56 cm '

[ g e WA / = A plm—" KA e 4

Z4—FR)L—with | ; | EZ2RTM

= ==

5.4.6 BZEZRDAD 3D CAD H(L)EEE(F).
QWP: Quarter wave plate, MOT: Magneto-optical trap.
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5.4.3 MOT FFEXROFIEAFEE

AR OHRBFE

WRAFENYTCHNT, BE-LDRBHAER® purity (FIERBICEETHSD. TLFIRICHEY,

3 ARIATO MOT Beams DimIEIHEEZITOIL.

@ % MOT Beam % QWP & PBS (CBU, E@EZ/\D—A—-F—-T%H93. QWP B@EgILLL
BUT, EBAONT-—DFEF(CRDESC QWP DEEAEZHEETS. CORFRT, MOT
Beam (IFMBSAETHS.

@ PRAOEETZIERITILHOAFLYS (QWP-A +PBS-A) %#1E3. CONFtYyNIARA
D% MOT beam WNAETF 3L, D helicity (CIGUT, PBS-A ZiEB(RE)I3. IRNS, C
DHZELYMCEDPMRID helicity ZHER I DENTES.

® MOT JIMILHYWEDEICFATICAT TS 2 DDE - ADRHA(IEU helicity (CRRBELI(C MOT FEFH
D QWP ZiA%I3. —73, HEBEAMEITFED helicity [CRDLIFHEETS.

@ FEARAONFtLYS (QWP-A+PBS-A) ZHEWDMT.

® FDIRUAOD QWP ZEHRMECRETS. LEAREICHINNST, DIRUERTHED
helicity 289 2FRIEH1SSN 3.

™

QWP Power
1,2,3 PBS meter
1
——D
(2-(a) HZADQWP-PBSX 7,
Power
QWP3 | QWP-A PBS-A meter
[1 [l | >
U | U L l
(2-(b)) Power
QwP2 | QWP-A PBS-A meter
i ] 51 >
U U L
(2(c))
QWP1 |QWP-A PBS-A
1 1 q
U U -
T

6 Power
meter
547 (HARIAHBORDDIFR. 2)FIRAODRMEIREEZRE I DIHDILFR.
QWP: Quarter wave plate, PBS: Polarization bean splitter.
MOT coils DEFRDEIEDIRTE
& MOT beams DR 731X MNARZITOIES, IMIUCERZRI. MOT HNERKINRLE
B, MUSRNZEROMSZHICTD. EE5NM, FOCENSNZIERHIBOHMICRES. &
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MELE MOT RIEOIMAICR FZIRERETLOIBRAONMEL. CORFRTEROEENRHSNRL
[RERIE, 7ERUIZ MOT E—LADRIEH oo™ DEESTHINERETIENTERVZHTHS.
+93(C MOT beam D7 5A X MIBRTHATHNL, MOT ZELAITZIENTES. BUAITERL
e, JTERBNEIRZ on/off RURSEDE, EE5NDEZEDHBINGEFRFHIREREENT
WBLSICRAT, HMELEHFTEFOTVSLICRRS. CORTFERBHT, FLMEFOTV
2AMCHIEZ YL TBWT, IADIRULIS—PARIS-REDT I/ X Mt Td. BEER
ATECZEELICICEERT2/\WII 50> ROXNIBERISE, Longitudinal cooling beam %ZHUL T
MOT beams fZl3 & AL THLL.

5.4.4 MOT J\SX—4—DiE1 & MERE ST

MOT HENESHHERINZOE(C, HNMRFEFZRONIA-F—-%RAEELL. £I, MOT DEE
ESN—FRMBBLI(CE MOT Beams DIRIEZEZS. BRI, QWP 1,2,3 ZIEC[E#RSE,
ESRENRLERBIMETETELR. E5(C, COM MASDIRFZEME T MOT EHAES DS
HERAICIRBLIIC, MOT beam & longitudinal cooling beam DV 54 X MBI bU. CDEE,
HEOZELICHEY, RFEOENETILITDRFHARONG. HAESHRENRKREBDLE,
MOT BFEDHIPUEATWS. N, FYTHO MOT Beams DiREEHCERET2EEX
BN3. 7IAXNABNTETURDOS, BEISAEC® MOT beam, Longitudinal cooling beam D&
B EERUL.

BB AR DS

MOT coils (CTRIEBREZZLEE, Yb MOT (S5 0EEZRL2 T/ URN S EE b %17
Iz, BHEBOBRICHT2 MOT [RFHOEH %K 5.4.8 (CRY. FIIELEERZEIENENTEIR
RECBIIDREEBOMIMBLREREZIR FHNREBLTURLTWS. EfEZ LR THIS
Nicz@<IdL, MOT MEERND Yb RFHN LTI FHERENC. IRIROERBRR T,
MOT DBFENEFBEEIIVAERDERAL HERIBE(=6.3 A)CHIFRENTUS.
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35 x10° II
30 - II

25 3

20 — ¥

15 — %

Number of atoms

10 — x

T T 1T T T 1T T T T T T"1
16 18 20 22 24 26 28 30 32 34 36 38 40
Magnetic field gradient, dB,/dz (G/cm)

5.4.8 MOT RFH OIS ARMRFIERTEDFER

Longitudinal cooling Beam 0J/\J—&i#1k

Longitudinal cooling Beam H'HEEEL TL\3B#MER I e(C, E—LD ON(X] 5.4.9 £)/OFF(X
5.4.9 o)LL BESBENEIZEVAILZ. Longitudinal cooling Beam (C&D, RFE—LH Yb &
FHRIERENT MOT [RFEMENIT I FHRTENS.

174Yh-MOT D H K AE 5
(Longitudinal Coolin Beam

\

174Y b-MOT DHEEAE 5
(Longitu(ﬁﬂal Coolin Beam

5.4.9 (1)Longitudinal Cooling Beam Bh&
(2) Longitudinal Cooling Beam fEUDIZETD MOT EHAESDLLE

MRIC, Longitudinal cooling Beam D/VT—Z2ZE{LERTERD MOT A Yb [RFEOZELEZRITEL

fe. XO—=(C393 MOT RFHOZEE RN 54.10 (<Y, IRIRDEERRTIE, Longitudinal
cooling Beam DN T—(LEARBRARTOIL —TL—HF-ms0H /(D -THIBRESNTULS.
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40 x10° 5 L
\ rd
g 30 — g &
® T
ks
o 3
S 204
E ®
=z
x
10 — -
tz

| I I | | I | I I |
2 4 6 8 10 12 14 16 18 20
Slowing beam power (mW)

5.4.10 MOT [RFED Longitudinal cooling Beam D/ — K174
Longitudinal cooling Beam @ detuning FiE1k;

AOM3 OZFREIREZZALSE T, MOT HAENRALRDIERES INEZ /B, B
SIMECKTTD MOT [RFHROZE%ER 54.11 (T, FERELT, HISERECHILT-1125
MHz [EiE#EZSIRSRILEEC, EFBENRACEOL. CORMRARBIREOL —T—EBEE
FI3RFORE( 45 m/s THD.

(X107)

5

|

5 4
£ > I{ I
c 1 I{ |
£ B!
2 35|} I

3

-160 -150 -140 -130 -120 -110 -100
Slower beam detuning (MHz)

5.4.11 MOT JEF#® MOT Beam O detuning {774

MOT Beams @ detuning 21816

Longitudinal cooling Beam Z3ERTUIAREET MOT EHIEESZERULANS AOM2 OZFREIRK
eZ{LEBT MOT Beams DEIRKREZS I NEEBIET, detuning siB{bZITofE. #ERELT,
HISEIREUIHUT-17.5 MHz EIREZS T RS ETEE(C, MOT BRIESHRENRKICIROL.
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EAEMICIE5 N MOT
Bl EoZz&E{bUIZ £ T, 22T CMOS XS TEHUSU "Yb-MOT DENESZX] 5.4.12
(ORY. EFE@yor(ZEIZ7 mm)DSERACE TS MOT DIFTBRE (v,q,)&, TAESEFR, 0\ =

PRk, BT RS E R gy or OROINEICTFET SRTICHE, RTNBIRSNGIBRTE

EZBER(5.4.13)TREN[125], SEIE 34 m/s Thofe, BRIRMIREERZMEZR 54.2 (ORT.

2F, hkel"
Veap = J maxPuor _ j Ot (5.4.13)

m m

I

174y h-MOT D Y62 B

5.4.12 EERZMAHERE(EUEED 74Yb-MOT HILES

xR 542 RB{LENz MOT EEREAT

MOT Beam Power(1 #fidr/zD) 35.0 mW
MOT Beams detuning -17.5 MHz
MOT magnetic field gradient 39 G/em
Longitudinal cooling Beam Power 20.3 mW
Longitudinal cooling Beam detuning -112.5 MHz
Dispenser current 45A
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5.4.5 Yb [EMI{AD MOT {ESEAI

NAA—L—Y-DREIEEZIBEI BT, Yb EEERIC Yb BAMAD MOT ZiZERL, EDE
EOEAEDS%Z COMS MASTIRARU. BSONICENESZRITRY. ZNEN, (a) YD,
(0)'75Yb, (c) '3Yb (F’=3/2,7/2) BLU "2Yb, (d) 13Yb (F’=3/2) , (e) 'Yb (F’=12)BLU °Yb
THd. Yb & TYb(E=1/2), 2Yb & BYb(F’=7/2, 32)DENED (T EET ZEN RN

Iz

I.' ) :'

173Yg, 172yp ;

171Y[§’ 170yp

5.4.13 CMOS hASTImREZENIZ Yb BfIAD MOT HIES.
TNEN, (a)'™Yb, (0)Yb, () PYb (F=3/2,7/2) H&U ™Yb,
(d) '3Yb (F’=3/2) , (e) '"'Yb (F=12)BLU "°Yb Td3.
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5.4.6 MOT DYXZRET4ih

MOT J4)L% OFF N5 ON (CHIDEZZBED MOT OII5_ENDRFRIEFHEZE 5.4.13 (ORY.
MOT JEFE N ORFEHFIEETIN(5.4.14)TEREND. o (FEHEL—b, B (JRAZIEXRERT. #RE
BRORERE, /WIS RARPIENSYT Yb [RFEDOEZEORY, P #EMNS D IREADE
BOANEFBNS[126]. X (54.14) O—AARIEFIL (5.4.15) T”RENS.

dN/dt = a — BN (5.4.14)
N = Ny (1 — e~ /7 (5.4.15)
5.4.13 ORIERBRICTUTR(5.4.15)TIvT1 I 2 MUIFER, TRIREECHITS MOT A
[RFE(N,) (4.1 x 107 THD, MOT REBAICA G U THIEESNBIIEFDIFVIAE(EN,, /T =
2.6 X 107s! Thole. RFE-LADLHNDAZEREL TS5 MOT BIEAO 7*Yb [RFERDTR
EN2.0 x 1015 THD, COEED MOT DYNEK(E1.3 x 10~3EETEEINS.

Relative intensity

Time (s)

5.4.14 MOT OO—T1>7594 LAOBITEFEER.
TRER(E MOT EHYESORITERRE, BRER(G.4.152FBUIwvT1 )R %KY

Iz, MOT J4)L% ON [CUIARRETT A AR B —ADETRENNNZ ON (CUZBRD MOT DEFfEZ
E@BUAIL, TARARIY—0II5 ENORFEZFHUELZ. 3.5 A H'5 4.5 A DIRTOEBFRMBECHUNT,
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We demonstrate high-resolution spectroscopy of molecular iodine using coin-sized laser modules at 531 nm,
561 nm, and 594 nm. Hyperfine components of the R(36)32-0, P(64)20-0, and P(69)12-1 transitions are ob-
served with a signal-to-noise ratio of several tens over a bandwidth of 100 Hz. The laser modules are frequency-
stabilized to the observed hyperfine components and achieve stabilities at a level of 10-!? for a 1-s averaging time.
The frequency-stabilized coin-sized laser modules are useful for various applications, including interferometric

measurements and studies of molecular iodine.
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1. INTRODUCTION

Laser spectroscopy and frequency stabilization are of great interest
for a wide range of applications, including fundamental science
and technologies that support broadband communication net-
works and precision measurements. High-resolution laser spectros-
copy can be used, for instance, to verify the constancy of
fundamental constants [1,2] and to perform space missions
[3—6]. Frequency-stabilized lasers are used as length standards in
metrology applications [7] and as experimental tools for laser cool-
ing and quantum optics. Research on frequency-stabilized lasers is
also strongly linked to that of optical frequency combs, which were
developed at the end of the last century [8,9] and have further
stimulated the field of optical frequency metrology [10].

Issues in laser spectroscopy and frequency stabilization in-
clude the compactness and cost efficiency of the laser source. A
compact iodine-stabilized laser emitting at 532 nm is attractive
for applications including flywheel oscillators or absolute fre-
quency markers for optical frequency combs [11-14], inter-
ferometric measurements of gauge blocks [15], gravitational
wave detection [16—18], and high-resolution spectroscopy of
molecular iodine [19]. Some compact Nd:YAG systems
[15,17,18,20,21] have already been developed using a non-
planar ring oscillator (NPRO) Nd:YAG laser that contains a
monolithic laser cavity [22]. The NPRO Nd:YAG laser has
a size of approximately 10 cm x 10 cm x 10 cm and a relatively
high cost. Recently, an ultra-compact iodine-stabilized laser was
developed based on Doppler-free spectroscopy using a low-cost
coin-sized light source at 531 nm [23]. The laser system has
reached a frequency stability of 5 x 107!! at an averaging time

0740-3224/19/030631-07 Journal © 2019 Optical Society of America

of 1 s [23] and was successfully used in the interferometric
measurement of gauge blocks [24]. However, in such an io-
dine-stabilized laser system, only two hyperfine components
at the high- and low-frequency ends of iodine transitions were
observed because of strong linear absorption around the
Doppler center. The observation of all hyperfine components
should provide more options with different absorption frequen-
cies for laser frequency stabilization and enable studies on the
hyperfine constants of molecular iodine [19,25].

Another issue in laser spectroscopy and frequency stabiliza-
tion is the necessity to establish frequency-stabilized laser sys-
tems at different wavelengths for a wide range of applications.
For instance, in precise measurements of long gauge blocks, the
excess fraction method [26] requires frequency-stabilized lasers
with at least two, desirably three, wavelengths. As shown in [7],
besides the Rb-stabilized lasers at 778 and 780 nm and the
C,H,-stabilized laser at 1.54 pm, most frequency-stabilized
lasers at visible wavelengths use iodine as a frequency reference.
The spectra of molecular iodine cover a wide wavelength range
from green to red, with strong absorption. In addition to the
well-known 633-nm and 532-nm absorption lines, an iodine
line at 515 nm [27] has been used to stabilize several kinds
of laser sources. Historically, iodine saturation spectroscopy
has been performed using an argon/krypton ion laser at
515 nm, 521 nm, 531 nm, and 568 nm [28]. Hyperfine com-
ponents at 660 nm have been observed using a frequency-
doubled Nd:YAG laser at 1319 nm [29], and iodine lines near
the 'S,-*Py clock transition of atomic ytterbium (Yb) at
578 nm have been studied using different light sources
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[30,31]. A frequency-doubled Nd:YAG laser and external-
cavity diode laser were used to measure hyperfine components
at 561 nm and 560 nm, respectively [32,33]. More recently,
external-cavity diode lasers have been utilized to measure
hyperfine components at 548 nm and 647 nm [34,35]. To
our knowledge, low-cost coin-sized lasers have not been used
for iodine spectroscopy at wavelengths other than 531 nm.
Since compact lasers use distributed-feedback (DFB) diode
lasers as a light source, it is useful to determine whether a mega-
hertz-linewidth DFB laser is applicable to high-resolution
spectroscopy of molecular iodine at wavelengths longer than
531 nm, where the iodine absorption is relatively weak.

In this paper, we demonstrate the observation of all hyperfine
components of the R(36)32-0, P(64)20-0, and P(69)12-1
transitions of molecular iodine using low-cost coin-sized laser
modules at 531 nm, 561 nm, and 594 nm, respectively. To
reduce the linear absorption, increase the signal-to-noise ratio
(S/N), and reduce the absorption linewidth, we use a much
longer iodine cell with a much lower iodine pressure and perform
Doppler-free spectroscopy without frequency modulation on the
laser source, in contrast to the experimental conditions in [23].
Laser frequency stabilization is performed using the observed hy-
perfine components. For the 531-nm case, we obtained a laser
frequency stability of 4.3 x 10712 at an averaging time of 1 s,
which represents an improvement of approximately 1 order of
magnitude compared to [23]. We also achieved frequency
stabilities of 7.1 x 107'2 and 9.6 x 107!% at an averaging time
of 1 s using low-cost coin-sized laser modules at 561 nm and
594 nm, respectively. The observed hyperfine components
and demonstrated frequency stabilities are useful for broadening
the application range of such low-cost frequency-stabilized lasers.

2. EXPERIMENTAL SETUP

As an example, Fig. 1(a) shows an image of a compact laser
module emitting at 531 nm (QDLaser, QLD0593-3220).
Two other laser modules emit at 561 nm (QLD0593-6120)
and 594 nm (QLD0593-9420). The dimensions of the
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compact laser modules are 20 mm x 6 mm x4 mm
(length x width x thickness). The laser modules consist of a
DEFB diode laser (DFB-DL) operating in the infrared region,
a semiconductor optical amplifier, and a periodically poled lith-
ium niobate crystal for second-harmonic generation (SHG), as
shown in Fig. 1(b). We mounted each module on a Peltier de-
vice, which we used to control the temperature of the laser
module. The lasers emit a fundamental light (1062 nm,
1122 nm, and 1188 nm) with a power of ~60 mW and an
SHG light (531 nm, 561 nm, and 594 nm) with a power
of ~20 mW, respectively. Figure 1(c) shows the frequency
range of the 531-nm compact laser as the temperature of
the laser is varied. The laser frequency can be smoothly tuned
over 500 GHz without large mode hopping. The sensitivity of
the frequency against temperature is -42.2 GHz/°C. We can
also change the frequency of the compact laser by tuning the
current of the DFB-DL with a sensitivity of -8.8 GHz/mA.
The typical current used to operate the lasers is about
150 mA. A low-pass filter at 2 Hz is introduced between
the current driver and the laser diode. As shown in Figs. 1(e)
and 1(g), for the 561-nm and 594-nm laser modules, the sen-
sitivities of the frequency against temperature are -39.5 and
-36.5 GHz/°C, respectively. Figures 1(d), 1(f), and 1(h) show
available iodine absorption transitions within the tuning ranges
of the 531-nm, 561-nm, and 594-nm laser modules, respec-
tively. In these figures, only absorption lines with a relative
intensity of 40 or more are extracted from [36].

Figure 2 shows a schematic illustration of the experimental
setup for Doppler-free spectroscopy of molecular iodine and
frequency stabilization using the laser modules. The SHG laser
beam was separated from the fundamental beam using a
dichroic mirror. The SHG beam was then sent to the iodine
spectrometer through either a free-space laser beam or a single-
mode optical fiber. Spectroscopy and frequency stabilization us-
ing the 531-nm laser module were first performed in free space,
followed by the use of optical fibers for compatible connections
among the lasers with different wavelengths. Using a fiber
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(a) Photograph of a compact laser module and a Japanese hundred-yen coin. (b) Schematic diagram of the compact laser module. DFB-

DL, distributed-feedback diode laser; SOA, semiconductor optical amplifier; WG-PPLN, waveguided-type periodically poled lithium niobate. The
frequency tuning ranges of the compact lasers as a function of the DFB-DL temperature at (c) 531 nm, (¢) 561 nm, and (g) 594 nm. Frequency
atlases of the iodine molecular transition in the frequency tuning ranges of the compact lasers near (d) 531 nm, (f) 561 nm, and (h) 594 nm. The
arrows indicate iodine transitions observed and used for frequency stabilization.
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Fig. 2. Schematic diagram of the experimental setup for Doppler-free spectroscopy and laser frequency stabilization based on the modulation
transfer technique. CL, compact laser; DM, dichroic mirror; FC, fiber connector; 4/2, half-wave plate; PBS, polarization beam splitter; AOM,
acousto-optical modulator; EOM, electro-optical modulator; GT, Glan—Thompson prism; PD, photodetector; DBM, double-balanced mixer; LO,
local oscillator; PS, phase shifter; DAQ, data acquisition system; Ti:S, titanium sapphire mode-locked laser; Nd:YAG laser/I,, iodine-stabilized Nd:
YAG laser; GPS-DO, GPS disciplined oscillator; SA, spectrum analyzer. The optical and electrical paths are shown as solid and dashed lines,

respectively.

connection, we can easily change the light source from the 531-
nm laser module to the 561-nm and 594-nm laser modules by
switching the port of the fiber connectors. We note that this
light source selection can be realized under computer control
using micro electro mechanical systems (MEMS) fiber-optic
switches.

Doppler-free spectroscopy of molecular iodine was carried
out based on the modulation transfer technique [37,38].
The laser beam was separated into two parts by a half-wave
plate (4/2) and a polarization beam splitter, which were intro-
duced to adjust the power ratio of the reflected beam (pump
beam) and transmitted beam (probe beam). The pump beam
was frequency-shifted by 80 MHz using an acousto-optic
modulator (AOM) and phase-modulated by an electro-optical
modulator (EOM) at a modulation frequency of 800 kHz. The
AOM was used to prevent interferometric baseline problems in
the iodine spectrometer. The pump and probe beam were over-
lapped anticollinearly in a 45-cm iodine cell. The unmodulated
probe beam passed through the iodine cell and developed
sidebands by a non-linear resonant four-wave mixing process
when saturation occurred [37,38]. This probe beam was
separated from the pump beam by a Glan—Thompson prism
and was detected by a photodetector. We obtained the modu-
lation transfer signal of the spectral lines by demodulating the
signal from the detector. The demodulated signal was recorded
by a data acquisition system. This signal was fed back to the
injection current of the DFB-DL through a servo system when
frequency stabilization was carried out. All of the optical parts
of the iodine-stabilized laser were arranged on a45 ¢cm x 75 cm
breadboard.

To evaluate the stability of the iodine-stabilized compact
laser, the fundamental beam was sent to optical frequency
comb systems for frequency measurement. We have two fre-
quency combs in our laboratory, each with advantages and
disadvantages.

(1) A frequency comb based on a mode-locked Ti:sapphire
laser (Ti:s comb): The linewidth of each comb component is on
the kilohertz level. The servo bandwidth of the comb is rela-
tively large so that the comb can be easily locked to an optical
reference, such as an I,-stabilized Nd:YAG laser. Consequently,

the frequency stability of the comb components follows that of
the Nd:YAG laser, which is better than that of most microwave
frequency references. In contrast, the Ti:s comb can only be
continuously operated at the hour level. Furthermore, signifi-
cantly more effort is necessary to maintain the routing opera-
tion of the Ti:s comb system. We used a Ti:s comb to evaluate
the linewidth and stability of the 531-nm frequency-stabilized
laser module. The Ti:s comb operated at a repetition rate (f,)
of 780 MHz, which was self-referenced [9] and phase-locked to
an iodine-stabilized Nd:YAG laser [39]. After this measure-
ment, our laboratory shifted from the Ti:s comb to a second
comb system based on a mode-locked Er:fiber laser.

(2) A mode-locked Er:fiber laser (fiber comb): The line-
width of each comb component is of the order of tens of kilo-
hertz. The servo bandwidth of the comb is relatively small,
limited by the piezoelectric transducer (PZT) attached to
the fiber in the laser cavity. Because of this limited servo band-
width, the fiber comb cannot be locked to an optical frequency
reference but can be locked to a microwave frequency reference
[GPS disciplined oscillator (GPS-DO)]. In contrast to the Ti:s
comb, the fiber comb can continuously operate for several
weeks or months. Moreover, the GPS-DO provides a frequency
reference that can be traced back to the SI second through GPS
time. For evaluation of the 561-nm and 594-nm lasers, we used
a fiber comb operated at a repetition rate of 107 MHz, which
was phase-locked to a local oscillator referenced to the GPS
time signal.

The frequency of the beat signal between the compact laser
and the optical frequency combs was measured by a Il-type
frequency counter (Pendulum, CNT-91) with zero dead time.

3. EXPERIMENTAL RESULTS
A. High-Resolution Doppler-Free Spectroscopy

Figure 3(a) shows the observed modulation transfer signal of
the R(36)32-0 transition, obtained using the laser module at
531 nm. Laser frequency scanning was performed by tuning
the injection current of the DFB-DL. The powers of the pump
and probe beams were 3.0 mW and 60 pW, respectively, and
the diameters of the pump and probe beams were 1.4 mm and
1.3 mm, respectively. The cold-finger temperature of the iodine
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Fig. 3. Doppler-free spectra of the (a) R(36)32-0 transition of
molecular iodine obtained over a bandwidth of 100 Hz,
(b) P(64)20-0 transition of molecular iodine obtained over a band-
width of 30 Hz, and (c) 2(69)12-1 transition of molecular iodine ob-
tained over a bandwidth of 30 Hz.

cell was held at -5°C, corresponding to an iodine pressure of
2.5 Pa. The temperature of the cell body matched the con-
trolled room temperature of 23°C. The transition is indicated
by an arrow in Fig. 1(d) and was previously investigated in [23].
In contrast to the two hyperfine components observed in [23],
all 15 hyperfine components of the R(36)32-0 transition are
observed in the present experiment. When the ground state
of molecular iodine has an even (odd) rotational quantum
number, the rovibrational energy level is split into 15 (21) sub-
levels, which results in 15 (21) hyperfine components from «,
to ;5 (a51). As shown in Fig. 3(a), the 41, and 4, components
overlap, as do the ;3 and 2,4 components. The S/N of the a9
component, which is located at the Doppler center, was
approximately 57 for a bandwidth of 100 Hz, and the spectral
linewidth of the 29 component was 5 MHz.

Figures 3(b) and 3(c) show the observed modulation transfer
signal of the P(64)20-0 and P(69)12-1 transitions obtained
using the 561-nm and 594-nm laser modules, respectively.
The optical powers of the pump and probe beams in the iodine
spectrometer are 2.5 and 0.12 mW for the 561-nm case and 3.4
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and 0.12 mW for the 594-nm case. The other experimental
parameters are the same as in the 531-nm case. The transitions
are indicated by arrows in Figs. 1(f) and 1(h). All 15 and 21
hyperfine components are observed, for the first time, for the
P(64)20-0 and P(69)12-1 transitions, respectively. In the
P(64)20-0 transition, the 23 and @4 components overlap, as
do the 4;; and 4y, and the 4,3 and 2,4 components. In the
P(69)12-1 transition, the @5 and a; components overlap.
The S/N of the a1y component of the P(64)20-0 transition
and that of the 44 component of the P(69)12-1 transition
are 38 and 12, respectively, for a bandwidth of 100 Hz.

We note that the present experimental system can be used to
observe hyperfine components of 84, 56, and 64 iodine
transitions, which have not been fully resolved before, at
531-nm, 561-nm, and 594-nm wavelengths, respectively [as
indicated in Figs. 1(d), 1(f), and 1(h), respectively]. The flat
baseline of the observed spectra in the present experiment is
important for minimizing the frequency instability.

B. Laser Frequency Stabilization

The frequency of the laser modules is stabilized by servo-
controlling the injection current of the DFB-DL using the ob-
served modulation transfer signals. Figure 4 shows the observed
beat notes between the fundamental light of the frequency-sta-
bilized 531-nm laser and the Ti:s comb. The inset shows the
observed enlarged beat signal (f},.,.) at a resolution bandwidch
of 300 kHz. f is the repetition rate of the comb, and the
(frep = fbear) signal is the beat frequency between the laser
and the second-nearest comb. The S/N of the observed beat
signals exceeds 30 dB at a resolution bandwidth of 300 kHz
and is sufficient for frequency measurements with a frequency
counter. The observed linewidth of ~1 MHz indicates the line-
width of the stabilized compact laser since the linewidth of
the Tizs comb is at the kilohertz level. For comparison, the
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Fig. 4. Beat notes between the fundamental light of the compact
laser frequency-stabilized to the @y component of the R(36)32-0 tran-
sition and the optical frequency comb stabilized to the iodine-
stabilized Nd:YAG laser. The inset shows an enlarged beat signal
(f'bear) 2t a resolution bandwidth of 300 kHz. £ is the repetition
rate of the comb, and the (f ., = fie,) signal is the beat frequency
between the laser and the second-nearest comb. The dashed line
and green line show the linewidth of the free running and
frequency-locked laser, respectively.
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Fig. 5. (a) Measured time variation of the beat frequency between
the 531-nm laser module stabilized to the 29 component of the
R(36)32-0 transition and the Ti:s comb locked to the I,-stabilized
Nd:YAG laser using a frequency counter with a gate time of 1 s (upper
solid black curve). The measured long-term beat frequency between
the frequency-stabilized 531-nm laser and the fiber comb locked to the
GPS signal with a gate time of 1 s (lower solid green curve). (b) The
Allan standard deviation calculated from the measured beat frequency
between the compact lasers and the optical frequency combs. The solid
black curve shows the Allan standard deviation calculated from the
measured beat frequency between the compact laser locked on the
a9 component of the R(36)32-0 transition and the Ti:s comb stabi-
lized to the iodine-stabilized Nd:YAG laser. The green, light green, and
orange curves show the Allan standard deviation of the frequency-
stabilized compact laser emitting at 531 nm, 561 nm, and
594 nm, respectively, measured using the fiber comb stabilized to
the GPS-DO. The dotted curve and dashed line show the Allan stan-
dard deviation of the GPS-DO reference signal and that of a typical
iodine-stabilized Nd:YAG laser, respectively.

linewidth of the free-running compact laser (~2 MHz) is also
presented using a dashed line.

The black curve in Fig. 5(a) shows the time variation of the
beat frequency between the 531-nm laser module stabilized to
the a9 component of the R(36)32-0 transition and the Ti:s
comb locked to the I,-stabilized Nd:YAG laser. The maximum
excursion of the beat frequency over 6000 s was approximately
15 kHz. The solid black curve in Fig. 5(b) shows the Allan
standard deviation calculated from the measured beat
frequency. The Allan standard deviation was 4.3 x 107!2 for
=15, improving toward 4.1x 1071 after 800 s. At
7 > 800 s, the Allan standard deviation appears to reach the
flicker floor of the system. The observed Allan standard
deviation does not exactly follow the 1/./7 character due to
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unexpected noise, such as residual amplitude modulation in
the iodine spectrometer. For comparison, the frequency stabil-
ity of the Nd:YAG laser is also shown in Fig. 5(b) as a dashed
curve, starting from 1 x 10713 at 1 s improving after 100 s to
approximately 2 x 1074, Since the stability of the Nd:YAG
laser and the Ti:s comb is better than that of the frequency-
stabilized laser module, the observed Allan standard deviation
indicates the stability of the 531-nm laser module. The laser
frequency stability obtained in the present work is approxi-
mately 10-fold better than that in [23].

The frequency stability of the 531-nm laser module was also
measured using a fiber comb to verify the stability of the fiber
comb. The green curve in Fig. 5(a) shows the time variation of
the beat note between the laser locked on the #; component of
the R(36)32-0 transition and the fiber comb. The powers of
the pump and probe beams in the iodine spectrometer were
6.45 mW and 0.2 mW, respectively, and the cold-finger tem-
perature of the iodine cell was held at ~10°C, corresponding to
an iodine pressure of 1.4 Pa. The other experimental param-
eters were the same as in the measurement using the Ti:s comb.
The maximum excursion of the beat frequency over 25,000 s
was approximately 20 kHz. The Allan standard deviation cal-
culated from the measured beat frequency is shown in Fig. 5(b)
as a solid green curve. For comparison, the frequency stability
of the GPS-DO timebase is also shown in Fig. 5(b) as a dotted
curve, starting from 1 x 10712 at 1 s, degrading to 6 x 10712
after 400 s, and improving again after 10,000 s to approxi-
mately 6 x 10713, We note that the Allan standard deviation
of the measured beat frequency between the 531-nm laser mod-
ule and the fiber comb follows the Allan standard deviation of
the 531-nm laser module and that of the fiber comb. For the
short term (7 < 3 s), the measured Allan standard deviation
was basically limited by the stability of the 531-nm laser
module, although for 7 > 4 s, the measured Allan standard
deviation was basically limited by the stability of the GPS-DO.

In Fig. 5(b), the solid light-green curve shows the Allan
standard deviation calculated from the measured beat fre-
quency between the 561-nm laser module stabilized to the
;o component of the P(64)20-0 transition and the fiber comb
locked on the GPS-DO signal. The frequency stability of the
iodine-stabilized 561-nm laser module was 7.1 x 107!2 fora 1-s
averaging time. The orange curve in Fig. 5(b) shows the Allan
standard deviation calculated from the measured beat fre-
quency between the 594-nm laser module stabilized to the
a4 component of the (69)12-1 transition and the fiber comb.
The frequency stability of the iodine-stabilized 594-nm laser
module was 9.6 x 10712 for a 1-s averaging time. The experi-
mental conditions were the same as in the observation of hyper-
fine components using the 561-nm and 594-nm laser modules
described in Section 3.A. The frequency stabilities of both the
561-nm and 594-nm laser modules hit the flicker floor and
start to drift after 7 = 3 s. The iodine transitions at 561 nm
and 594 nm exhibit different absorbances and sometimes dif-
ferent lower vibrational quantum numbers compared to those
at 531 nm. Therefore, the experimental parameters, such as
iodine pressure, environmental temperature, and laser power,
need to be fully investigated to achieve optimal laser frequency

stability and reproducibility.
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4. DISCUSSION AND CONCLUSION

In the present experiment, an external EOM was introduced to
perform frequency modulation in spectroscopy. This approach
resulted in unmodulated fundamental and SHG laser beams as
output for applications. Furthermore, the frequency stabiliza-
tion using iodine signals eliminated frequency jitter and re-
duced the linewidth of the fundamental light to 1 MHz.
Compared to frequency-stabilized lasers with relatively large
frequency modulation [23], modulation-free frequency-
stabilized lasers should have a much wider range of applications.
For example, such a laser can be used as a frequency reference
for optical frequency combs.

The laser linewidth of the compact laser modules is already
comparable to the linewidth of the Doppler-free iodine spectra.
This is the main factor that limits the improvement of the fre-
quency stability in case of the 531-nm laser compared to the
previous work [23]. The spectral linewidth cannot be further
reduced by decreasing the iodine pressure or laser power.
Therefore, prestabilization of the laser source and narrowing
of the laser linewidth may be needed to further improve the
laser frequency stability.

Since the frequency stability of the laser systems is on the
level of 1072 (corresponding to an absolute frequency of
~500 Hz), one should be able to measure the hyperfine split-
ting of iodine transitions with an uncertainty at the same level
using the present laser system. However, with weaker iodine
lines, a larger uncertainty may arise in the hyperfine splitting
measurement. Since most of the hyperfine splittings in these
wavelength regions have not been previously measured, the
measurement and fitting of the hyperfine splittings will result
in new hyperfine constants for each iodine transition. Based on
the rotational and vibrational dependences of the iodine
hyperfine constants [19,25,40,41], we can obtain a better
understanding of the rotational and vibrational characteristics
of the iodine hyperfine constants by studying the hyperfine
structures of iodine in these wavelength regions.

The frequency stabilization of the 561-nm and 594-nm
laser modules opens the door for the study of iodine hyperfine
constants and other applications of frequency-stabilized lasers
in these wavelength regions. Previous studies have been re-
ported on Doppler-free spectroscopy and on the hyperfine
structure of several iodine transitions at 560 nm and
561 nm [32,33]. The frequency range of those lasers does
not overlap with that of the present experiment. Thus far, there
have been no studies on high-resolution Doppler-free spectros-
copy of the iodine transition at 594 nm. Studies on the
hyperfine structures of molecular iodine using the 561-nm
and 594-nm laser modules should provide detailed information
on iodine hyperfine constants in these wavelength regions. The
combination of the 531-nm, 561-nm, and 594-nm lasers is an
excellent solution for the excess fraction method [26] for gauge
block measurements. Actually, an internal-mirror frequency-
stabilized He-Ne laser at 594 nm [42] is used in a commercially
available gauge block interferometer. Recently, a 594-nm laser
has also been used as an optical readout in bulk diamond
nitrogen-vacancy ensembles [43].

In conclusion, we performed high-resolution spectroscopy
and observed all hyperfine components for three typical iodine
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transitions in the 531-nm, 561-nm, and 594-nm wavelength
regions using coin-sized laser modules. Frequency stabilization
of the laser modules is achieved using the observed
high-resolution iodine spectra. These lasers operating in three
different visible wavelength regions are compact and low-cost
and exhibit good frequency performance for various
applications.

Funding. Japan Society for the Promotion of Science
(JSPS) KAKENHI (15H02028, 18H01898, 18H038806);
Japan Science and Technology Agency (JST), Exploratory
Research for Advanced Technology (ERATO) (JPMJER1304).

Acknowledgment. The authors would like to thank T.
Kobayashi for his helpful discussions and T. Inamura for tech-
nical assistance in the experiment.

REFERENCES

1. C. W. Chou, D. B. Hume, T. Rosenband, and D. J. Wineland, “Optical
clocks and relativity,” Science 329, 1630-1633 (2010).

2. E. Peik, B. Lipphardt, H. Schnatz, T. Schneider, C. Tamm, and S. G.
Karshenboim, “Limit on the present temporal variation of the fine
structure constant,” Phys. Rev. Lett. 93, 170801 (2004).

3. J. Dong, J. Liu, D. Bi, X. Ma, X. Zhu, X. Zhu, and W. Chen, “Optimal
iodine absorption line applied for spaceborne high spectral resolution
lidar,” Appl. Opt. 57, 5413-5419 (2018).

4. V. Schkolnik, K. Déringshoff, F. B. Gutsch, M. Oswald, T. Schuldt, C.
Braxmaier, M. Lezius, R. Holzwarth, C. Kurbis, A. Bawamia, M.
Krutzik, and A. Peters, “JOKARUS—design of a compact optical
iodine frequency reference for a sounding rocket mission,” EPJ
Quantum Technol. 4, 1-10 (2017).

5. K. Doringshoff, T. Schuldt, E. V. Kovalchuk, J. Stihler, C. Braxmaier,
and A. Peters, “A flight-like absolute optical frequency reference
based on iodine for laser systems at 1064 nm,” Appl. Phys. B 123,
183 (2017).

6. T. Schuldt, K. Déringshoff, E. V. Kovalchuk, A. Keetman, J. Pahl, A.
Peters, and C. Braxmaier, “Development of a compact optical abso-
lute frequency reference for space with 10~"° instability,” Appl. Opt. 56,
1101-1106 (2017).

7. F.-L. Hong, “Optical frequency standards for time and length applica-
tions,” Meas. Sci. Technol. 28, 012002 (2016).

8. T. Udem, J. Reichert, R. Holzwarth, and T. W. Hansch, “Absolute op-
tical frequency measurement of the cesium D line with a mode-locked
laser,” Phys. Rev. Lett. 82, 3568-3571 (1999).

9. D. J. Jones, S. A. Diddams, J. K. Ranka, A. Stentz, R. S. Windeler,
J. L. Hall, and S. T. Cundiff, “Carrier-envelope phase control of femto-
second mode-locked lasers and direct optical frequency synthesis,”
Science 288, 635-639 (2000).

10. T. Udem, R. Holzwarth, and T. W. Hénsch, “Optical frequency
metrology,” Nature 416, 233-237 (2002).

11. J. Ye, L. S. Ma, and J. L. Hall, “Molecular iodine clock,” Phys. Rev.
Lett. 87, 270801 (2001).

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

13. F.-L. Hong, M. Takamoto, R. Higashi, Y. Fukuyama, J. Jiang, and H.
Katori, “Frequency measurement of a Sr lattice clock using an SI-
second-referenced optical frequency comb linked by a global position-
ing system (GPS),” Opt. Express 13, 5253-5262 (2005).

14. A.Cingdz, D. C. Yost, T. K. Allison, A. Ruehl, M. E. Fermann, |. Hartl,
and J. Ye, “Direct frequency comb spectroscopy in the extreme
ultraviolet,” Nature 482, 68-71 (2012).

15. Y. Bitou, K. Sasaki, S. Iwasaki, and F.-L. Hong, “Compact |-stabilized
frequency-doubled Nd:YAG laser for long gauge block interferom-
eter,” Jpn. J. Appl. Phys. 42, 2867-2871 (2003).

16. M. Musha, T. Kanaya, K. Nakagawa, and K. Ueda, “The short- and
long-term frequency stabilization of an injection-locked Nd:YAG laser


https://doi.org/10.1126/science.1192720
https://doi.org/10.1103/PhysRevLett.93.170801
https://doi.org/10.1364/AO.57.005413
https://doi.org/10.1140/epjqt/s40507-017-0063-y
https://doi.org/10.1140/epjqt/s40507-017-0063-y
https://doi.org/10.1364/AO.56.001101
https://doi.org/10.1364/AO.56.001101
https://doi.org/10.1088/1361-6501/28/1/012002
https://doi.org/10.1103/PhysRevLett.82.3568
https://doi.org/10.1126/science.288.5466.635
https://doi.org/10.1038/416233a
https://doi.org/10.1103/PhysRevLett.87.270801
https://doi.org/10.1103/PhysRevLett.87.270801
https://doi.org/10.1038/nature03541
https://doi.org/10.1364/OPEX.13.005253
https://doi.org/10.1038/nature10711
https://doi.org/10.1143/JJAP.42.2867

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Research Article

in reference to a Fabry-Perot cavity and an iodine saturated
absorption line,” Opt. Commun. 183, 165-173 (2000).

W. Kokuyama, K. Numata, and J. Camp, “Simple iodine reference at
1064 nm for absolute laser frequency determination in space
applications,” Appl. Opt. 49, 6264-6267 (2010).

B. Argence, H. Halloin, O. Jeannin, P. Prat, O. Turazza, E. de Vismes,
G. Auger, and E. Plagnol, “Molecular laser stabilization at low frequen-
cies for the LISA mission,” Phys. Rev. D 81, 082002 (2010).

F.-L. Hong, J. Ye, L.-S. Ma, S. Picard, Ch. J. Bordé, and J. L. Hall,
“Rotation dependence of electric quadrupole hyperfine interaction
in the ground state of molecular iodine by high-resolution laser spec-
troscopy,” J. Opt. Soc. Am. B 18, 379-387 (2001).

F.-L. Hong, J. Ishikawa, Z. Y. Bi, J. Zhang, K. Seta, A. Onae, J. Yoda,
and H. Matsumoto, “Portable I,-stabilized Nd:YAG laser for
international comparisons,” IEEE Trans. Instrum. Meas. 50,
486-489 (2001).

F.-L. Hong, J. Ishikawa, J. Yoda, J. Ye, L. S. Ma, and L. L. Hall,
“Frequency comparison of '?l,-stabilized Nd:YAG lasers,” |[EEE
Trans. Instrum. Meas. 48, 532-536 (1999).

A. Arie, S. Schiller, E. K. Gustafson, and R. L. Byer, “Absolute fre-
quency stabilization of diode-laser-pumped Nd:YAG lasers to hyper-
fine transitions in molecular iodine,” Opt. Lett. 17, 1204-1206 (1992).
T. Kobayashi, D. Akamatsu, K. Hosaka, H. Inaba, S. Okubo, T.
Tanabe, M. Yasuda, A. Onae, and F.-L. Hong, “Compact iodine-
stabilized laser operating at 531 nm with stability at the 107" level
and using a coin-sized laser module,” Opt. Express 23,
20749-20759 (2015).

Y. Bitou, T. Kobayashi, and F.-L. Hong, “Compact and inexpensive
iodine-stabilized diode laser system with an output at 531 nm for
gauge block interferometers,” Precis. Eng. 47, 528-531 (2016).
F.-L. Hong, J. Ishikawa, A. Onae, and H. Matsumoto, “Rotation
dependence of the excited-state electric quadrupole hyperfine inter-
action by high-resolution laser spectroscopy of '#l,,” J. Opt. Soc. Am.
B 18, 1416-1422 (2001).

J. E. Decker and J. R. Petelsky, “Uncertainty evaluation for the mea-
surement of the gauge blocks by optical interferometry,” Metrologia
34, 479-493 (1997).

J. Wallerand, L. Robertson, L. Ma, and M. Zucco, “Absolute frequency
measurement of molecular iodine lines at 514.7 nm, interrogated by a
frequency-doubled Yb-doped fibre laser,” Metrologia 43, 294-298
(2006).

P. Gill and S. J. Bennett, “lodine saturation spectroscopy for multi-
wavelength stabilization of an Argon/Krypton ion laser,” Metrologia
15, 117-123 (1979).

R. Guo, F.-L. Hong, A. Onae, Z.-Y. Bi, H. Matsumoto, and K.
Nakagawa, “Frequency stabilization of a 1319 nm Nd:YAG laser

Vol. 36, No. 3 / March 2019 / Journal of the Optical Society of America B

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

637

by saturation spectroscopy of molecular iodine,” Opt. Lett. 29,
1733-1735 (2004).

F.-L. Hong, H. Inaba, K. Hosaka, M. Yasuda, and A. Onae, “Doppler-
free spectroscopy of molecular iodine using a frequency-stable light
source at 578 nm,” Opt. Express 17, 1652-1659 (2009).

T. Kobayashi, D. Akamatsu, K. Hosaka, H. Inaba, S. Okubo, T.
Tanabe, M. Yasuda, A. Onae, and F.-L. Hong, “Absolute frequency
measurements and hyperfine structures of the molecular iodine tran-
sitions at 578 nm,” J. Opt. Soc. Am. B 33, 725-734 (2016).

T. Yang, F. Meng, Y. Zhao, Y. Peng, Y. Li, J. Cao, C. Gao, Z. Fang,
and E. Zang, “Hyperfine structure and absolute frequency measure-
ments of '?l, transitions with monolithic Nd:YAG 561-nm lasers,”
Appl. Phys. B 106, 613-618 (2012).

J. Zhang, Z. H. Lu, and L. J. Wang, “Absolute frequency measurement
of the molecular iodine hyperfine components near 560 nm with a
solid-state laser source,” Appl. Opt. 48, 5629-5635 (2009).

Y.-C. Hsiao, C.-Y. Kao, H.-C. Chen, S.-E. Chen, J.-L. Peng, and L.-B.
Wang, “Absolute frequency measurement of the molecular iodine
hyperfine transitions at 548 nm,” J. Opt. Soc. Am. B 30, 328-332
(2013).

Y.-C. Huang, Y.-C. Guan, T.-H. Suen, J.-T. Shy, and L.-B. Wang,
“Absolute frequency measurement of the molecular iodine hyperfine
transitions at 647 nm,” Appl. Opt. 57, 2102-2106 (2018).

S. Gerstenkorn and P. Luc, Atlas du Spectre d’Absorption de la
Molecule d’lode (Editions de CNRS, Paris, 1978).

J. H. Shirley, “Modulation transfer processes in optical heterodyne
saturation spectroscopy,” Opt. Lett. 7, 537-539 (1982).

G. Camy, Ch. J. Bordé, and M. Ducloy, “Heterodyne saturation spec-
troscopy through frequency modulation of the saturating beam,” Opt.
Commun. 41, 325-330 (1982).

F.-L. Hong, J. Ishikawa, Y. Zhang, R. Guo, A. Onae, and H.
Matsumoto, “Frequency reproducibility of an iodine-stabilized Nd:
YAG laser at 532 nm,” Opt. Commun. 235, 377-385 (2004).

L. Chen and J. Ye, “Extensive, high-resolution measurement of hyper-
fine interactions: precise investigations of molecular potentials and
wave function,” Chem. Phys. Lett. 381, 777-783 (2003).

F.-L. Hong, Y. Zhang, J. Ishikawa, A. Onae, and H. Matsumoto,
“Vibration dependence of the tensor spin-spin and scalar spin-spin
hyperfine interactions by precision measurement of hyperfine
structures of '#l, near 532 nm,” J. Opt. Soc. B 19, 946-953 (2002).
W. R. C. Rowley and P. Gill, “Performance of internal mirror frequency
stabilized He-Ne lasers emitting green, yellow or orange light,” Appl.
Phys. B 51, 421-426 (1990).

H. Jayakumar, S. Dhomkar, J. Henshaw, and C. A. Meriles, “Spin
readout via spin-to-change conversion in bulk diamond nitrogen-
vacancy ensembles,” Appl. Phys. Lett. 113, 122404 (2018).


https://doi.org/10.1016/S0030-4018(00)00839-7
https://doi.org/10.1364/AO.49.006264
https://doi.org/10.1103/PhysRevD.81.082002
https://doi.org/10.1364/JOSAB.18.000379
https://doi.org/10.1109/19.918172
https://doi.org/10.1109/19.918172
https://doi.org/10.1109/19.769651
https://doi.org/10.1109/19.769651
https://doi.org/10.1364/OL.17.001204
https://doi.org/10.1364/OE.23.020749
https://doi.org/10.1364/OE.23.020749
https://doi.org/10.1016/j.precisioneng.2016.07.008
https://doi.org/10.1364/JOSAB.18.001416
https://doi.org/10.1364/JOSAB.18.001416
https://doi.org/10.1088/0026-1394/34/6/4
https://doi.org/10.1088/0026-1394/34/6/4
https://doi.org/10.1088/0026-1394/43/3/012
https://doi.org/10.1088/0026-1394/43/3/012
https://doi.org/10.1088/0026-1394/15/3/001
https://doi.org/10.1088/0026-1394/15/3/001
https://doi.org/10.1364/OL.29.001733
https://doi.org/10.1364/OL.29.001733
https://doi.org/10.1364/OE.17.001652
https://doi.org/10.1364/JOSAB.33.000725
https://doi.org/10.1007/s00340-011-4750-6
https://doi.org/10.1364/AO.48.005629
https://doi.org/10.1364/JOSAB.30.000328
https://doi.org/10.1364/JOSAB.30.000328
https://doi.org/10.1364/AO.57.002102
https://doi.org/10.1364/OL.7.000537
https://doi.org/10.1016/0030-4018(82)90406-0
https://doi.org/10.1016/0030-4018(82)90406-0
https://doi.org/10.1016/j.optcom.2004.02.044
https://doi.org/10.1016/j.cplett.2003.10.052
https://doi.org/10.1364/JOSAB.19.000946
https://doi.org/10.1007/BF00329105
https://doi.org/10.1007/BF00329105
https://doi.org/10.1063/1.5040261

| ,.) Vol. 2, No. 12/15 Dec 2023/ Optics Continuum 2552 |
T Ty o -3
Check for OPTICS CONTINUUM< i B =

= x ; ‘.“

updates

Linewidth narrowing and frequency stabilization
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Abstract: We demonstrate linewidth narrowing and frequency stabilization of a coin-sized laser
module using both a short imbalance path length Michelson fiber interferometer and Doppler-free
spectroscopy of molecular iodine. The linewidth of the coin-sized laser is reduced from 2 MHz
to 6 kHz, which is now narrower than the Doppler-free spectral linewidth (670 kHz) of molecular
iodine. Laser frequency stabilization based on the Doppler-free iodine signal is carried out
by directly controlling the imbalance path length of the fiber interferometer. The frequency
stability of the hybrid-locked coin-sized laser is 9.8 x 10~!3 at 1-s averaging time and reaches
6.8 x 107'* at 400 s. The hybrid-locked coin-sized laser with linewidth narrowing and frequency
stabilization has a long coherence time and known absolute frequency and can be used for
precision measurements in either fundamental science or industrial applications.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Frequency-stabilized, narrow-linewidth lasers are of great interest for a wide range of applications,
including fundamental science [1] and frequency metrology [2]. They are also used in industrial
applications, such as optical communications [3] and coherent laser sensing [4].

Precision spectroscopy of molecular iodine based on Doppler-free spectroscopy and frequency
stabilization has been performed using various lasers. He-Ne lasers (linewidth ~10 kHz) at 633
nm [5] or Nd:YAG lasers with a non-planar ring oscillator (linewidth ~1 kHz) at 1064 nm [6]
have conventionally been used. In recent years, planar-waveguide external cavity diode lasers
(linewidth ~several kHz) at 1063 nm [7] and 1542 nm [8] have also been used as light sources
for high-resolution iodine spectroscopy. Precision spectroscopy and frequency stabilization
have also been demonstrated [9,10] using low-cost, coin-sized laser (CL) modules consisting
of a distributed feedback (DFB) diode laser (linewidth > 1 MHz), an optical amplifier and a
frequency conversion crystal. Although the frequency instability of the iodine-stabilized CL
could be used in a block gauge measurement [11] and has achieved the stability at a level of
10712 for a 1-s averaging time [10], the linewidth of the iodine-stabilized CL remains unchanged
(> 1 MHz). The relatively large linewidth of the iodine-stabilized CL has limited its application
because, for example: 1) the coherence length of this laser is 2-3 orders of magnitude shorter
than that of the other iodine stabilized lasers mentioned above; and 2) reliable measurement
of the iodine hyperfine structure using this laser could not be demonstrated [12]. Therefore, to
expand applications of this laser, linewidth reduction using prestabilization is necessary for this
low-cost, coin-sized laser.

To obtain a narrow linewidth laser, servo control using frequency discriminators such as optical
cavities [13] and fiber interferometers [14] have been commonly used. In most cases, optical
cavities and fiber interferometers have been used to narrow the kHz-level laser linewidth down to
the Hz level [15—18]. In these experiments, optical cavities and fiber interferometers are usually
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placed in an environment with good vibration isolation and thermal control. The advantages
of optical cavities are that they can be insensitive to vibration and/or have ultra-low thermal
noise depending on the cavity design. Fiber interferometers have the advantages that they can be
configured with reliable fiber components without needing precision alignment and make it easy
to adjust the free spectral range and quality factor of the frequency discriminator. The achieved
Hz-level narrow-linewidth lasers can be used in gravitational interferometers, optical clocks, and
coherent optical fiber links. Fiber interferometers were also used to narrow the MHz-level laser
linewidth down to the kHz level [19,20]. In these experiments, the laser sources were DFB diode
lasers, and the fiber interferometers had a short path imbalance (< 10 m). The linewidth of the
DFB diode laser was improved from 3 MHz to 15 kHz using a 5-m imbalance fiber interferometer
with homodyne detection [19]. Another group improved the frequency stability of a similar
DFB diode laser by a factor of approximately 30 compared to free-running operation using 5-m
imbalance fiber interferometers [20].

Hybrid frequency locking combining the laser-linewidth narrowing and Doppler-free molecular
spectroscopy has been reported for kHz-level laser sources (Nd: YAG lasers) [21,22]. In these
experiments, an ultra-low expansion (ULE) cavity was used for linewidth reduction and Doppler-
free spectroscopy of iodine molecules was used for mid- to long-term frequency stabilization. In
the first case [21], long-term frequency stabilization was obtained by feedback to an additional
acousto-optic modulator (AOM) placed in front of the ULE cavity. In this case, the dynamic
range of the feedback was limited by the AOM, typically to several tens of megahertz [21].
The frequency instability of the hybrid-locked laser was not measured [21]. In the second
case [22], hybrid locking was confirmed by measuring the frequency instability of the laser.
The dynamic range of the feedback was improved by using several external modulators and
frequency-offset sideband locking [22]. As mentioned in [22], the long-term frequency stability
of the hybrid-locked laser was not improved over that of the laser using only Doppler-free
iodine spectroscopy. This is because the linewidth of the original laser source (kHz level) was
much narrower than that of the Doppler-free iodine spectrum (~500 kHz). Therefore, in such
experiments [21,22], the hybrid locking was only used to: a) reduce the long-term frequency
drift of the ULE cavity (or a fiber interferometer); b) calibrate the absolute frequency of the laser.
To our knowledge, hybrid frequency locking has not been performed for MHz-level DFB diode
laser sources. In such systems, hybrid locking will benefit the laser system (in addition to the
above a) and b)) in several ways: c) to further improve the frequency stability over that of the
laser using Doppler-free iodine spectroscopy only, because the free-running laser linewidth (MHz
level) is larger than that of the iodine spectrum (~500 kHz); d) to improve the dynamic range of
the feedback by using a fiber interferometer and a piezoelectric transducer (PZT) attached to the
fiber; and e) to search for better frequency between the linewidth servo using the laser current
and the iodine servo using the PZT.

In this paper, we demonstrate hybrid frequency locking of a MHz-level-linewidth CL module
using a 12 m imbalance fiber interferometer and Doppler-free spectroscopy of molecular iodine.
The linewidth of the 1063 nm DFB laser in the CL module was reduced from 2 MHz to 6
kHz, with a servo bandwidth of 750 kHz. The frequency stabilization based on Doppler-free
spectroscopy was realized using a PZT attached to the arm of the fiber interferometer, which
compensates any fiber length change in the fiber interferometer. The Allan standard deviation
of the hybrid-locked laser was 9.8 x 10~ at an averaging time of 1 s (a 4-fold improvement
over iodine stabilization alone [10]) and reached 6.8 x 10~ at 400 s. The hybrid-locked CL
module with its narrow linewidth, good frequency stability and determined absolute frequency
is expected to expand widespread application in various fields due to the cost efficiency and
compactness of the system.
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2. Experimental setup

Figure 1 shows a schematic illustration of the experimental setup for linewidth reduction, Doppler-
free spectroscopy, and frequency stabilization using the CL module. The dimensions of the CL
module are 20 mm X 6 mm X 4 mm (length X width x thickness). The CL module consists of a
DFB diode laser operating at 1063 nm, a semiconductor optical amplifier, and a periodically
poled lithium niobate crystal for second harmonic generation (SHG). We mounted the CL module
on a Peltier device for temperature control. The laser module emits a fundamental light (1063
nm) with a power of ~40 mW and an SHG light (531 nm) with a power of ~10 mW. The SHG
laser beam was separated from the fundamental beam and guided using a dichroic mirror (DM)
to a Doppler-free iodine spectrometer. The fundamental beam passed through the DM was split
into two parts: one part was sent to a fiber interferometer for laser linewidth narrowing and the
other part was sent to a frequency comb for laser frequency measurement. Both beams were
delivered using single mode fibers. Optical isolators were placed on both the fundamental (112
dB) and SHG (38 dB) paths to prevent backscattered light.

I« - pp2
[ Probe
(] HWP Pump  Peltier device

Temperature
i controller | peltier device

Bias-T CL modu]e 38 dB

Current
controller

Fig. 1. Schematic diagram of the experimental setup. The inset images are the CL
module and the Michelson interferometer. DFB: Distributed-feedback diode laser, SOA:
Semiconductor optical amplifier, PPLN WG: Periodically poled lithium niobate waveguide,
CL module: Compact laser module, DM: Dichroic mirror, ISO: Optical isolator, HWP:
Half-wave plate, PBS: Polarization beam splitter, AOM: Acousto-optical modulator, FM:
Faraday rotator mirror, PZT: Piezoelectric transducer, PD: Photodetector, FG: Function
generator, DBM: Double-balanced mixer, EOM: Electro-optical modulator, Nd:YAG/I,:
Iodine-stabilized Nd: YAG laser, OFC: Optical frequency comb, SA: Spectrum analyzer.

The fiber interferometer was a 12-m imbalance Michelson interferometer (MI), which consists
of a 50:50 fiber coupler, a fiber-coupled AOM, a 6-m-long SMF, and two Faraday rotator mirrors
(FM). The MI was placed on a copper baseplate the temperature of which was stabilized by
a Peltier device. The MI and baseplate were enclosed in a commercial 200 X 90 x 170 mm?
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waterproof aluminum box. The 2.5 mW input beam was divided by the coupler into two parts:
one beam was reflected by an FM and the other beam was frequency shifted by the AOM and
reflected by another FM. The FMs guarantee that the two beams in the output port of the coupler
always have the same polarization and lead to a beat note with a maximum signal to noise
ratio (S/N) without employing any polarization controller. We removed the outer coating of the
125 pm cladding of a portion of the SMF between the AOM and the FM, and glued this part
to a PZT to control the fiber length of the interferometer. The interference signal of the fiber
interferometer was observed by a photodetector (PD1) and demodulated using a double balanced
mixer (heterodyne detection). The demodulated signal was fed back to the driving current of
the DFB diode laser through a bias-T circuit as a fast frequency servo. Slow feedback using the
temperature control of the CL module was also performed to expand the dynamic range of the
current servo.

A Doppler-free iodine spectrometer was used as an optical frequency reference in addition to
the fiber interferometer. Doppler-free spectroscopy of molecular iodine was performed based on
the modulation transfer technique [23]. The 531 nm SHG laser beam was separated into pump
and probe beams by a half-wave plate and a PBS. The pump beam was frequency-shifted by
80 MHz using an AOM and phase-modulated by an electro-optical modulator at a modulation
frequency of 350 kHz. The AOM was used to avoid interferometric baseline problems in the
iodine spectrometer. The pump and probe beams were overlapped anti-colinearly in a 45-cm
iodine cell. The probe beam was separated from the pump beam by another PBS and was
detected by PD2. Details of the iodine spectrometer can be found elsewhere [24]. We obtained
the modulation transfer signal of the spectral lines by demodulating the signal from PD2. The
demodulated signal was fed back to the PZT attached to the arm of the fiber interferometer
through a servo system.

To evaluate the frequency stability of the hybrid-locked CL module, the fundamental light of
the module was measured using a frequency comb based on a mode-locked Er:fiber laser (Er:fiber
comb) [25]. The Er:fiber comb was self-referenced and phase-locked to an iodine-stabilized
Nd:YAG laser [24]. Consequently, both the linewidth (~kHz) and the frequency instability
(1x10713 at t=1 s) of the comb follow those of the iodine-stabilized Nd:YAG laser. The
frequency of the beat signal between the fundamental light of the CL. module and the Er:fiber
comb was measured by a II-type frequency counter (Pendulum, CNT-91) with zero dead time.
Also, the beat signal was monitored by an electrical spectrum analyzer (SA).

3. Experimental result

3.1. Linewidth reduction of the CL module using the fiber interferometer

Figure 2 shows the observed beat notes between the fundamental light of the CL module and the
Er:fiber comb. Figure 2(a) shows the beat notes when the linewidth reduction was not carried
out (free running). The resolution bandwidth (RBW) and video bandwidth (VBW) of the SA
were 300 kHz and 10 kHz, respectively. The observed linewidth of the beat notes indicates the
free-running linewidth of the laser and was approximately 2 MHz. Figure 2(b) shows the beat
notes similarly as in Fig. 2(a), when the linewidth reduction was carried out. Figure 2(c) shows
an enlarged view of the beat note in the linewidth reduction operation with an RBW of 10 kHz
and a VBW of 1 kHz. The observed servo bump was approximately 750 kHz, which represents
the feedback control bandwidth of the linewidth reduction. This was not limited by the delay
time of the 12-m-long imbalance fiber length. Figure 2(d) shows a further enlarged view (with
linear vertical scale) of the beat note in the linewidth reduction operation with an RBW of 1 kHz
and a VBW of 100 Hz for a 400 ms measurement time. The red plots show the measured data,
and the black curve shows the result of curve fitting to a Lorentzian function. The observed
linewidth of 6 kHz indicates that of the fiber-interferometer-stabilized CL module. The optimum
imbalance length of the fiber interferometer was searched for by varying the fiber length in 10
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m increments up to 102 m. In our case, no significant difference was observed from 12 m to
32 m. To ensure sufficient dynamic range of the PZT control in the hybrid lock, the imbalance
length of the interferometer was set to 12 m. With the present fiber interferometer, the linewidth
of the DFB CL module is reduced from 2 MHz to 6 kHz. This result is approximately a 2-fold
improvement over the 15 kHz linewidth obtained using a 5-m imbalance fiber interferometer [19].
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Fig. 2. (a) Beat notes between the fundamental light of the CL module and the comb
components of the Er:fiber comb. (b) Beat notes when the CL module was stabilized to
the fiber-interferometer. (c) An enlarged beat signal (fpear) With a RBW of 10 kHz. (d) An
enlarged beat signal (fpear) With a RBW of 1 kHz. The vertical scale is linear. The solid
red circles and black curve show the observed result and the result of Lorentzian fitting,
respectively.

3.2. Doppler-free spectroscopy of molecular iodine and hybrid lock

Figure 3(a) shows the observed modulation transfer signal of the a, hyperfine component of the
P(35)32-0 transition using the fiber-interferometer-stabilized CL module. The S/N of the a;
component, which was the largest one in this transition, was approximately 38 in a bandwidth
of 300 Hz, and the spectral linewidth of the a, component was approximately 670 kHz. Laser
frequency scanning was performed by adjusting the voltage of the PZT attached to the fiber
interferometer. The sensitivity of the frequency to the voltage was 2 MHz/V, resulting in a
dynamic range of 300 MHz using 150 V servo voltage. The powers of the pump and probe beams
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were 2.5 mW and 0.3 mW, respectively. The cold-finger temperature of the iodine cell was held
at -3°C, corresponding to an iodine pressure of 3.0 Pa. The temperature of the cell body matched
the controlled room temperature of 23°C. We note here that the observed spectral linewidth is
smaller than that of the free-running CL module.
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Fig. 3. (a) Doppler-free spectrum of the a; component of the P(35)32-0 transition of
molecular iodine obtained using the linewidth-reduced CL module with a low-pass filter of
100 Hz. (b) The measured time variation of the beat frequency between the hybrid-locked
CL module and the Er:fiber comb. (c) The Allan standard deviation calculated from the
measured beat frequency between the CL module and the optical frequency combs. The
curves with black triangles, red squares, and green discs show the Allan standard deviation
of the CL module when free running, stabilized to the fiber interferometer, and hybrid
locked, respectively. The plot with blue diamonds shows the Allan standard deviation of the
iodine-stabilized CL module as shown in [10]. The dashed curve shows the measurement
limit of the Er:fiber comb.

The green curve in Fig. 3(b) shows the time variation of the beat frequency between the
hybrid-locked CL module and the Er:fiber comb, when the counter gate time was set to 0.01 s.
The maximum excursion of the beat frequency over 2000 s was approximately 10 kHz. Since the
Er:comb has better frequency stability than the CL module, the observed frequency variation is
mostly attributed to the CL module.

The measured Allan standard deviations of the free-running and linewidth-reduced CL module
are shown in Fig. 3(c) with the curves with black triangles and red squares, respectively. In the
free running case, the Allan standard deviation was 1.3 X 1072 at 0.01s,and 4.7x 1072 at4s. In
the linewidth-reduced case, the Allan standard deviation was 1.3 x 107! at 0.01 s and degrades to
4.0x 10719 at 4 5. Although the frequency instability of the CL module was reduced by 2 orders
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of magnitude at 0.01 s using the fiber interferometer, the frequency of the linewidth-reduced CL
module drifted in time due to the fiber length variation caused by mechanical and temperature
fluctuations. The solid green curve in Fig. 3 (c) shows the Allan standard deviation calculated
from the measured beat frequencies shown in Fig. 3(b), indicating the frequency stability of the
hybrid-locked CL module. The Allan standard deviation was 9.8 x 10712 for t=0.01 s, improving
to 3.1 x 10713 at T = 10 s following the 1/4/T characteristics. At 100 < T <200 s, the Allan standard
deviation appeared to degrade due to unexpected noise. At T > 200 s, the Allan standard deviation
began to improve again and reached 6.8 x 10~'% at t=400 s. For comparison, the frequency
instability of a CL module stabilized to the ag component of the R(36)32-0 transition without
linewidth reduction [10] is shown as the blue plot, starting from 4.3 x 10~'% at 1 s, improving to
approximately 3.6 x 10713 at T= 1000 s. The laser frequency instability obtained in the present
work (with laser linewidth reduction) was approximately 4-fold better than that at 1 s and 9-fold
better at 400 s in [10]. In the current experiment, the cutoff frequency of the PI servo of the
iodine feedback was set to larger than 100 Hz. Therefore, the observed Allan standard deviation
for > 0.01 s following the 1/+4/T characteristics is basically limited by the characteristics of the
Doppler-free iodine signal. We also show the typical frequency instability of the iodine-stabilized
Nd:YAG laser in Fig. 3(c) as a dashed line, starting from 10~!2 at 10 ms and improving after 100
s to approximately 1.2 x 10714, This was the measurement limit of the Er:fiber comb since the
comb was phase locked to the iodine-stabilized Nd:YAG laser.

3.3. Repeatability of the hybrid lock of the CL module

The absolute frequency measurement of the a, component of the P(35)32-0 transition using the
hybrid-locked laser was demonstrated. As shown in Fig. 4, thirteen frequency measurements
were performed over several days. Each measurement in Fig. 4 was calculated from over 1000 s
beat-frequency data measured with a gate time of 0.01 s. The uncertainty bars are given by the
Allan standard deviation for the longest average time. The average of the thirteen frequencies
measured in Fig. 4 was 564 011 175 767.2 (0.7) kHz. The standard deviation of 0.7 kHz indicates
the repeatability of the hybrid-locked CL module. In our previous experiments, the absolute
frequency of the a, component of the P(35)32-0 transition was measured to be 564 011 175
773 (6) kHz [26]. Taking into account that 1) the absolute frequency obtained in the present
experiment only includes the repeatability (not the evaluated total uncertainty) of the system,
and 2) there is a 5 kHz uncertainty due to impurity of the iodine cell (the iodine cell used in the
present experiment is different from that in the previous experiment [26]), we conclude that they
agree with each other.
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4. Conclusion

In conclusion, we performed linewidth narrowing using both a 12-m imbalance Michelson
interferometer and frequency stabilization using Doppler-free molecular spectroscopy (hybrid
lock) for a CL module with an original linewidth of 2 MHz. The laser linewidth was reduced to 6
kHz and was much less than the Doppler-free iodine spectral linewidth of 670 kHz. The frequency
stability of the hybrid-locked CL module at 4 s was 4.9 x 10~!3, which was an improvement of
3 orders of magnitude from the linewidth reduction only case. The frequency stability of the
hybrid-locked CL module at 400 s was 6.8 x 10~'4, which was a 9-fold improvement over the
iodine stabilization only case [10]. The hybrid-locked CL with long coherent time and known
absolute frequency can be used for precision spectroscopy and various industrial applications.
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ABSTRACT

The realization of cold atoms using a compact and low-power-consumption experimental setup is indispensable for cold atom experi-
ments, including optical clocks and quantum simulations. We demonstrate the direct loading of Yb atoms into a 3D magneto-optical trap
(MOT) from a dispenser atomic source without using a Zeeman slower. The power consumption of the dispenser was ~3 W. Spectroscopy
of the atomic beam from the dispenser on the 6s*'So—6s6p 'P; Yb transition at 399 nm shows that the flux of the atomic beam reaches
1.4 x 10" 57" cm™. We can load up to 4.1 x 10’ atoms into the MOT with slowing and trapping laser powers of 20.3 and 35.0 mW,
respectively. The realized cold atom system is reliable and can be adapted for experiments on alkaline earth and other alkaline earth-like
atoms.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0140774

I. INTRODUCTION

Ultra-cold atoms of alkaline earth and alkaline earth-like atoms
are of great interest for a wide range of applications, including fun-
damental science and technologies that support optical frequency
standards. Among these atoms, Ytterbium (Yb) has five bosonic
(168: 170,172,174, 176y} and two fermionic (V"*173Yb) isotopes with
relatively high natural abundances. The strong 6s*'Sy-6s6p 'P;
transition of Yb at 399 nm has a natural linewidth of 29.1 MHz,
which is suitable for the creation of a cold Yb atomic ensemble using
a laser cooling technique. Yb also has two intercombination tran-
sitions with ultra-narrow spectral linewidths, which can be used to
further cool atoms or as the clock transition of an optical frequency
standard. Moreover, the ground-state electric configuration is insen-
sitive to magnetic fields because it has a closed-shell structure. Due
to these features, cold-atom experiments with Yb atoms can be
used for studies of optical lattice clocks,'”’ quantum simulations,’

quantum information processing,” and quantum degeneration
gasses.'’ These applications require robust, reliable, and sometimes
transportable experimental systems. For example, compact and
low-power-consumption optical lattice clocks are important for
clock comparisons'"'* and relativistic geodesy tests.'®

One of the bottlenecks for the realization of a compact and reli-
able laser cooling experimental setup is the difficulty associated with
handling the atomic source in the system. Because the vapor pres-
sure of alkaline earth metals is lower than that of alkaline at the same
temperature, an ytterbium atom oven is usually operated at a rela-
tively high temperature (450-500 °C) using an oven heater. In most
cases, heat management, such as water cooling, is required to protect
vacuum flanges from heat. Water cooling has become an obstacle
to the development of compact and transportable laser cooling sys-
tems. To overcome this problem, an atomic oven with good heat
isolation was placed inside a vacuum and operated without water
cooling.'* This setup was successful for Sr experiments'* and is also

AlIP Advances 13, 025361 (2023); doi: 10.1063/5.0140774
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applicable to Yb. However, the complicated design of heat isolation
of the oven inside a vacuum may limit the range of applications of
this method. An alternative idea is to use dispenser atomic sources
in vacuum systems for Sr and Yb laser cooling experiments."” ' In
particular, in the Yb case, Bose-Einstein Condensation (BEC) and
Fermi degenerated gas experiments were performed using ultra-cold
atoms realized in a 3D magneto-optical trap (MOT) on the narrow
15,—°P; intercombination transition.'” In the experiment,'” atoms
were pre-loaded to a 2D MOT using the 399 nm 'So—'P; transition
from a commercial Yb dispenser. To generate the 2D MOT, ~180
mW of 399 nm trapping laser power was necessary.!” The two-step
MOT strategy and the required relatively high laser power may limit
the compactness of the system.

In this study, we directly loaded Yb atoms from a commercial
YD dispenser into a 3D MOT with a trapping laser power of 35.0
mW. Typically, 4.1 x 10” Yb atoms are laser-cooled and trapped in
the MOT with ~3 W of power consumption in the dispenser. The
MOT is realized ~300 s after the start of the dispenser heating. We
also performed laser spectroscopy on the 6s>'Sy-6s6p 'P; transi-
tion at 399 nm to investigate the flux of the atomic beam from the
dispenser. Our system is compact, consumes low power, and applies
to experiments using alkaline earth and other alkaline earth-like
atoms.

Il. EXPERIMENTAL SETUP
A. Atom beam source based on a dispenser

Figure 1 shows an image of an atomic beam source of Yb
based on a dispenser. The Yb dispenser (AlfaVakuo AS-Yb-0500-3F)
contained Yb metal (0.5 g) under an argon atmosphere inside a
thin stainless-steel tube. As shown in Fig. 1(a), the tube was sealed
using an indium plug at one end. The length of the dispenser was
~45 mm, with an outer diameter of 3 mm. As shown in Fig. 1(b),
each end of the dispenser was connected to the feedthroughs of
a vacuum flange using oxygen-free copper jigs with molybdenum-
dioxide-coated screws. To activate the dispenser source inside the
vacuum system (refer Sec. II B), the current for the dispenser was
slowly increased from 0 to 4.0 A. At a current of 2.5 A, the vacuum
pressure suddenly increased from 2 x 107 to 7 x 10™" Pa. This was

(a) Yb metal Indium seal

45 mm

! Current
—_—

(b)

Yb Dispenser
 ————
AN |
N~—

Mounting Jig

FIG. 1. (a) Cross-sectional view of the dispenser (a side view). (b) Schematic of the
atomic beam source using the dispenser with a commercial ICF 70 feedthrough.
The red arrows show the direction of the current flow.

scitation.org/journal/adv

owing to the melting of the indium seal by resistance heating and the
release of argon gas in the vacuum chamber system. The dispenser
was then degassed at 4.0 A for 24 h. The pressure was then returned
to the initial pressure of 2 x 107 Pa. No water cooling was required
for the dispenser atomic beam source. Compared to the power con-
sumption (36 W) of the atomic oven with good heat isolation,'
the power consumption of the dispenser in the present experiment
was ~3 W.

B. Compact MOT system of Yb

A schematic of the vacuum chamber system developed for the
realization of a 3D MOT is shown in Fig. 2. The vacuum system
contained four parts (from left to right shown in Fig. 2) with dif-
ferent functions: (1) dispenser source chamber, (2) fluorescence
chamber, (3) MOT chamber, and (4) pump chamber. The dispenser
source chamber is composed of a typical pipe nipple and a bellows
pipe nipple. A bellows pipe nipple was used to adjust the direction
of the atomic beam. The fluorescence chamber was connected to the
bellows pipe nipple and had two side windows and a top viewport
with ICF34 flanges. A vacuum gauge was connected to the fluores-
cence chamber to monitor vacuum pressure. The MOT chamber
had six side windows with ICF34 flanges and two relatively large
windows with ICF114 flanges at the top and bottom. The height of
the MOT chamber is 7.5 cm. A pair of coils in the anti-Helmholtz
configuration, as needed for MOT operation (MOT coils), is placed
outside the MOT chamber on the top and bottom. The inner and
outer diameters of the coils are ~13.5 and 15.4 cm, respectively.
The height of the coils was ~3.9 cm. The number of horizontal and
vertical turns of the coils was 28 and 16, respectively. In this config-
uration, a magnetic field gradient in the strong (vertical) direction
of 39 G/cm is obtained at a current of 6.3 A, corresponding to a
total power consumption of ~250 W. With this level of power con-
sumption, we could avoid water cooling and use air cooling for the
MOT coils. The pump chamber was connected to the MOT chamber
and had a viewport on the opposite side for the injection of the laser
beam to slow the atoms from the dispense source. An ion-getter
pump is connected to the pump chamber to pump the vacuum sys-
tem. The pressure of the vacuum system was ~2 x 10~° Pa when the
dispenser was under operation. A turbo pump was also connected to
the pump chamber and could be operated whenever necessary. The
length of the vacuum system from the feedthrough vacuum flange
(left-hand side) to the pump chamber viewport (right-hand side) is
~56 cm. Because the system can be operated without a turbo pump,
this is the largest dimension of the operational vacuum system,
including MOT coils.

C. Laser system

The laser system for the current experiment was developed for
four purposes: (1) laser frequency stabilization, (2) atomic beam
spectroscopy, (3) atom slowing, and (4) MOT operation. As the
light source, we used a GaN-based external cavity diode laser
(ECDL) employing the Littrow configuration (MOGLabs: CEL-002).
The laser operating at 399 nm had an output power of ~20 mW. The
laser output beam is divided into three parts. The first part of the
beam is used for the frequency stabilization of the laser based on
Doppler-free spectroscopy of the 'Sy—'P; transition of Yb in a
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hollow cathode lamp (HCL). The modulation transfer technique
was used in the Doppler-free spectroscopy of Yb in the HCL."” The
uncertainty of the frequency-stabilized laser was evaluated to be
0.23 MHz,” which is small enough for MOT operation.

The second part of the beam was used as a probe beam for Yb
spectroscopy. Atomic beam spectroscopy was used to estimate the
flux of the beam source. The probe beam was introduced into the
fluorescence chamber from one of the side windows, perpendicular
to the atomic beam, with horizontal light polarization. The fluores-
cence signal from the atoms in the beam was detected using a photo
multiple tube (PMT) from the top viewport.

The third part of the 399 nm beam from the ECDL was sent
to an injection locking system using a 399 nm diode laser (Nichia
NDV4B16).”"** The optical power of the laser beam was ampli-
fied from several milliwatts to 220 mW by injection locking. The
amplified laser beam was then further split into two parts for
the longitudinal cooling of the Yb atomic beam (slowing beam)
and MOT operation (MOT beam). The slowing beam has a 1/¢
diameter of 3 mm and a beam intensity of I = 5.3I5a;, where I = 58
mW/cm? is the corresponding saturation intensity. The MOT beam
has a diameter of 7 mm and total beam intensity of Inor = 9.5Isat.
For the optimization of the MOT operation, the frequencies of both
the slowing and MOT beams were detuned separately using differ-
ent acousto-optic modulators (AOM:s). The fluorescence signal from
the Yb atoms in the MOT was detected from a side window using a
photodetector or CMOS camera to measure the number of atoms.
All optical parts of the laser light source, stabilization system, and
injection locking system were arranged on a 45 x 90 cm? bread-
board. In the vacuum system, the laser beams had a beam height
of 15 cm, except for vertical MOT beams. This relatively low
optical beam height, which is possible owing to the compact design
of the vacuum chamber and MOT coils, contributes to the overall
compactness of the experimental system.

I1l. EXPERIMENTAL RESULTS
A. Atomic beam

We performed atomic beam spectroscopy to estimate the
atomic beam flux and lifetime of the beam source. Figure 3 shows

Slowing beam

ARTICLE scitation.org/journall/adv

FIG. 2. Schematic of the developed vac-
uum chamber system for the realization
of a 3D Yb MOT. The vacuum sys-
tem contains four parts: (1) dispenser
source chamber; (2) fluorescence cham-
ber; (3) MOT chamber; and (4) slow-
ing beam chamber. PMT: photo multi-
ple tube; D: detector (photodetector or
CMOS camera).

the fluorescence signals as a function of the laser frequency. The flu-
orescence signals (red curve) were observed using a PMT installed
above the top viewport of the fluorescence chamber. The dispenser
current was 4.5 A, and the power of the probe beam was 0.2 mW.
The laser frequency is scanned by tuning the voltage applied to the
piezoelectric actuator of the ECDL. Fluorescence signals from six
stable isotopes were observed, with the exception of '**Yb. This was
due to the small natural abundance of **Yb. Some of the spectra
overlapped because of the small difference in their isotope shifts.
Here, we used a Voigt function, which is the convolution of the
Lorentzian and Gaussian functions, to fit a part of the observed spec-
tra ['7°Yb, "*Yb(F’ = 5/2), "7*Yb]. Because the natural width (T’) is
the main contributor to the Lorentz width, the Lorentz width was
fixed at I' = 2m x 29.1 MHz. The Gaussian width was set to a single
value for all the isotopes. The full-width half-maximum (FWHW)
of the Gauss width (wg) is calculated to be 93.3 MHz from the fit
(blue curve). The width reflects the transverse velocity distribution
of the atomic beam. Using the temperature vs current curve in the
specification of the dispenser, we obtained a dispenser temperature

1.0 174
Yo Y b(F=3/2,7/2)
— 112y
;0.8

s
2061
2
3
E 044 ”‘Yb 171Yb
2 (F=312) (F=1/2)
2 ]70Yb
© 02

0.0 1

~1000  -500 0 500 1000 1500

Relative frequency (MHz)

FIG. 3. Observed (red curve) and fitted (blue curve) fluorescence signals of the
1Sy-"P; transition of Yb in the atomic beam. The spectra include fluorescence sig-
nals from six stable isotopes except for ®Yb due to its small natural abundance.
F’ is the total angular momentum of the excited states.
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of 675 K when the current was 4.5 A. Then, the most probable veloc-
ity (vmp) of the atomic beam was calculated to be 311 m/s using the
dispenser temperature. The beam divergence angle (half-width at
half-maximum of the flux angular distribution, 8) can be calculated
using the following relationship:*’

WG Vmp Sin 0
2 A M
where A is the wavelength of the laser. Using Eq. (1), 6 was calculated
as 60 mrad.

We follow the procedure described in Ref. 14 to estimate the
atomic flux (F) of the beam. The dispenser current was set at 4.5 A.
Atomic flux is the product of the atomic density (p) and vmp of the
atomic beam,

F = pvmp, (2

1 Pmax Qtot

= X
Vint Qph

p

AR
hwol's +oo exp(_ﬁ)
2002 dv "%
V2 Jmee g )

(©)

Here, Viu is the interaction volume of the laser beam and the atomic
beam and is calculated to be 4.4 x 10™® m® using the laser beam
diameter and the atomic beam divergence 6. Other parameters in
Eq. (3) are as follows: Pray, the fluorescence optical peak power of
74y (131 nW); Quot, the total solid angle of dipole emission (81/3
sr); Qph, the solid angle under which the atomic fluorescence is
observed using the photodiode (0.089 sr); i, the reduced Planck’s
constant; wy, the laser center frequencys; s, the saturation parameter
(0.12); ¢, the velocity standard deviation (16 m/s); and |k| = 21/,
the modulus of the probe beam wavevector. The values in paren-
theses are calculated based on the present experimental conditions.
Using these parameters, the atomic flux F of 7*Yb was calculated
to be 4.6 x 10'* s™' cm™ when the dispenser current was 4.5 A
(T = 675 K). Considering the contributions of all Yb isotopes, we
estimated a total flux of F = 1.4 x 10" s7! em™. We conclude
that the obtained F value is reasonable by comparing with F = 1.0
x 10" s™' cm™ of a Sr atomic beam reported in Ref. 14 using a
compact Sr oven (T = 723 K). In this comparison, the temperature of
the Yb dispenser is lower than that of the Sr dispenser. Furthermore,
even at the same temperature, the vapor pressure of Yb is higher than
that of Sr.*

The atomic flux can be used to calculate the flow rate (N) of the
atomic beam,*

3 Lin 2
N:Fxrr( zt), (4)

where Liy is the interaction length of the laser and atomic beams
along the laser beam and is estimated to be 16.8 mm. Figure 4 shows
the calculated flow rate of the Yb atomic beam as a function of
dispenser current. The flow rate increased rapidly as the dispenser
current increased. Using Eq. (4), the flow rate N is calculated to be
3.2 x 10"%/s when the dispenser current is 4.5 A (T = 675 K). This
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FIG. 4. Flow rate of the Yb atomic beam from the dispenser as a function of the
dispenser current.

flow rate corresponds to a continuous operation lifetime (with 0.5 g
of Yb) of ~1.7 years. We note that the flow rate of a dispenser may
also be estimated based on a theoretical model of flux distribution
from a tube.”” In such an estimation, the flow rate of the dispenser
in the present experiment was calculated to be 6.2 x 10'*/s, which
gives a much shorter lifetime of 32 days. In the theoretical model
of flux distribution from a tube,” the atomic diffusion profile has a
wide wing. Integration over the solid angle for atomic diffusion in
the wing area increased the flow rate and decreased the lifetime in
the estimation.

B. MOT
MOT for Yb atoms was realized using the developed dispenser

atomic beam source. Figure 5 shows photographs from a side win-
dow of the MOT chamber when Yb atoms were trapped in the MOT.
The photographs were taken using a CMOS camera. The white spot
at the center of each photograph represents the fluorescence signal
from the trapped atoms. Figures 5(a)-5(e) represent the fluorescence
signals from (a) "7*Yb, (b) 176Yb, (c) *Yb (F’ = 3/2, 7/2) and "7*Yb,
(d) 7'Yb (F' = 3/2), and (e) "'Yb (F' = 1/2) and "°Yb. In some
cases, the MOT fluorescence signals from different isotopes cannot
be divided because the resonant frequencies of these isotopes are
very close. This situation is essentially the same as that of the fluores-
cence signals observed from the atomic beam, as shown in Fig. 3. The
number of 7*Yb atoms in the realized MOT is 4.1 x 10”. This num-
ber of atoms was achieved when the dispenser current was 4.5 A;
the power and detuning of slowing laser beam were 20.3 mW and
—112.5 MHz, respectively; the MOT magnetic field gradient (dB./dz)
was 39 G/cm; and the power and detuning of the MOT cooling laser
beams were 35.0 mW and —17.5 MHz, respectively.

The above experimental parameters were optimized for a
dispenser current of 4.5 A, corresponding to an atomic flux of
4.6 x 10" 57! cm™ Figure 6 shows the number of '7*Yb atoms in
the MOT as a function of the power of the slowing laser beam. The
number of atoms was estimated using the fluorescence signal mea-
sured using a photodetector. The uncertainties associated with the
measured number of atoms were calculated based on the fluctu-
ations of the fluorescence signal. The number of atoms increased
significantly when the slowing beam power was greater than 2 mW.
The number of atoms did not saturate until the slowing beam
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FIG. 5. The fluorescence signal from the Yb atoms in the MOT captured using
a CMOS camera. Each photograph shows the signal of (a) '™Yb, (b) "8Yb, (c)
173Yp (F = 312, 7/2) and 2Yb, (d) "'Yb (F’ = 3/2), and (e) ""'Yb (F’ = 1/2) and
170Yb.

power was increased to 20.3 mW, where the upper limit of the
slowing beam power was reached. This implies that the laser power
is one of the limiting factors for the number of atoms loaded in
the MOT. The power balance between the slower beam and MOT
beams was adjusted to achieve the largest number of atoms in the
MOT. The detuning of the slower beam was changed from -100
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FIG. 6. Number of '"Yb atoms in the MOT as a function of the power of the slowing
laser beam.

scitation.org/journal/adv

to —160 MHz to search for the best detuning matching the velocity
distribution of the atomic beam. No drastic dependence of the num-
ber of atoms in the MOT on detuning was observed. The detuning
of the slower beam was set to —112.5 MHz, where the number of
atoms in the MOT was slightly larger than that obtained with other
detuning frequencies. The atomic velocity at which the detuning
of the slowing beam corresponds to the Doppler shift was 45 m/s,
and the maximal capture velocity of the MOT was 34 m/s. We
note here that the slower beam functioned successfully even without
the Zeeman coils,”® which typically require 15 W of electric power
consumption.”’

Figure 7 shows the number of 7*Yb atoms in the MOT as a
function of the magnetic quadrupole field gradient dB./dz, where
the z-axis is along the vertical direction, as shown in Fig. 2. The
magnetic-field gradient was measured before the coils were attached
to the chamber. The number of atoms increased rapidly when
the magnetic field gradient exceeded 20 G/cm. It appears that the
number of atoms could have increased if the magnetic field was
increased to more than 39 G/cm, where we reached the upper limit
of the current (6.3 A, the limitation from the current source) applied
to the MOT coils. This measurement was performed in one part of
the parameter dependence study, and the reached number of atoms
of 3.5 x 107 at 39 G/cm was not yet the maximum number, as shown
in Fig. 6.

Figure 8 shows the loading time of the MOT. The vertical axis
represents the atomic fluorescence measured using a photodetec-
tor. The horizontal axis indicates the time after the starting of MOT
operation. The rate equation for the number of atoms (N) trapped
in the MOT can be calculated by**

dN
§=‘X—ﬁN> (5)

where « is the number of atoms loaded into the MOT. Atoms with a
velocity slower than the maximum capture velocity were captured
by the trap. The rate a depends on the size and intensity of the
cooling laser beams and atomic flux. 8 is the linear loss due to the
trap loss rate owing to collisions with the background gas atoms
and untrapped Yb atoms and the branching ratio of the 'P; to the
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FIG. 7. Number of "7#Yb atoms in the MOT as a function of magnetic quadrupole
field gradient dB,/dz.
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FIG. 8. Loading time of the MOT: atomic fluorescence as a function of time from
the starting of the MOT operation. The red and black curves are the observed
fluorescence signal and a theoretical fit, respectively.

D-states. The steady-state number of atoms was obtained as
Ny = a/f by solving Eq. (5), with dN/dt = 0. The number of trapped
atoms increases as follows:

N:NS,(l—e*f), (6)

where 7=1/f is the MOT loading time. The observed time
dependence of the fluorescence signal (red curve in Fig. 8) was fit-
ted using Eq. (6). From the fit, we found that the loading time of
MOT was 1.6 s. In this experiment, Ny = 4.1 x 107. The effective
atomic flux of atoms is Nyt/7 ~ 2.6 x 107 s™". In the MOT area, the
atomic flux of 74Yb was estimated to be 2.0 x 10'! s7!. Therefore,
~1.3 x 107° of the atoms in the atomic flux of "*Yb are effectively
trapped in the MOT.

We also measured the time constant of the dispenser opera-
tion. The fluorescence signal of Yb atoms in the MOT was measured
as a function of time from the starting point at which the dispenser
current was applied. The steady-state reached ~300 s after the dis-
penser was turned on. In a typical oven, the time constant for oven
operation (turn on/off) is much longer (tens of minutes to an hour).
This relatively long time is needed not only for starting the exper-
iment but also for shutting down the system before stopping the
cooling water for the oven.

IV. DISCUSSION AND CONCLUSION

In the present experiment, the obtained number of atoms of
74Yb in the MOT was 4.1 x 10’. For comparison, the number of
7Yb atoms in the 399 nm MOT in the Yb optical lattice clock”
was 1 x 107, Considering the ratio of the natural abundances, the
number of atoms obtained in the present experiment was compara-
ble to that obtained in the optical lattice clock experiment. If a larger
number of atoms is needed, this can be achieved by increasing the
current applied to the MOT coils and the laser power for slowing
and cooling. The laser power can be increased by setting up another
injection-locking system. We note that the number of atoms can also
be increased if we introduce a Zeeman slower coil on the expense of
the compactness of the setup.

ARTICLE scitation.org/journall/adv

During the experiment, we experienced a decrease in the
number of atoms in the MOT owing to the decrease in the slow-
ing beam power, which was caused by the coating of Yb atoms on
the viewport for the injection of the slowing beam. This situation
can be improved by replacing the window on the viewport. To avoid
such a procedure that will break the vacuum, we have newly installed
a window heated at 204 °C inside a vacuum chamber in the path
of the slowing laser beam to prevent the atomic beam from coat-
ing the viewport.”® Since then, there has been no problem with the
coating of the viewport. Another approach to solve this problem is to
perform cold-atom experiment without the slowing beam,” which
makes the system simpler. As indicated in Fig. 6, the atom number
obtained with zero slower laser power was ~4 x 10°.

The present vacuum system can be improved by simply dis-
connecting the fluorescence chamber. A fluorescence chamber was
used for the atomic beam spectroscopy to estimate the atomic flux
of the dispenser. If we continue to use HCL (not atomic beam
spectroscopy) for laser frequency stabilization, the fluorescence
chamber can be removed from the vacuum system. There-
fore, the dispenser should be placed closer to the MOT area
to increase the atomic flux in the MOT region. Although re-
optimization is necessary for the detuning of the slowing beam,
the number of atoms should be increased with a closer dispenser
system.

Along this line, a glass cell vacuum system together with a
dispenser can be used to develop a compact system for cold atom
experiments. In this design, much smaller anti-Helmholtz coils can
be used to realize an MOT with very low electrical power consump-
tion. Heating the glass may be useful in avoiding Yb coating on the
glass cell.

V. SUMMARY

We demonstrated the direct loading of Yb atoms into a 3D
magneto-optical trap from a dispenser atomic source. The experi-
mental setup contained a compact vacuum system with the largest
dimensions of 56 cm and a compact laser system for the cooling
and trapping of Yb atoms. The power consumption of the dispenser
was ~3 W. The dispenser can operate without water cooling and
has a warm-up time of 300 s. The MOT coils also have low power
consumption (operating without water cooling) and are compact
(resulting in a low optical beam height of 15 cm). Atomic flux from
the dispenser was 4.6 x 10" s™" ¢cm™ when the dispenser current
was 4.5 A (T = 675 K). The MOT of Yb based on the 6s° 1So—6s6p 'p,
transition at 399 nm was realized with a trapping number of atoms
of 4.1 x 10”. The loading time of MOT was ~1.6 s. The realization
of MOT using the strong dipole-allowed transition at 399 nm is an
important starting point for experiments using Yb clod atoms. Our
system has great potential for many applications, including opti-
cal lattice clocks and quantum simulations. The realized cold atom
system can also be adapted in experiments on alkaline earth and
other alkaline earth-like atoms.
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Abstract: We have developed a compact frequency-stabilized laser system at 399 nm
based on Sub-Doppler spectroscopy of the S, — P, transition of ytterbium in a hollow-
cathode lamp. The frequency stability of the laser was estimated.

1. Introduction

Frequency-stabilized lasers are important for high precision laser spectroscopy and laser cooling due to
their high frequency stability. Ytterbium (Yb) has five bosonic and two fermionic isotopes with relatively
high natural abundances. Yb has two intercombination transitions with narrow spectral linewidths. Due to
these features, Yb is being studied for various experiments of fundamental physics including optical clocks
[1] and Quantum simulations [2]. The strong 6s% 'S, — 6s6p 'P; transition of Yb at 399 nm has a natural
linewidth of 28 MHz and is used to create ultra-cold Yb atomic ensemble by laser cooling. Using a
frequency doubled Ti:Sapphire laser, Das et al measured the absolute frequency of the 6s2 1S, — 6s6p P,
transition of 7*Yb atoms in the atomic beam to be 751 525 987.761(60) MHz [3]. Tanabe et al
demonstrated the frequency stabilization at 399 nm using the second harmonic generation of an external
cavity diode laser (ECDL) operating at 798 nm based on Doppler-free spectroscopy of 17*Yb atoms in a
hollow-cathode lamp (HCL) and determined the absolute frequency of the transition to be 751 526 522.5(5)
MHz using an optical frequency comb [4]. Although several groups measured the absolute frequency of the
transition, these measurement values do not agree with in their measurement uncertainties.

In this paper, we demonstrate Doppler-free spectroscopy of Yb of the 6s? 1S, — 6s6p P, transition
using an ECDL with an interference filter inside the laser cavity operating at 399 nm and a HCL. This laser
has an advantage in the laser cavity design resulting stable optical axis in the laser output when the laser is
scanned. In the HCL, the collisions of ytterbium atoms and other atoms cause frequency shift. It is
important to investigate possible frequency shifts and improve the accuracy of the frequency measurement
of the 6s? 1S, — 6s6p P, transition.

2. Experimental setup

Figurel shows a schematic illustration of the frequency stabilization system of an external cavity diode
laser system. We used a ECDL (MOGLabs, CEL002) employing a ultranarrow interference filter for mode
selection and cateye reflection geometry to reduce susceptibilities to intra-cavity optical misalignment and
mechanical vibration. The laser operating at 399 nm emits a beam with a power of about 20 mW and a
spectral linewidth of about 350 kHz. The laser power is enough for saturation spectroscopy and the
linewidth is sufficiently smaller than natural linewidth of the 6s? 1S, — 6s6p P, transition of Yb. The laser
beam passed through an optical isolator to avoid feedback light. A half-wave plate (A/2) and a polarization
beam splitter (PBS1) were used to divide the beam into two parts. One portion of this beam was used for

PBS1 A2 ISO

PZT
. D -—-- driver | 1
Servo
o= M2 21.4 MHz m
PBS2 GT l'““ control
AN

1 A
> 71 ]EOM

DBM®-____

probe Ae——pme - LPF
Yb-HCL PBS3 PD OsC

Fig. 1. Schematic diagram of experimental set up of ytterbium stabilized laser using the modulation transfer technique. ECDL:
External cavity diode laser, ISO: Isolator, A/2: Half-wave plate, PBS: Polarization beam splitter, GT: Glan-Thompson prism, EOM:
Electro-optic modulator, Yb-HCL: Yb hollow-cathode lamp, PZT driver: Piezoelectric transducer driver, PD: Photo detector, LO:
Local oscillator, PS: Phase shifter, DBM: double balanced mixer, LPF: Low-pass filter, DAQ: Date acquisition system. Optical and
electrical paths are shown as solid and dashed lines, respectively.



spectroscopy. The other was sent to a wavemeter for wavelength monitoring via a single mode fiber.

Doppler-free spectroscopy of Yb was based on the modulation transfer technique [5]. The laser beam
was separated into two parts again by a A/2 and a PBS2. The reflected beam (pump beam) was phase
modulated by an electro-optical modulator (EOM). The transmitted beam (probe beam) and the pump beam
were overlapped anti-collinearly in an Yb-HCL(Hamamatsu L2783-70NE-Yb). The unmodulated probe
beam passed through the Yb-HCL and developed sidebands as a result of a four-wave mixing process when
saturation occurred. This probe beam was separated from the pump beam by a PBS3 and detected by a
photo detector. We obtained the modulation transfer signal of the spectral lines by demodulating the signal
from the photo detector using a double balanced mixer. The modulation transfer signal was monitored by a
date acquisition system. The signal was fed back to the piezoelectric transducer (PZT) of the ECDL.

3. Result

Figure 2 shows the observed modulation transfer signal of the 6s? 'S, — 6s6p P, transition of Yb. This
was obtained by a continuous frequency scan by tuning the temperature of the ECDL. The optical powers of
the pump and probe beams in the spectrometer were 4.7 mW and 0.50 mW, respectively. The Yb-HCL was
usually run with a voltage of 160 V. The modulation frequency of the EOM was 21.4 MHz. The waveform
of the signal was recorded with a digital oscilloscope with a low-pass filter at 100 Hz. The signal-to-noise
ratio of the signal of 7*Yb is approximately 120. The linewidth of the signal is estimated to be about 100
MHz. We have successfully observed all isotope signals except *°8Yb.
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Fig. 2. Modulation transfer signal of the 'S, — P, transition of Yb atoms in HCL obtained in a bandwidth of 100 Hz.

The laser frequency was stabilized to the center of the dispersive like lineshape of *7*Yb by feed-back
control of the PZT of the ECDL. Since currently we do not have an optical frequency comb which covers
399 nm in the laboratory, we evaluated the frequency stability of the stabilized ECDL by estimating the
frequency fluctuation from the error signal used in the frequency locking. The frequency stability of the
ECDL was estimated to be 7.6x107 1! at 1-s averaging time. Furthermore, we will measure the frequency
stability by using an optical frequency comb that can cover 399 nm and report the absolute frequency of the
s, — P, transition of Yb.
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We develop a frequency-stabilized laser system at 399 nm based on sub-Doppler spectroscopy of the

1S, — *P,(Yb) transition of ytterbium (Yb) using a hollow-cathode lamp and a diode laser. The diode
laser is an external cavity diode laser with an interference filter inside the cavity and have an output
power of about 25 mW at 399 nm.
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Fig. 1. An external cavity diode laser at 399 nm. Fig. 2. Laser output power vs injection

current.
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We design and develop a compact laser cooling system for a magneto-optical-trap of ytterbium atoms.
The system consists of a small vacuum chamber with a dispenser as an atomic source, and a
frequency-stabilized laser system at 399 nm based on sub-Doppler spectroscopy of the S, — 1P
transition of Yb using a hollow-cathode lamp.
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Fig. 2. Schematic diagram of experimental setup of a frequency stabilized laser using the modulation transfer technique and
power amplification system based on injection locking. ECDL: External cavity diode laser, HWP: Half-wave plate, PBS:
Polarization beam splitter, ISO: Isolator, SMF: Single mode fiber, AOM: acousto-optic modulator, EOM: Electro-optic
modulator, Yb-HCL: Yb hollow-cathode lamp, PD: Photo detector, LO: Local oscillator, PS: Phase shifter, DBM: double
balanced mixer, LPF: Low-pass filter, DAQ: Date acquisition system, PZT driver: Piezoelectric transducer driver, FP cavity:
Fabry-Perot cavity, OSC: oscilloscope. Optical and electrical paths are shown as solid and dashed lines, respectively.
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Fig. 1. (a) 7 4 — R A/L—¥m{-IZ8E#E L 7= Yb dispenser. SRARIZFEHE D UEAL D [F] X & 7R
(b) CMOS 71 2 7 T L7z 7*Yb @ 1st MOT D H.
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