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Characteristics of High Repetition Rate Wavelength Tunable Solid State Laser
for Real Time Laser Monitoring System

Yoichiro MARUYAMA and Masaaki KATO
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As a tunable laser source for the study of real time LIDAR (LIght Detection And Ranging)
techique to detect some trace impurities and radioactive material in atmosphere, a dye laser using
liquid fluid as a laser media has been employed. However, the dye laser which has a complex
structure is difficult to handle. Therefore, it is considered that the dye laser may not be used as a
practical light source for real time LIDAR. A tunable solid stat laser composed of an optical
parametricc oscillaotr (OPO) which has a wide wavelength range from violet to infrared with a
single nonlinear crystal is one of the promising tunable light sources, however, there lis no OPO
with high repetition rate and large pulse energy for real time LIDAR. Therefore, high repetition rate
lasing characteristics of OPO are studied. In this experiment, 3-Barium Borate (BBO) crystal
which has wide wavelength range is utilized as a gain meduim of OPO and pumped by the second
harmonic of Nd: YAG laser with the pulse repetition rate of 0.5 kHz.

The threshold pumping peak powers for Type-1 and -II BBO-OPO are around 16 MW/cm? and
20 MW/cm?, respectively. Maximum average output power of around 5.4 W corresponding to the
pulse energy of 11 mJ is obtained for Type-I OPO with the power conversion efficiency of around
45%. At the average puming power of 14 W, the averege output power of OPO still increases and

undesirable thermal effects are not observed.

Keywords: OPO, BBO, Tunable Solid State Laser, Real Time Measurement, LIDAR
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1.1 ®IC

REFICHH SN -HBAEDEHI OB BN EYEHORECERZERN SWUETLHF
LT, BEIVEL—Y—Z2RWSE S Y —HRiNH S5, ZOWETIE. BHENHTH
WRZB2HRD L —H—HE2FRTE2EHRIRT 15— (DIfferential Absorption Lidar :
DIAL) 25 L. ZHhETHELOPEORHOHENTHNTNS12345, DIALT
. KKHICEETSPHEIC, TORRKEEE -BL L —Y—XETREND S ENICH
ENERBRODPEICRNEINZNWL—T—RKZ2RFT S, RiT, BNEZT/EERRESZ
FRWAORGBELEZREL. EOLNSRERTOVHIC XS RNEZRD, ZOEHL
LREHOBEEENT S, WEOEEIL, L —V—HENS —BWRETES.,

DIALIZE > TYU TN I A ATRATHBYEORE 2T TIEIEWRRED ELED
BEAEL—F—-RRBETHD, ZNETR, BRL—F-AHLLRTNVE, Ly
L. BRL—Y—3, PINaA-NVBEOBRRICAREEBN L TRIRKE L T5KEL —F
—THEHDRBRORLEAMMT IR ES VIR ERETZOBROMBR
BREMTHLENRHD AT LNKRELRS, MAT, BENERETROBEVWREL W E
DEENH B, iz, BRL—Y 13, BRADSERARTREFIETH S48 £Ok
DI EROBERDOIZMBBET, ERAD SIHANED L —F— X E G RET S
ZERBEEMTIIRN, ZOLIBARL —F—KELLIHLRHEEL LTI, REEF
BEEZFIHATI L —RRCERERERRELZFIATIVDOY S EERE L —F—
NHD, FEYT7 74 7RSEPB-Barium  Borate (BBO) . KTIOPO, (KTP) ,
LINDOs 72 EDHBHKERE L — T —REFEHEE L THH TS, FICBREOERERERE
ffio=H/XT A MY w7 REE (Optical Parametric Oscillator : OPO) 3. 1ED#E& Tilis%
N SFHRNBED L —F—HNEGENICRAETE, BRIREEENLL, L0EZOHEOH
ENREIC/R S, £z, OPOIX, HENARL —Y—ICAXRTHETH D DN
T, BEI A FOKRBERENTETHZ. LML, ZOXD BREEAIEEEL —H—0
REFRDERLUEIE, I, MHHZBETHD, U7V LA HEBRRkHzA— ¥
—OREFRVELETEtTWIOIRNF—2RETEL LD, BEOE ZATHRMIC
Xz,

OPOD R K., RHED ELBETH AT RILF—IE, FHENICIK, ThEeBEH7T
L —HF—RHEIKET S, CNET, OPOIMEWRIREERERE T 520, L—H
—HETHIHFBRRERELF L —H—K (K308 nm) . Nd:YAGL—H—0D
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Eo@EmWE (HE355 nm) REDENAL —HF—HTRIELFLTNBT8910 . L
U COXIBERABOEEIZBNT, GBVEDELET. ST F—DL—H—X%
RELUTRETDHZLRHERICHBETHS. 4. LEEKL —TF—OEEELICEN. &
BORL, SHOIZRNF—DONAYAGL—H—NEEL., BETIHANE (HE1064
nm) %50%LL O THE SR FHES32nm) ICERTH I ENARELROTNS
1L1213) | OPORE_H/MBE TR E 2V U EBEORBHESIE. ®AL—F—Hick
BRE S TRHTHERTHERLS 2 5H, OPORSEIC K 5 ES32 nmOR > T L —H—KD
WAL, Bi&355 nmOENED L —F—HiICHRTOBWESH., KDEELZ8ENH
HTED, ZORLDUEDNSIERNDE N ER THIRTGE/ZBBOR & IR R &
LTEREL, kHzA— ¥ —ORER VR LEKDOOPOOEEEZHIEL . E_ERE TR
BT LUREREORBRREMEEZRIET S,

KNS AN I RET, FRERRICHE 0 DL —Y—K (R TH) 2AHL
T, BB o, CVFIH) Ew;, (TARST—HK) OL—HF—-HEREIEZHDT,
N5 3DORBEHOMITITRD & > REKRADH B,

W =0 + 0w (1)

CORFRZEMESIEAMNHESRAIT. MADKDOEEEHFRBORKZIWVHRNZ E D H,
BT, —HOAEBIFTREBORENVHRIZEAMIZE > TIN5, miElL.
Type-1&RIEN A MHEBEES T, TOREITKORT.

w,n27(8) = wn + wny! 2)

/e, BER, Type-lIEMENZMHEBET. COEHFRUTOLIKEZASNS,

w,n?(8) = mny* + wng() (3)

— B RIC BT 2 REABROBHFENC(0)NIIARNTEA SN S,
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2 2T
n(6) = [coi 2(0) . smn 2(0) ]
(4 e (4)

ZZ T n?RUnA3EARRUCRE BTN T ZEFRT, BBOKHL TR, kot
WRAV—DRICE->THEZLNB1Y

n2=27359 + QOI88 0 01350)2
A? - 0.01822 (5)

n=23753 + 21228 _ 015161’
A’ - 0.01667 )

%> T, Type-IOBBO#MSDIIHBEAE LRIREEI. L1 v —0RE), 6)&£(2)
XA SBITIIZ, £z, Type-lIOBBOKROMHBSAE LRIREREIR. ©
WA Y —DREQHKTDEN S KESTICE > TRDB ZENTES,
Fig.1iZType-1MBBO-OPOIZ X T S HES AE S RRBEROGFHE/RERERT. M
50POIE. #&%532 nmD L —H—THRIEZ T TBH &L THEMNSRALDIA
WEREBRTL—H—RIRVAIETH S 2 EMNN 5, HE35 nmHAICEZRIES T T

35

28 [\ feeeonaneas

Wavelength (micron)

0.5 [- ; _____.___.i _____ s2nl

L i 1 i i
20 22 24 26 28 30 32 34
Phase Matching Angle (degree)

Fig. 1. Calculated tuning characteristics of Type-1 and -Il BBO-OPO pumped by the
second (532 nm) and third (355 nm) harmonics of Nd: YAG laser.
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I, ERABOBEETORIRNAET, £/, MEBSAEBNIOELILL, KED
Fa— b K532 nmTORVETEIDAESTH S, Fig.2iZType-IIOBBO-
OPODF a—= 2 VRO EKREZE/RT., Type-1lid, Type-I1& &R0, F Uk &MHE
BT HMHEBEAENLEN,

3 ——— ——r — ———
Type-11 BBO 1
532nm pumped OPO |
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Fig. 2. Calculated tuning characteristic of Type-IIl BBO-OPO pumped by the
second harmonic of Nd: YAG laser.
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79 355 DENEEFGIE. 2HOOPORSRESY > F LMD HIEkP, Mzl L/
ROTHEHNI S —TRESETHERRBCRYT, FTIWNRARENREEFATS
ZERBRETKOFHBTLHIENTES,

1.8 r—r—r—r —r—Tr 7T

1.6

& 14 1 Type-I HBO-OPQ ]
] i / ]
[ i 4
e 1.2
= - ]
g rr S32mm pamp ]
= / Type-1 BBO-OPO ]
r /F#
E 0-8 | ' //
06 T ¥2nm pump ]
i Type-ILBBO-OPO 1
04 Lo e i o0 aiy A DN S BN SN
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1

Wavelength (micron)

Fig. 3 Amplification factors for Type-I and -1l BBO-OPO pumped by the second and third
harmonics of Nd: YAG laser

FES532 nmOXTRIEL VTE5HE, COREBITELSRAK LD, EBAKD
HFRETERD, ZDDENKIE. OPOTRAET 5 oK WILIE RN & R
SREAVWTESBARICERT S Z LK > TRESE S, Type-IkUType-lIDHEEE
BRIERERE R OMBBERMT. BILTAP—DRG), GELUTDO®). DRick-
TE5Z26N05%,

()" - (m)

(m.) " - (m)" (8)

e+ ni(0)]=a(8) ©)
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2. RBRER

EREB OB EFIg 4R T, EEIE, BEVEL Y- HXEREIELH0POLED
BENFETHER T —F— (NA:YAGL —H—) XDERIN3, OPOMEIL.
Type-I1XidType-IIMBBO T. 1#HiIdM#AEH8 mm X 6 mm X 15 mm (EX) ., 0
=22° THd. O —F—AHFHEHOBEKEIZIA /4. WMEIEIRZ 7 (HE530
nm) RO T I (#HE650 nm~1060 nm) IZXNT BILHFRERN -T2 > 7N
X, TORERIZ0LBLLTFTH S, OPOTIRI TV FINHETA RT—KNRET
305, HIRBEBRTIZ2RDOIT—Da—F 4 27 T FIVHOAN L —HF—FiR
THRXOIBEEBREREL TS, (EBEHOERHNI S —F, BK&K532 nmOHR2 7K,
DFEBRMNI0% LA L, #EETS50 nm~850 nmDFEIRICBIT 5 > 7T IV KD KEFRH0
BULETHB, M 513, FTNWNRARELTIZE> TRIBERED B D PFE532
nm?D R > THOKFRMNI0% L L, # 750 nm~850 nmD 3 7 F )L K DE il R AHHIS0

.
Pump laser ( 0.5 kHz~1 kHz)
A/2 A/2
Nd:YAG laser oscillaotor ![ A IF.R '—'——' H Pre-amplifier
Seeder T */2
N 1st Amplifier
- 51 ] As2
BD [ A KTe 2nd Amplifier
DM
R.R 0.C
=90% @532nm T=50%@750~850nm
R=90%@750-850nm R=90%@532nm
A/2 \l / DM DM B.S

D.M > 7 > Power
* I BBO NLC meter
B.D Mode

OPO B.D B.D monitor

F.R:Farady rotator, D.M: Dichroic mirror, B.D:Beam dump, R.R:Rear reflector, O.C: Qutput coupler, B.S:Beam
splitter, NLC:Nonlinear crystal, R:Reflection, T:Transmission

Fig.4 Experimental setup of BBO-OPO pumped by the second harmonic of Nd: YAG laser
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% THhb5, BBOKRIL, #REZEERL TRREREEASLOO—F ) —AT—T kI
B#ET 5. OPODKIRBRIIAIET, REISMmMTH 3, R T —H—id,. 257
EnEREA L - —TRE VT 2 RRE DR LUEA0.5kHz~ 1kHzD 2 E{&Nd. YAG
L—HY—THb, NOYAGL —H—RIEBHIZ, > —FT 4 VX0 B -FEERES
U, ZHE2BOTEHIBNHTHIEL 2%, ERERR (KTP) THKES32 nmoOE_#&H
BCEHT B, ROTL—F—HOE—AFKIE W1.2 mm, /)L AEIZH20ns,
— LBHEABIEL . REMHISEN VST > ThHb. OPOOABEE£Fig.512RT .
ERTIIR T —H DR LEZ0.5 kHzIZ&E L 7=,

Fig. 5 High repetition rate BBO-OPO pumped by the second harmonic of Nd: YAG laser

3. REBRRUSRR
3.1 RiEBKRIEN
Fig. 60MRTR@IZ, # DK L%K0.5 kHz T, Type-IR NI BBO-OPODHS 54 % 4

L REBEOBREEMNOBERERT, @, WESNL VIV EOREE, ZRTS
TFINVEEPSMDRZAWTHELLETA RS —XOBEETHS. MIWELZ TS
WHDHNTH S, Type-1 BBO-OPOTIE, MEAEZ208ENS22.TEETEZSZ
EWE T, YNV HOEEEET2 nMA 5937 nnETRILEIVZIENTES, 2
B, HBBEIFT—D2—T 4 DR ERERZAD LXK > TRRKRRIIENT S, £z
—F 4 TEEET A RI—ANKIRTHBDIRA B I LXK THAARDOEED L —
YK ORETES, DV PIVOHAR BEICK> TEET HH #K863 nmTHRK
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Phase Matching Angle (deg.)

(2) Type-11 BBO-OPO

Average Power (W)

Average Power (W)

Fig.6 Characteristics of Type-I and -II BBO-OPO pumped by the second harmonic
of Nd: YAG laser



JAERI—Research 2002—040

VA4 W OVVAZRILF—11 m)) BRSNS, ZORD R 7T HOE/T—
312 W (24 mJ) THBZDT., R THENSOPOD L FFIVHANDERENEIZA5% TH
%, Type-ll BBO-OPOIL, #MAEZRN26.3ENOIIAEETELIELZLICLHST
765 nmA 5982 nmD MFEEBE THEEKET 5, ZORKRDI T IV OmKEANE, #5835
nmT4.5W (9m)) . £/=. ERHBIIKIB8 X TH 2.

3.2 R THFENRT —KFH

Fig. 7(DKR @)L, FHH£835 nm, #DERLEK0.5 kHzizBW T, R THDEY
NI —2 I BHEDType- IR U-1I OPODH I TH 5. Type-I BBO-OPOD L —
F—RIROMHEIT., ¥WWTHD, ZOROKR T —HF—HKDOE—LDOEIT. H1.5
mm, /X)L ARBENN20nsTH S5, RIRMEICHB TSR THOREIT. K16
MW/cm2Td %. Type-1 BBO-OPODOHAid, 13 WD KR T HFEE/)XT—T5.1 WHlE
b, ZORORS T —H—ENSEEAIEL —F—KADEBRFIRIINA0%TH 5,
—%. Type-II BBO-OPOIZ. RIROMMEATK3.8 W, REETH20MW/cm2, HAIEXR
CTHREEYNRT—1AWTE LI WHRLNS, EEBHANRIR S THOEEYNRT—L &
MY 5EmERL T3,

6 T ————————————— n 40
OPO wavelenght:860 nm]
[ PRF:0.5kHz 435
§ | OPOcrystal:Type-1 BBO
: —@— Average power ] 30
g - —8— Efficiency ]
4 ] —
. i 125 R
¥ ] -
© I ] z
T 3 {20 £
[ ] 1
; ” |
4 115
< 2 F ]
{10
1| ]
: 1s
: ]
ol T . . . o . . . . 0
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(1) Type-I BBO-OPO
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S —
OPO wavelength:835 nm
PRF:0.5 kHz ° -
s OPO crystal:Type-11 BBO T

Average Power (W)
w

Pump Power (W)

(2) Type-Il BBO-OPO

Fig.7 Average power of Type-I and -1l BBO-OPO

3.3 BRERE

Fig. 8(1), OF. R THFEH/XT—H4 WS WitHiF5Type- IR -1 BBO-
OPOY FHIVHOMBEHTH B, R T —F—ANERICATHLTHS I FFILK
WEARBEIZRDETORBER. K2 ns&birln, Zhid, HEHEHN20 mmfgEsE
<, B—RFEBRICKEHZELRBRWZOTH S, £/z. BBOEERNBEEERBEETHD Z
EMSRT V==K LT HIVHEORREEBIZIER UK &8> T3, Fig. 9idh
STHEGNT — 2B IB I EZDOPONIN A EEROLEILERLEBDTH S,
Type-1. Type-II BBO-OPO& &R > T HWE /N7 — DI - THEMT /L ARER
EOMMBERMAEB X NS, L. OPOORENEREDRICE IS HbDOT, R T
HXNT— DRI TREZB R 2/ OV AD XD ENRANRIRICT 5T 50D TH
5,
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0.7 T
Pumping eriergy:8.1mJ
-

0 ] 20 ) 40 ‘ 60 80 100
Time (ns)
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ump ene : o 4o 1NN H
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0.5 f‘\\ ---------------------- .
0.4 S /i \\ ..................... -
0.3 \
0.2 Puimnp pulse /
0.1
0 &:wozi{.»}
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Time (ms)
(2) Type-1I1 BBO-OPO

Fig.8 Temporal pulse shapes of BBO-OPO and pump laser
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30 e
—&@— Type-Il OPO ]
—#— Type-I OPO
25 .-_ ........................ v emrmeceeaannn s
’;,\ 5
g 20
g = [ W~
£ . _mE,
8 @ e G
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Y ]
-E L
=
£ 10 i
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0 A A i A A, A " A, A 1 L " 2 e i r A A A 1 1 A A re
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Fig. 9 Pulse duration of BBO-OPO as a function of pump power

3.4 ZEME—FK

Fig.10iZType-II BBO-OPOX IV A DBER M ERT, R 7L —F—IIWEaE3
X6mmONA:YAGR T T &> TnB, ZDEDRL T L —F—HOBERIRITAE
METHD., ZORR, TV HOBREENERCKITHICEWEE RS> TWS, L

Fig.10 Spatial profile of Type-II BBO-OPO output pulse
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—XDOHLLE S BT DMRESRRIIH T 7 RNV ER>THED, DIALOK Sk
ZEREBEBR S B2 IEIRENRVWERTH 5.

3.5 RIEEHME

ERET - ZOPODREBIL, EITERO 77 7)) —RO—-BITH B, &> T, Bk
BEEIAR S L —HORRHEEBICKEFT 5. Fig.11iIOPOER > T L —H—IC
=F—=HEANBVWIIINFE—REE, - F—HKEANEI NN E—RETRIE
YT UIEREDOPODEEROMUERKEERT. ML SKEEEIKI0 GHzOWILFE—
R¥ETRE T U EHEOOPODHENEIZ0.76 nm (FWHM) T. —7%. EEIEK0.6
GHzD Y > 7N E— RETRIE LV LIZROEEEIZ0.28 nm (FWHM) TH 3., #E
EOREICMHA L= B0 EIL. 0.3 nmTH 35 50PODHEEEITZ L DN
EEZTRWN,

100 ———rr v
" P.R.F:0.5kHz

80 //\\/ - Multi-mede -pumped -
) ,Z—//\\\

) O S Single-mode pumped- / \\
| /. \\\ R :
/_A_,/¥"_/__: — \ ]
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Fig.11 Linewidth of Type-IIl BBO-OPO pumped by multi- and single-mode Nd: YAG laser
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4. BbDYIC
BBO#E&qh & L —HY—iE & L - EnEEEL —H— (OPO) Z&#fEL. IRV A
¥ D5K UO0.5kHz, % ES532nmONd:YAGL —H—XTHR> ¥ F UIEREORIER
ZHEL. LTFTOERERZHT-,

(1) 14 W (28 mJ) £TOR TN —FEETIE. HAO, ERHREHHMD
fEimzERL 72,

2) BRA¥HH AL, Type-1 OPO#5.4 W (11 ml) . Type-II OPO#5.1 W
(10mJ) THo/=,

) RZTHAMS T FINHANDERRNT—EHHEELT, BRL—F—D 2L
E&W, Type-1T45 %, Type-IIT38 %% 37z,

(4) #ES532 nmOR LV TIE, #&E1S mmOOPOD R ML, Type-IT
16MW/cm?2 Type-1ITT20 MW/cm2TéH - 7z,

(5) ZDRZTH/NNT - T, OPOE—ABIRICEILIIFE EBHEINT,. BBOK
BICKDR D THOBPUCKBBL > AHRBEOEBIIMD TORRNEEZ LN
%,

$EXM
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