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« LD ~DOEE = (LD O/3T7—) X (T a—T 1) 720 ShRINCA RO S
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LB H TRy ROWE CORBR AT EHIRL, e —F e bor—nd3,

4 BB O EREL

L — P —IG M, B AR ISR A A A DT HIE T, 7L RRDO L — W — I B A1 TH%
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-+ LD 26 TIEOE BT — N OF R A2TE AT 5
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I AZRE DRIV DT | @ ) mRE DL —F—10E T 2D1XNEETH D, ZD R A
BE T ERRBL TSI L T4 7 a—Var R T o 7 (JEHEES) 3 5, ThlEa L
IPEHF L OBEE W IAFAE T BT O ZFI AL CEIBO EEEA T 528 ThHH, FHBESGD—
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DEFEAR) 551 & BT RR 5720 | JRERANARMA OIR AN @i B s iEbind, Lol
Fh i RIS 2Eh O E SRR R E T ALEOMWEIRIN T, a7 EMEEND R AN A LIS
IEATEREH 2R O INE D, 27 O TR TR EE BELN I T2 7280 | b 7eti
ELNZOMEREIC KR E AW BE RFTL — P — i L QLA 35283 TER, £z, Bk
BRI, (A4 A ES) = (b8 ENDAAVIREE) / (BRI E DAV IRE) 1 1
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TEMEAA L DX —MEIFH T HI LT D, Fo, AF U FRICE S TRRDL OO RIREDAA 1%
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A R =T RSN EMERE YAG B RITIIOL T, REDFEENSDFHLELZENTER
Y,
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FNENDT VAT TSN | R OAF L 5AaITny RELTER T 5~ 72—V Tl
A CTED R, ANV RIIE T LA ONE TR L TRY ., ISR INDZEIFT RN | )i
KI DWW RHTR b ARA L E CatkieL —F— BB L7205,

B IIv 7 X ERE SO Lo THERES A Z 05 FLAR D B/ DD JF B, HAUMIIRUW & hE I
BESELIENRETHD, BT D B IR G 3B E L TR ST 2 28I K0t M
TEAR, M GO OB GOND, IEHEHE G LR D01%, Bt iR LOEA LR 71 A
VLAV THADFEIBFES T 5720100 — AL AEE 2 TR BRI TORBE S 1T S %t
TOED Ly L EAIRNZETHD, K 4.1.2.1 1ZHDT 7T ML T L7, AR CIERRL
7B T30y R ThD, K 4.1.2.1 IZHDEY, KREVTTORTEHDCTR =7/ T R—=7 BB B S
TWDEN, ZDOHE DA BN DOLT AN ZADDDP ST BT L TODZER DD, RYDEKT
BV IIRIGREICIR > TS, T YAG ROBEFEEICETIIv IO Ry T aEH 2878 /]
B2 o THY, SO —F —DE BRI E > TR RV D LB 2 HiD,
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Dope/Undope boundary

4121 WERLI-t53vIE YAG OYR
95 DFEELLIEBRIEE TITEL AR -EBHNS,

ZOIFETHEIL Ry MU, 8H O/ N7 %A EDDI A THIREZAIRE 22134 Tle 0, Lok KEIC
LT HIEERHRE T IUT, Ny T T aBRATRDTI2H D Ry MuD ks 35 L 4]
B i DI D723 %, L — P — 3R eEEE O — D TH LI, HRRITER 27 774 —Th
05, FEMME, BEEVOF—T —FOH LTI, IREMELEETHY, L —F— 2R D85
1000 T3 2EWHZLIFTHLTCEZHE T 50D THHEE 2 D,

ZHLTZRHR D TEIZT 2 DR LI2 D1 Tm,Ho A4 & IIRINLT YAG ®F3v 7 THh D, L—F—HE
DIEARILMELLTE 4.1.2.1 ITHHEBVT AR RBIED LZAFIFEND BERTITEI T,
FRITITFLE L TRV, YALO 1T & 7203 1| 2257+ — v AR LTS 035D, Loy
L7e DM | i £ TH ORI FATREME SV EBR, A ARG 7= UCHE L B ThH L)
BB TETIvY YAG ZARAMIEIEL GRELT,

4—1-2—4 Tm,Ho:YAG &T7Iv7 D EA R

Nd, Yb A ARMDEFIy 71OV TR S VBT DL — Y — RN GO LA MRES N T
0. — BB DWW TIEENE EEDET 08 bH D, Tm,Ho AF AWML T3y 7 I3AKB
FIZBNTHID THERS NI BE Ch D720 | T ZONFREE TG T 2N REETHD, 7 —X
I, LD b ic 0B 7 780nm T DRI AR ML L —F —FHRIZ M E 2 2000-2200nm 128155
FICHEEE LD bl T/RT—%ANT TELFNL VDM D 3 J1AAT o7, WIRIE I35 e
Gt FEERE IR Tiisapphire L —% —% 780nm J& LT 2—=2 7 Licb D ZhiE e L T
BERL, Yo7 APDD5 A 50cm DI Hasll THXELIZH, InGaAs 74 M A4 —RTHHL, £D
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Hhzay AT T afRH L TF —2ak—T PC IZBVIAATE, FEIEHRE DR ZELIZ W T
Fay/—THIH L 72 SV AE 5T ATV EFRIFED RIZBW T, IR OZD T+ M AF
—RTHRHL, EREORER B4 T A a—7"CTRVIAAR, K 4.1.2.2 (245 [0 3 2hhE§CcH
% 780nm JTH DI FFMEZ R, HLERDT-DIZFFREED Tm R — 7R EA R 72 YAG Bk d D7 —4
ZRAR LTz, DHEROWE ERAVICER T 2L EbNoE T OV — 7 EOMEIIHR TEboD | A
RITMVIBRIFAEICHY 7o —R =0 R Bl 3R CE ool ¥y st e
b EARANC Tm R EEICHBI Lo IR EE A 7R LTz, LTe3 > T LD RO F a—=0 7 70 ST il f e
Fol KAl —TOWZERDNoTZ, K 4.1.2.3 ([ZL—F—RIENHFHFTED 2100nm 2 5&Te, Tm & Ho
DFENART I ETRT, ZTHHB AT ML BIZRI—REDAA RIS eS iz BTy 7 TS
BT, B T LRI DRI TED, LINLARINBR — 7R E N5 T30 7 T3 A
NRIMVE =T DRT U AN R D ZEDNBIEESITZ, 6% IINETIv 7 DIEIN, L —F—F IR HFF
END 2.1 7 O FE TR E DS IS E NI ENR DD T, 8 Tm/Ho 2 E /ST ADFES,
BAONDD, LV A A THTD DT — LIRS CIEBS R AT RE Ch o7z, X 4.1.2.4 (2135
HARTMUUZB T DI EWE —2, 2088nm ([ZBITDHFEHE ORI A {bE2/RT, 2l —9—%
RICHITD LHERLDOFMEZ VLR TRV, FEOLTRE DR ZLIZ OV TH B fEEIIv /IR E
7R FEIIHERR TR 0T, EHOLIMTRE D 1/e 1T/ DR EHAN 9.8~10ms ThHo7z, L EDOFERN D,
BIIV VT EAE ST ORI A A L TRY, B EO RIS TV D EREb el L —
—DEEENAIRE ThHHE T TET,

—— 6% ceramic
5 e 3% ceramic
B 6% crystal 1

Absorption coefficient (cm'1)

R
S 0e”

760 770 780 790 800 810

Wavelength (nm)

X 4.1.2.2 TmHo:YAG 353y IEBEFERDRIRARIEL
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— 6% ceramic
--------- 3% ceramic
6% crystal
)
=
=]
g
S
2
7]
c
0]
=
1800 1850 1900 1950 2000 2050 2100 2150 2200
Wavelength (nm)
41.23 TmHoYAG I3V EBFERDREILARINL
1 S T T
N —— 6% ceramic
=10ms | 6% Cryetal”
2 o1l
c
=1
£
T
2
2 1=9.8ms
2 0.01 |
= I
0_001““““\““\““\““>““>““\““
-10 0 10 20 30 40 50 60 70

Time (ms)

4124 2088nm [ZHITHHEILDERBEET

4—1—2-5 LD DARZMNLA—N—Fo Il 55E

LD 12 OEEREIZ IR LDART VLT 5, Tm, Ho:YAG DRURZRWLL AT LG,
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LD DR 3 Dl R2NR A2 D AIREMED 0 D LB 2| LD DHUL AT MRS E TR 2RI E D
FALEELELI-,

BRI AT ML E | FENANRT WV DT 0 Z RS 5AT 208 B IR A GRS
TP THD, WILART NUZITFEBRIA DN ERROT — 2 &ALz, —J7 LD O¥RIEAIML
IZ Lorenzian &2 L CHY, #lE CHESME) 2 3.5nm EL Cat B a7, TDHE .

Py(2)= [ Po(A, A )-[1 - exp(=a(2)-1}d2
1 AL
Fob A= (1-2/A. ) +(A4/24)

AL =3.5x10""(m)

IRHEMNG, F A \ZB1T DTN WIMAREZ KD TR FAUTI,

BRI R A 4.1.2.5 12377, Aih2S LD O HLOE Ml I IURB O HE T D, 207 F700
R5&, 780nm T CRARDWIZNFRZTRT A, 2O =238/, B =20 90%LL EORINAZEHD
NHFLEEOFHFAIL Tnm (Zh7ehZ b o7, 2 LD OBRENREOEIZ#H 35L& 30°CHIIC
722728 LD OFEHIRHLIERAS 782nm FEEE ThHiE, LD OIREEICK L TIZEA L HREM RN
ZIRL TG, AlRIR AT ML ZEFSBOD | LD DA ILINT 0—R THHZEMN, IREICH L Ty
T AT TRV FERRZRL— R A R o QNS ZE Db T,

I 783.3 nm @20deg, 20Hz

\ 4

7 nm @90% absorption

Absorbing power (arb. units)

O I . . . . I . . . . | . . . . I . . . . | . . . .
760 770 780 790 800 810

Center wavelength of diode (nm)

4125 THYAG DARGRIA—I\—Z9T D, LD BHhhiERICHTSHEIL
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4—1-3 FrN\—RHORREM L FEERHOAAR

Tm,Ho:YAG B3Iy D3 Bk dh S DLl DB AV ERE A FF D ZEDV RSz, ZORERET ThiEE T v
= DRWEEAT ST,

4—1-3—1 F¥roN"—FHO-DDRIFRSM:

IR T S —OREEL LTI, LD Lry kA kAL CEG IR 2 J 16 CREEED 7. o EMHay
Ny aF MRIETHD, BRI THY, R Thibs, HEELHRITS L CORHRAIFESIT 2
&l

By AR SO F LB R OB 1T, LD O #kE 35,

> BT LIFARC, By RA A TR BT ICHS LD YA B E 57

Lo

T Ry RERLL JABA B AT AR, 7Ry ROIMNEIIRERERT , &5

(YN TADT —F 2T AR LTI RS DS LT 5, ZOBRCELITI L5

SR ORI EREEALS LT L IBHKOIRE 2N T 57D DR A i =&,

7a—F 2—7 JH IR A MRS SN oD O KR E TR ET %

> EEEEEICRUN T ERE, I EOREOBROH S DD,

HARTGAANGES T, BT v 3—13X 4.1.3.1 OIO%WrmazRoL L, FIciEZ -y RiE7m
—F 22— ORIZHY, nyReTm—F 2—7 OZERITHEK BTN D, 7r—F 2—7 DIMANTE
Ty H-D IS 7 ry 7 SELE SV TR, vy R A TEOHMANC &2 LD Dbk G377 vy 7 TR
Gt - HELS IV TN ~ D IRIBA RIS 5 L EHI2, ZO—E0ry RIZRINENDIOICEE L7, T
% LD [TV A X055 2 THWMNT 120 FEREIL TS 3 [ RO E IZBLE SHL7z, LD3 D0H725Z Ot
&z 1L, Zhud 1 DD LD QU I NEATERES B 1 RIEICBITDHUE, Versionl.x) | 2
MEDNDHD (X T NAATEMES AL IROE 2 BAEIZBIFHHUE, Version2.0) ZHE T 528127,
b T v L N —ZAE R T D FEEA N —ThoHry R, LD IZRL TIERZH O UD P EL TI<MEL
&7z,
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Laser rod
Lasor diodies Coeramic Tm, Ho! YA

GO0M, 7B3nm, OCW ' Yah endcapped

-t i a.

|

|

Ceramic diffrector/ |
| Glass flowtube

4131 BhiEFro/\—rmEiEE

4—1-3—2 myROHAE

Tm, Ho L — —I3ZHEI % FHEAH0Ic7eSiQuigiomy R B S FERIL T, E8H7eFIF 21K
TEED, LD HEAL T, RBFRO L7 @ =X — LD A1 T35 L LI & XX HEFED RV vy
R HHEELD LD TR 35T ARK 7 12 OO R THDH, ZOHE ., uyROFEHEIC
%L, LD 23fihe TEHEIFH LD 7e< 725, BLEMIZ, myREKmELI-EE ny REEE T DM IS
FR R 20mm PA 112700, ZORA I LD IZKDMhE AR AR/ fEI E SV MR HZ LN TED, B —
22y REAE T 5L my Rl T 40mm PA_EOFFRINGEES CE2 L2720 AR KIBIR T 9252
LITEET O, LTe > TaVRD Y MEFHIND | 22N A A OBINR 2 AL S T AR IE D
BChD, BEMICE 2T LD 2SI CE A ITAA L 2R —7 U RS2 R A S, il 7s
SENARNVGEII TR — 7 LU CHBRIN AR5V TH D, A RIO LI 72 ARR 7Tk, il
2> T LIRTCHIZRAF PR LA D <FUT R (4 4.1.3.2) , #dl CTOIIRMEEZEADIET DL,
P T DMEIND D, TERINTHERE A2 U788 13 HE Al O R E OB, MV E7 r—x
AT DMIEDRIENE T D, TDTDT 4T 2—Ta R REWVIFERAWLNLN, 7ok
XU TCTRE LT R i ERFLNL0EI9NOMELH S LICRE i THD, BET7Iv 7 OYEI1EK
4.1.3.2 DIOEEERGTEUET HZENTTRETH D RIT, AEAICEFEDOFEEA — K LL T\ D72
| AR IOV TH IR RS E HZ 81370, F v —Ei%EH T 5 LT DL AOETH
MOEZE 10mm THD, Vo T NHAT DF v 73— (Versionl.x) TIEIR—7 KX 10mm, ¥ 7 VHAT
(Version2.0) CIZR—7"EE 22mm 28 L7, =y MUlmIIE TORmeEL T, RmfEainsETm
HgeRE LIF2LEH1T, DT DREELIC R T — 22 21T 2. 53012 Tnd, Fo, WEIRHZE
DA TR I T A& b 5D, WRE XL — P — 7L — KON EE L, A4 TV ANT RS
TaAZdD 2100nm T FEO ST (Anti-reflective: AR) T—Rain 7z, my FOMEERZH 4.1.3.1 ([TFL
iz,

27



Undoped

. /\ ot

22mm
Doped

.« 0

T0mm

4132 ©33voOyrROaAURIY M (RERAFE TEAL=-EHH])

= 4131 L—H—OvFtER

ME: BENEEFIVY YAG
AvrE: 70mm

AyrER: 3mm (FIRZFA), 4mm, 6mm (FEIEERFH)
A4 RmEEE: 10mm (22T )L)  22mm(FT)L)
AMAFVIRE: Tm 6at%. Ho 0.4at%

By RHE : L—H—J L—FREHE
A—T4VY: AR @2100nm ==25nm (IAD %)

4—1—3—-3 LD Dft#k

Tm OWIRIT4—1— 280 T — X ZHDHERY 785nm (T8 —7 135, 800nm HDFHWE— I &2 LT
3 2HHH 508, S RID I ARR IR T, B a2 AR 957291213 785nm DOWL Y
E— Il —HSHDHIENTED LD ZRETHIETHD, LNURBLHEE 785nm 70 LD 13£H%
HAFRHEETHD, BIED LD OAEFEFEESZ X THLENFEALEDE M LD iXm B E 774
ANL—HF—[aF, 720 U LD AR R OM TS AT AESIL TS (£ 4.1.3.2),, @i —#—&
LTEMESNTODDIE NdAA U R =T DEIRL —F — Yo A4 =7 K, BLOYb 77131
— = TH2,
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#£4132 BHAL—YF—EFAA—FOFTELRAREER

L—Y—niEE HEAYT SRR
Nd RINEK (FERE) 800-810nm

Nd FMNEAR (L—H — L £ E ) 880-890nm

Yb FINE K 940-980nm

Yb RIMT7A N\ 915, 940, 980nm
MIFALD 980nm

IEARN ORISR THIT DML GaAs 52D LD Thd, FE47 LD o7 o—rvickiut,
780nm-1060nm DY RHLFHN TE ZTHUARFIRELH DY, BLERNZ T mH VR AFTELDT EFED
B RAZIRONAZEDIZEALE THD, ROV T T4 NET UL, R a— LD/ TSI L R
i SV DT CTHDH, VI ZANTIELZ LI FIRERDTEN EDGAETH 1 Vo T ELFELAE
L., EDT= DML EFHIZ & D DT LT/ b T ZHAD HEZ A DAL,

LD O/ — U THEEThHD, fiftl Lz 3mm ¢ 2y RIZERRMEE S 2 -85, LD @ fast
axis DBA 13D 72<&b 3mm LU, AIREZRMRO/NS L, BREEZ IR LTV EZATEN | LD FRDE R -
RN 50 CThDHIEABE T DL, =TT 100W D LD 27 2—7 ¢t 2% THREIL 72 L Th
L R—H720 2W D FEEN FIAEND, LD /S—DH A X1TiE 4 10mmx 1 mmx0.3mm F2 5 THh DO e
RN ABRE T DM E R DD, BUEII N =SNG T ~U MNov A/ TF v o RV a2 EL T
KRG ENRZ LIS D72 E DIFHEREBITODD, — RIS —HFRITIAS 1-2mm FREHD D) T Lo
TS, ZOXI7 \yr =V TIIFTE DBRE G H ZE D TEIRUN,

VI E ORI RIS D720 KRB TIIXT AV B ET T AV T T A% BLOENOEAARI=7 A2,
AL BAARD LD % B A AG TEDDEIN TR E LT, fERE T 4.1.3.3 1I2FED T,

#4133 FELEHAL—F—EFAA—RH TS/ ERAIGIKR

4 785nm it QCW 3tk  BIEE/ Sy r—U b
7 A1) A CuttingEdge %t X @) @)
T A) A Lasertel #t @) @) O
7 *1)7 Coherent £t O O X
7 A1) A SpectraPhysic X @) X
T35 X Thales #t O O X
BAERR =Y X1t X @) X

LA 785nm D LD T AL F w7 L TR CuttingEdge £ (Northlop Grumman &%) <> SP #Hi%
785nm ~OXRHLEEL, EEEAE D/ X0 — VIZKHELTEDIE 2 #1721 THY | /7 AV Lasertel 1
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D LD ZEELT-, fIAEITE 4.1.3.4 DEBVTHD,

= 4134 L—Y =AM —FER(BEFv/\— FHikRZZH)

RE 785nm = 3nm
IN— 6 A

A 0.4mm (R 2V 25 #] 2mm)
N—RZ 10mm
E—oHAh 600W

INJLAINE 0.5ms (FxK 1ms)
f@yYEL &K 20Hz
BEER 100A
AEREE 14V

ZO LD Zvuy RORF ISR, 120 FEOME CREHRICELE L TRl 4 2aie s L7z (K 4.1.3.1),
FloL— P =y RIZZRTFLO Iy 7 ay R WS, LD OFKE ORI 10mm THHIEND,
2y FMUIOR =7 lZ 10mm (& 7 VEAT) | 22mm (X T NZAT) LT, vy RERIT T0mm, EAE
3mm Oy R BiF7e, vy Rilifgm XL —% — 7L — R OB ELZTo72%, 2100nm .00 AR
(Anti-reflection) 21—k} 7=,

4-1-3—4 HAHRFELY

A, BN A ) —~ VBRI RB N T 20%8 BAEH o7z, ZOMETITHIE, 1 2OF ¥
PR=BEBT R~/ —~ /L7 SL AT 600W X 3 A X 0.5ms X 0.2=180m]/pulse £72%, P47
VOV AFRTIE Q Ay I BT D= FNF— I LT 0.3, A2 V=7 a L7 AL b T
0.9 ZFEHE L TH 50m]/pulse ZEH TR EZTT-o7-,

fo TR s S —ZBRAE LA R O FE R C 4515 F A1

J—/L73)V A 180m]/pulse/ T ¥ 73—

Ll
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4—1—4 BRI I=L—Tav

ABAFETHOWD EHIREGE AT v S — DR G EATOERNT, R DI 2 — a2 T o7, #5
#T D LD 2~ FRE I (T/8—=F %P AR 10x2mm ZAE LT, AfEHL —F—oy R LK
4.1.4.1 DITHNT 120 FEBEN 72 3 J7 6 LD RS 28 0L LTz L&D, my R RIZEITHEGY
iz Rz,
ZOMDFHHEOPBEITLL T Dy

LD 7»B0 R 13 785nm &L fldh D ZOW AT IBIFDWINGEUT 2em™ LT

2y REARIL 3mm, JEPTER 1.82,

LD 2By KL ETO B 4mm, LD &y ROMITEITE 1.5 OB Tmm O &Y E Tl

2SN TWDET D, GRS &5,

LD O fast axis (29D —LJADN0 AT 44T 35 fEELT-,

LD IEE—2 1747 600W, ZiLz SV ARE 0.5ms, #0IELJE H#k 20Hz CEESE5L1LT,

LD R @I il s B E Tmm)

% / O E 3mm

4141 2l —avizEl+b09RE LD DEE
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File: C:\laswork MICTOE0409-2 lod Shape of Pump Beam Perpendicular to Rod Axis 20060409
pump profile

Wigvelength = 2.09 [fEm

¥-plane mode

S F F 99 . I F F - -
2187 — |
| | | |
a0 EL Tt £
' |
-2197 — |
Rl R I I Ad b S N - 4
[ el | 3o I [T N T L | | 3o | 3o I

maximum spot size (x-plane) = 10585.4
minimum spot size (x-plane) = 61322

4142 FhE LD DE—LIL—XR, ERIAHEEIE, TLAVE 3 &4 DREAOYRIZHEY,
FDHBRADILAVMNIOVEBZBEZEONXDEE(ZEEO RS, OVYFEBEE® ) FTT .

-0.005613

4143 32l —avIZ&BO9RDED T,
AYRER 60mm, BYR#E 3mm B, SHEREICHITEH/NT—ERALI-IGEEDEEH,
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4—1-5 RhEEF ¥ 73— (Version 1.0) D% FH L HIE
BELZ LD Euy RERHRICEHET vy N—DFE1RER T o7, BT Yo N—DHizid, 1 KoL —
P—ryRE 3 ARD LD BHEHFHSIL TODIENUETHLIN, By ROLREFEKG RIS OfEtR ., BB

TIUA, B, LD OIREB YRR E BB T REZLEFEO T, Tt Dt TiREH 21T o7,

& 4151 FhEF v/ \—{4k (5 1 54 RIRSFH)

= HARR T
Ay R # +53v% YAG, (Tm6at.%, HoO0.4at/%:7A0)
AYRHAX: ¢ 3mmx 70mm (55 RER 10mm ZA A4 RINMEHELTHEM)
LD Kf&: 785nm=3nm
LD H73: XK 600W
LD {E%K: 3 &
LD &K/\NILAME: 0.5ms (1.0ms)
BRABEAIRILE—: 300mJ/pulse (600mJ/pulse)
EARRYIRLUEIRE: 20Hz (40Hz)
BABANT—: 18W
AEAR: KA (LD, AyR @)

Et EORA LT

LD Z "lReZe R oy NI HERL E T 52 &

LD O& P~ T 7 N IIv 7 LD E ST D2 s

3D LD OEMATHET D780 # M 7akhix kAT 528
IREM DTN ZBEFERRLTE 1 IEF v —&agat - R L,
Jihfe =R LF—I% LD1 5720 300m]/pulse THY, 20Hz TEMESH D70, b=V DNYEEF AT
—1% 300X 3X20=18W THD, ZD/ T —7 3mm ¢ X 10mm OFEIKIZEHF T 5720, myRFmAEAIEN
DB | F72 LD ORI Rl AR 5L TR 0.3nm/ COFEIG TEL T D725 1R EEHIH 23
VETHD, 2D T v — 3R RRE AT S TR T b DM EAK O REEDS ZH T
Y, BEDOF 2— 7 THEKEHIEL T,
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4-1-6 7V—F0 =0T —P—RRBIZLDEARMREDOHESR

TV—=FL =0 7 FROT=DIZhET v —% LEEHAL T, 777V —_a— O LIRS LT,
FRAEE A 4.1.6.1 (TR T, AR RS E LR E THY, IR — DR FREE X
Tb, Q Ay FIIARER TIEEA L2 BN LT, X 4.1.6.2 ICEBHEREZ R T, RO
DGO 95%D 117 — % v mEVKIREA 20°CICREEL 7o & M0IRUE R HE 1~
20Hz FTEZ THST IR TH D, LD OFEHR/ L ANRIE 500 1 s & LT, ##lIE LD D/ UL AT R
X —THY, fhIH 1SN 23700 7 L ADZRVF —ThD, 1-5Hz DA KL Ok Tl
FNFIATTETNHICAHERE L | 5K 50m)/pulse ZFC#kL 72, 10Hz TIXIRE EFIZEDFIERA D720
LEZEZBND, FNE RO H S OMIED SO TR BV, M0 UE R E 20Hz CTIESHIZHE
(2720 ARHRDIRL D 60%D T R/LF—IZEEEoTc, ZOTEMND, 10Hz DL EOMIRUSEECITEIC X
HH K TR —F —DHREIC G- 2 DD TR ELRDHZEN DT,

Pumping chamber
Rear mirror Output Coupler

(Version 1.0, 3 mm¢)
(R>99.9% @2100nm) (R=95% @2100nm)

(80 -

Energy meter

——

60 cm

Pumping time = 0.5 ms
Repetition rate = 1-20 Hz

Water temperature = 20 °C

4.1.6.1 Versionl.0 FyonN—DEKRMERERBRAEVNT YT

FIREW B2 7 7 A B RO 5 A7 b A—%— (OceanOptics i NIR-256) Zff L C, 2.1 37
B COART MNVEFIART, FEREK 4.1.6.3 18T, CHRICEDE Tm,Ho:YAG DX RiX
2098nm, 2080nm &£&H57H3, ZDOFERRARIE 2120nm JHIL TRIRL TWDHIENDHoT, [K4.1.2.3 DHEHOYE
ARG IV ES BT HE 2120nm ([ZH/NS7RE— 203573, 2098nm L 2080nm DEAE—2IZ
RTHLTHRE DR, 126230305 2120nm TRIET LB B O—2L LT, 3 M RL —F —TIK
LRI LN D — MR R B L AU 2 &3 2 HiLD, 3 ENLR CTILE CRIUZ I RIS DR 2385
2, A7V LTS EYERL O W T | | =R /LX — D4y I 13 L P BR B 1R FE 12 LA B ah ik D 2283/
22 o THAIT@EmW IR E | KR A DR WG A | FIETRE LT LA H CRIN O X
(WL HERL O =L — A OY 7 L~ DR E R BT <D, BT —OF T Ll
DEBLTT DL, FIEHROILORT R ¥ — RIEEMICALE T LHAMEERL TODN5,
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I Z BV TR AT LD TR 2080nm, 2098nm CiE7e< 2120nm OFIFFH et <725
ZEIFERALND, ZHUFMD 3 WEALRDOL —F—THEILBL THD, 2T Yb ROT 7 A/ L—H
—I% 1020nm~1080nm FEE DI THIFEFF LI TNDN, oIV E—RaryafiofcL—%F—
ZBRENEE T AU 1030nm 0 Th o EH38<72D, 1000nm {FIr DFEIRZAFHZLIFHEL 720N, —
J B RETRRERT AL T 7 A& Ty R T 5708 | kST — 8 A @ <72\ W Elk Tl
1080nm £IT CORIEN IO RS 1T72D, Tm,Ho:YAG D 2080nm DFEIEL—71L7 Tv L a7 7 % Hn
TR RS T CTHRONDLIEL) — AT TN ThD, Z07 Fry—CTHERIFHUT, sREhE J i34 1)
TRED 2098nm TORIEILAIEETH S, HA KL, Versionl.0 DT >/ S — [ LFHEL IR EE ALK&

= ADoe

AHIK20°C HAHI5—95%

60.0
50.0
400
—o—1H
300 W—she
10Hz
3¢ 20Hz
200
10.0
0.0 X 7
400 50.0 60.0 70.0 80.0
Ei (A)

X 4.1.6.2 Version1.0 Fr/\—[Z kBRI ER-H H4FHE (ftEh I H DT RILX—  BALIE md/pulse)
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Eds Wew poeowofels Poessda Jook Wedes  Heo
Intagrsiion s - Srwrwin = Boow = | Shrobalsnp Elmrinic dali "
Im'l"'”f“m T e Tl i U5 Ens B eonn ERTLE
Exterral T A
iy e L | Horeet A [ e [ » |
Bats Roerens 2w [ ey =
+Hbas g8 4 ¥, SH+4ATLEI B&%3 38
B
g
= ACipE
= Inl e 10mx, ey 1, B0 A
= W P penaai, B
= Fapi
BT T ]
= Froperissz LU
it § f"’m
it A £
i GiaghiA) gm
NHEN]
TN
.
" am 1m 1200 1500 170 1500 H® 200
“Wwwlrgdh fran
B ST w | Wiweioul e 1721 28 " i
L

4163 7)—S = S EMEFYIN—DHADARTIEL
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4—1-7 JhEEF ¥ 73— (Versionl.0) I1ZxF3 B pE M LS

Version1.0 THERRB L= MEREEILIET <L, 2 DOW B SEZF T CTEEEZ{T>72,

4—-1-7-1 TI7Vv7%% R (Version 1.1)

BONCT IV I B OIREE =TT, TI7VIAEILD ONE7n—F 2—T7 F0ICEEDHIET, ay
RIZE DI S ORI ZAE T 5% H & R1- b DO THHS, — 5T LD O A O Z AL TLD 25
DT RNF — T BER72 L F v o N — LN ERNE S H D, ZNHDFIHIIIN — A7 THDHN,
Version1.0 ® LD B H I3 LD D523 ANZERE ST DDAl o Th oo, Tha kb 37528 T,
T IV IR DHEAD S FRICHE 5T D0 A NS S5 B TR B EITo7-, ZNET
3mm H-o7= LD O fast axis HFAIOAY N 2.5mm £THEGL ., 232 LD OFE P LENEALLT <
B2 fast axis D NAIZH ORIV ET 7L 7 ZNEICH LT, fERE2 K 41,7117 7, FBIRLE
WMEDHE TR F L7228 D05, 0GR A3 R T IR L TIE 60m]/pulse, 20Hz O
IR L ClE40m]/pulse &72>72, B 1P A X% 0.5mm BV

INT F— A 20-25% L L ET HIENTET,

70.0

50.0

20.0

0.0

AEk20°C HAZIS5—95%

60.0 -

/

400

300 -

DTS ODT DRI, P

—o— 1Hz
——5Hz
10Hz
20Hz

100 ¢

o

40.0

50.0 60.0 70.0 80.0
Bk (A)

4.1.7.1 Versionl1 Fro/N\—IZ kB ER-H A4 R IEH DT RILF— BAIIE md/pulse)
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4—1-7-2 myRL XX DRINE KR (Versionl.2)

WDKK ELTLD O immNHILE T A8 — 220y RREICTEAL T EBEARN L2525 2T,
LD IT— Iz v 7 a AR U CHREAR S5 1) (TM) DAV ANKEL, L EE 2071\ (TE) 1213/
S, By ROETFH AN L TIAR DN/ NSL 7257280, vy OB ST MO &R0 A Z2 3 3 &
W, LIZ35 T K 4.1.7.2 [R T2, AF I LT=ENEND LD N—0bD a1y R X285 T
TERNCENT DL LT, LD RZ I T LA 134T ar Tay RL A& ETEHL0OLH 503, A la
D LD 1 ZAZ 7 BRI NS A— =35 Uel oz, T2 TH A2 1TBIR, my RRIFEE FCE R
DOy R REREL, LD 2~V b HAR—H I TELICH B LT, NEF)2VA—-FTEDLL
NTTF ¥ N— U, R RE X 4.1.7.3 1T,
1_ Oz DD SR W
— 7

;

a1 1L A L:—+F—[] w
r

o

II.-' i
TRET-ETE- 5 ’/

Ow FHILRLSEMNBED, WFELTFATE?

B
e T L—*—Ow K
e
.-"Il.l '.I""
D R& s PLT
O bl

LB AR B =t L <y R

4172 OYFL2XIZ&LS LD Rhiedemal) A—k
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MENK20°C HHZI5—95%

35.0

30.0

25.0 /
’ / —=—5Hz
150 10Hz
//// 20Hz
100 /

5.0 y

40.0 50.0 60.0 70.0 80.0
LD Current (A)

Output Energy (mJ)

4.1.7.3 Versionl.2 Fy/N\—IZXBEIEEEFR-H HiFHE

TR L TLEVMEIE 60A 55ICF TRESEFL, e KHJHRH#RDIRL TS 30m] (IZHBETEeh
-7,
Ty RL U RADT FA A M, BHEHNZ LD & LD =7 hOfE AR TR ELT-0 , KRS %
RESTFEID AIREMEA -T2
Ty R XE LD OB IR EHE CHd TEY ., 3 L TRV
2y R ADA—T 4 TIZOWTIMERL T BT, &<IZHE NA @ LD B —AD JEH I
W T @B BB HIL TN D) T EER
LV RIBEREL ThITHIND, ZDHIELAHEET H720121%, LD MR E L my L RE 455
DULENDHY | A— T —RISEARIE T 50>, BRITCY 7 ZHETAMIZITRNEE XD, A RIEZEUC A
BT OEALNEN T —Z L TROINR -T2 72012, 2O IENDITREE LT,

4—1-7-3 VA F N \—zLBEH 11k (Versionl.1)

H—TF o N —CLB L =R — I ZHFMA T, @I b2 I 28800, T v R —%
WHNZ 2 HA ATV AT R =2 @b 5 FEREAT o1, By Ty 7 %K 4.1.7.4 1R T, WIREGR
FZ ST T, WE DR 2— L% 2 DITHERLIEL D THD, o, HIIRT—O KGR, mH)
KIRIREDIRTA—=L = I NETOERLF—Td D, K4.1.7.5CF ¥\ —% 1 DT LA R
EOFET, TR E R T, 2V AT X —900m] LA N ORERITTF v —% 1 DAL 56
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(Versionl.1) , Z1LL EOFERIT 2 DDOF v N—%RIHL TRIRS 12 EZOFEREZENENRLT
WD, RO IR LUER AL Tl v 7 VT ¥ 73— 50m] /pulse, YA F L 73—"TiE 120m] LA LD~
N —=PENDZEN DTz, ZHUIKL 20Hz TIXZEE 4 30m], 70m] 12 EEFED | DI U JE 5k
L2 L2 E Dy RNOIREE EFDNEEL T EBDbN DK T A RS,

Pumping chamber x 2
Rear mirror Output Coupler

(Version 1.1, 3 mm¢)
(R>99.9% @2100nm) (R=95% @2100nm)

R

Energy meter

——

60 cm

Pumping time = 0.5 ms
Repetition rate = 1-20 Hz

Water temperature = 20 °C

4174 VAUBREDEH HELREBEEINTYT

140

120 | ¢2, 1

20 Hz

100 | -

80 | . 1

60 4

Output energy (mJ)
[}

40 | o ]
{ ] B

20

200 400 600 800 1000 1200 1400 1600 1800

Pump energy (mJ)

41.75 Versionl1 FroN\—&YAVEBRELI-EESDREIRILT—H A
(I ARILFT—900mJ LLFIEL VT IWTFroon— FRLUEIIVA U FronN—I2BIT55ERETRT)
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4—1-8 e F v>/N—%E 2 BIE (Version2.0)

51 RIEDORE R, 2 171l BIT 5/ — < VR IROMERN TE T, Versionl.0 O BROT 717 5%
AL L1, SHIZRY RLU RZHH TR 1.2 ~EH b ENE D/ T — < A& LT3,
W BT 7L HE# Versionl. 1 28 o &b @WEIERTHRIRLIZ, vy RL U X%E# L7z Versionl.2 [y
RLVZXOBAHTREE S a—T 00 7 ORI, MR LI HREIZS D2 b o7z, AL THIIE
LD OEOAHT, By R ~DH TV T B EZ O 8 2 IETF v N —TCIRIE RN 2 E D R TE T3,
8 R R DS D TIEZRD o7, BREFE M DN N EWNFRORENLL T, ZOERETH 7
< &b 200m]/pulse ZEEF L TWRIFAURZR DA 07203 #ERIE 60m] EEDThoT, ZORERNHHER]

SNOMEFHEL TUILL TOZENE R B,
PSRRI T =D A5 TR BELIe T LT — 3 G572l
HRT — D A R m< Q Ay F O RIZEDH AR OZE L VAT 3 —~< KT
WESINDHZE
Q AA T FEIRRFO T4 /LF — ) U ML 2 DR S o 5 2L

ZOTHEHe B E MU E THDHEE 2 T2, 22T, B IHED T2 DT AT 47 EL THHINBE
Z Tz
LD @ 2 FEb=F v " —|ZH#CT&D LD DAL, @ i 21752 LI L]
BOWMEZRAARD
AU Ty ROR — 7 fEl A K = HULER Sy 22mm 28R — 75818 C, 2R3 7T0mm OH DIz
Ll
BRI
ATHTELEL, TNEE 2 RIELL TR RO IO F v o N — DR EHUEE 1T o7,

4—1—8—1 Version2.0 D% &t

R EF T EHIEEAAC Versionl.x ZFEEEL TV, RO RERETE ST, (6> THMEL Bzl A
EREI/2OM, LD 28 2 BN /2> Ty REFHTe IR/~ 7o, ZOMORIE AL X TR
Yo7kt R AT -T2,

LD WA R DT, N T NV EIE T IOV T AR W 2/ S<L, i H]
HRHEA T ZEIC Lo TRl L7,

Versionl.x CTRIEE2> Ty M2 S K ERENZ DV T, ARSI ALY —
ERREL TRy RERIOVY — N —ZB W KA T V7 L HEE 5282 K0 RIEZ K
T ATz,
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SOIZHEME L LT BRRO BV [EILIZ SOWTHIEARIC I DD O TidZel, $il7L—hChlE L. VU
VRIS AIA Tr LT B LI KD BT DA 1 Tl IR DO T A D fE b, #LAxST
T LEOIAZEW TED,

ZORRITEEDNTR 4. 1.8 1 IR THEARE R O T v o N — &k Lo, F72M 4.1.8.1 ITRYEL72
JhEF v N—DOFEEERT, BEIIAT UV ABIO D2 2 DHH3, EIE N B hiE 7
YN—ThD, EHDT TP ORIZHHA L PO/ =R LD TN THY, 222N 2 DD
LD ZELCW5, BEITVAVELE T, I7— % in R E L= 7 7 7 ) — e — LRI Th D,

5 4.1.8.1 B2 F v/ \—114k (5 2 3A4E : #IRZFF Version2.0)

R HARRTE

A4 +53v% YAG, (Tm6at.%, HoO0.4at/ %7 A0)
AYRHA4X: ¢ 3mmX 70mm (55 RER 22mm ZA A4 RINEBELTHEA)
LD K 785nm=3nm

LD H A =K 600W

LD fE %k 6 1

LD &K/ VL RIE: 0.5ms (1ms)
RABAIRILE—: 300mJ/pulse (600mJ/pulse)
RARRYELEIR: 20Hz (40Hz)
RAEBEA/NT—: 36W

AEAR: /K4 (LD, Oy KR #8)
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X 4.1.81 B{ELF=EFv/A— (5 2 H1E: Version2.0) , B2 1 #&HT-Y 1 DD F v/ N\—&75->T
W5, LD [FRREPICHEALOCEOBIEIZ 2 KT DEBIN TS,
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4—1—9 L—HP—FIEEE (Version2.0: 7V—F =7

FIRIEL RO T 7 (K 4. 1. 7.0 1280 TF Yo 3 —% L HO A, Fi21% 2 [EIEFIAlE L T
V=T = 7 CHEBRER T, HEIZKIREIL20°C, LD OfhiE /L AMEIE 500 1 s &L CRED IR L JE R 5L
% 1~20Hz CEAbLSECTT — 22 BG LIz, ZOFEBRTITHSIRF—DO RN FELZNETD 95%0°5, T
T MR C BV TR TRV — - 90%ICZE B L CF — 22 S LT, i LD (2 A5
BIREE 72> TNDDY, 6 ARD LD THRENIT 2 Version2.0 T2/ 3—{Z 80A WFIZ 3.5]/pulse FEHED LD
D7 VATV —%FFoTND, X 4.1.9.1 1T T NVTF o —TO AN I REE R~ T, v 7T
Yo N —DRERTH T TIT Versionl.x 2V A VELE LT B EES> T2 ENbnsd, Ziud, Fxv
R= 1 DA T=HDD, LD DT Versionl.x DY AL FLELFIEKTHY, HIRERANDOHE T (Zr L
K1) NS T2 Z LI TRIBRDOENEmO LN D EZZBND, SHICT v N —%2Y A BLEIC
B UIZREORERAK] 4.1.9.2 1277 T, Version2.0 Ty /S —Z W HNIELE T 521280, KM IR UK
1% 300mJ/pulse Az %/ VAT RLF =D G672, 20Hz 2BV TH 200m] 282 5/ VAT R LF
—DMEFHILTEY, Versionl.x ([ZBITDEEEDY A UELE OB A DT R —0 0B LT, KHDIKL
(5Hz) TI& 125mJ—330m], Fig0ik L (20Hz) Tid 70m]—240m] &, Wb 3 {50 =R /LF —H3 L
DHSNDHZEN D) oT,

EOIRT =[] EEATH=OITIE, i VAR EE LT HLIIR G T, F1RIe T —m Lo R,
WBLAFHTZOI, il VAR E A THER ST &0 H MEZ TG LT, ik VA% 500 s Al
BCEMSHIZEZA H 4.1.9.3 [RTHAE AT, HFREICERT D BN FM OB THIR
~_7=L3Y, TmHo SZOMEHIEWFMERD72D, 100 1 s LUV Db UV ABEIZ BN T, 730A
@z T 2 e BN~ O R X — OIS TR ThHZENEfETE D, FRIC
B LA Z 20%H1XL T 600 1 s 12T HI LD VAT LT —% 100m] (I ZENTET,
DFEY Im]/ s DAT—FTHAILT, LEVMED @ 3 AR TOIMRER T, =1 —HBOHLA)
KPR FIZRSL I ED Do T,

LI EICXD, SHIDTETHIFRTF v —D5ae, B X —DH hE gk,
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160.0

140.0

120.0

100.0

80.0

60.0

40.0

20.0

0.0

AHIk20°C HHIS5—90%

—o— 1Hz

——5Hz
10Hz

—¢—20Hz

60.0 70.0 80.0
Bt (A)

4191

U IVERED Version2.0 Fr/\—D IR ER-H 5

mdJ

350.0

300.0

250.0

200.0

150.0

100.0

50.0

0.0

AMEIK20°C HAZS5—90%

—o— 1Hz

—=— 5Hz
10Hz

—— 20Hz

Bt (A)

X 4192 YAUERED Version2.0 Fr/\—D R EF-H i
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450
400

350 /).
300

250 //.r//.r

200

150 //.r

100

50

Output pulse energy (mJ)

0 100 200 300 400 500 600 700
Pump pulse width (us)

4193 /\JLRIEZ 500us STIETESEEEDHEAIRILTF—DEIL

46



4-1-10 ¥£&®

FPEMERDRERM B OREZLITV, 1) L—F =BT 0 EFEDM E, 2) 3 HELRL —F—0
FRKMIHE, 3) B OEEREL, LWL R Yy MEEHCHE B LTz, I ERbIER 280 TS
L—PF =7 —ROE MEEFEOICE ST EHEB OB T7Iv 7 Zfat Uiz, AR THIH T Tm,Ho A
FraRINUTIE YAG ® T30 728 LT, £ 7307 —F—ay RO FF AT o7 L2A, BIIy
7y RIFHE Gy REER L TE ARV PR FF O Z LN LI 5T, Flear Ry yhay
R OBREVFEEIZ DN TH BTy — R D TIXORFR 2R U, BRER I O 1 CHEIC R Y ok
{ENAFTIE RN EE R LT,

ZOMBFERIHREL T, BT v — OREE AR R LT, MBI OBPETHI TR DIt T A— 5 )
DIR L3N . BRARL ZBREE | B R E DR AL A IREREOFHEa— Rz T iab—var
TR IIrol, TiVED LI RGEIAEE AL T DR FT AT o7z, 85 1 BUELLTET LD3 A 5#
THHAT DT ¥ 73— Versionl.x ZER L TR L 72, Versionl.0 DAR/RY =& 3 CF7Lo %
DL R, By R XD E O B ZIT 7208, AR 72202 0 I3RS O o727
B, 5 2 BAEL LT LD OEHEEE 2 f512L72 Version2.0 ZVY—ALT-, 55 2 sAEOHE TR, 52k Lz
b T o N —Z ST 7 Ty PR 7 — ORI EAL A, Q Ay F R RBRINE FREDFAII
IRNHEELGEE D7) — T = TEMEICEB W T, 2V AT R LE—300m] LA _E | #0IKL 20Hz A EER L
B HIEA YT Uiz, UWITE L BEfECHS 200m]/pulse % _F[B15H F1% 20Hz D03 UJE 1
IZBWTHRLZENTE, Zhab > Tl T v N —OBAF A& T L7, R O F v/ —
IZH I THRLNT /U LR RE L L AR RO T Yo N —28UEFT 52 L E LT,

4—1-10—1 fHEEEIZOVWTDELE

e DT DI 21X, ROy RO FILERICAFT R =7 SN 5 D30 DM EGHE IR — 7D
RVEIRABEA LTl IR v e B 25, ZOEEIT, By ROT AT MM A 2 T&5
FREABUELLD, BIRCICHDMEMEM B OILEEE S DG . vy R 1RO BHIZE N O AFALIE 10 J7
MFEEE, 3 DOESINTAN TSIz b—2L T 30 TINS5, ZHUS, IEEEES | mHhT-vo
100 52 2 a2 Mbbiz8 M=V Oa%HIT 230 T, RIZ 100 RO—FFEEEZS % 15,
ZOA TR MOV AZXNHIRINLT2D , L—F— 2D IH7e b A XDy RE RN D DITHE ED
(ZEDHIREEETHE 17—/ 10 RRREELED, 7 —/VHAlIE 30 T ET5E, 30 J7 X 3 FlEE ¥
10 [ET&HY, 900 51, HEHEES 7 me AT KRB DT80 200 &R0, Zivg 10 [BITH5ZE T, h—
&V 2 1 X 10 [B] X 200 J5 17T 4000 7, 7E->T 1 Ad7= 50 HHRREITITAR>TLED, 1 VAT L8
AEZNEy ROHT 400 T, BFIv21IZU7856  RBHER 133y FH720 100 T, oy 2810
MU T —T 17320125 7 FRER DT, 100 K725 —4/1600 51, 8 K T5H50 7 &Y,
1/8 DM 3G IR TE D,
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4—2 T—FRREZROHEERZR
4—2—1 BFRLEHW

JEOE A ERE I EHA 272 DI WS L FIEIIN Yy 7T — 2 RICKDBEDC OB K 7 Mgl 4577
ETHD, FHIT 2O K 2.1 I/ AR LT 200l B2 VORE CBEIT R ELS w7
DR T M,
2 V(cos¢, +cosg.)
v, =—
A 2
ERTIENTED, FRICh TV AIvZ — L v — =3[l EICFTET 255,

v, = 2Vcos% :2V%

LWV BLIZRIZAZ TG TED, ABRFEO BB THLHEL LT HTIZEE 10m LA B2t 5ld 58527
Y. 7 MNEITK BMHz ThDH, 2O 7 MEMP IEHIZ D DD DIZIE, AT ML ORME T R
IZHAFL T 100pm LA R THLHZEMNEELLY,
— 07 ERL — P R B Ao ha— L Lt iU, BESRIE FOb oL FIRO BV E T
I D, RBAFETHEPLIZL —F—RIRICEH 535142 Ho 1F 2100nm [EIITW< DD D E —
IRBHHN, HIRHIZ LD NARTMUIN TG 10nm I EE OFMEZE R TERY, W)V AT ML
IEHIEESATHORNEAE N TIEZOFHINZ L A CEARWRVIRE CHIET 22 ENE S ITE 2 HLD,
FHIREROMEA L T, P T D HETO OB 26D,

TVAIL BIEHT7 412 (BRE) | [FHTHE 1728 Oy BR F A RS I AND

HRIE HIE ST AIED DO S DA IR TIEAL L EDAXTMUIZRIMISES (FEA

EEX)
—fEENIESFANDINTODDIEHTE T, ZE TR ICAT /i ERE 726 A TEFLE03S
B, MEHEA O B EFIR T 2247 (FVRL BRI 7 AV Z—78) Tik, — I T A #dh
BN 27 m AT D 53 BURED N SN D I CIZIZ IR A 0 2, [RIHTRE 21 im0l
DFEFHEUWERREIZD, [FHTk 7O~ AZ —Z28UET 501 I E M TH 2 iz, 1) B R[E ks
FTIEEBBEN LI THLM, ZOGEIT T —EA D T/hS<RY, 2) did Bl ks 1%, Zil
ZhERIZRIEN AT, FRCFIFO /NS Tm,Ho 5% 2 700 O —HF — (T3 S22, $%H O AR
TANEDEIRE U TR T IS B S AV 7 AR ) O fGe i R AR T & D, i I T LV RIT
JFRERAN BN AR T ML TRIRSE D Z LM ATRE TH LD, 7 VAL — P — T ARIBIL 2 & I2IT 7
VTR DA NV ERHIGHIENARETH D, Fiz, vAF—L —HF =D RRAXT MUK
EELSEHIEICIY, EHIREO DL — P —DAIMVHIENE S Th 5, BAfRIREE L TiL,
VAL —L— P — DR EF IR (AL —T L —H —) O R B A —BEEDLERHHID D
FEEMNLL CERMRHIEEZITHIZ L v AX—L—P —DIWVIEIL TH D, HAMTHI7RAR-EIT 8,
ZNEM> TRVB DM RNR LN LD, RBHFETITE 1 ML TEARBIZERLT,
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OV T T~ T NETRI AR R ORIER R MR OZE LT — R AERE Y ET L%
ARELTz, YW TELIE T 7 AN — W —C XD — AR IR, 77 AN EA DSy T ar R—
FUNDBFED I 5T BB T DL DOMNKIETHSTZZIELH TEEZLEL, WIENT T U ASNT
V2 DFB-LD Z%#EgEL THRMATHIEICLT, LIeBo TRY 7T —~ CITolz R N 1X
DFB (Distributed Feed-Back)-LD (Laser Diode) 72& OB DK /1L —H —Z g5 L2 8-
T U—RRELTHARAE T T ol O~ RZ — L —F—D JF L £ AR J& 1k Hox
—BEE LD ORI R R ET 2L THD,
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4—2—2 U—F —(TRF—RIRER) DK

YHIEHE T~ AZ — TR O YIRS L Tl DFB-LD (Z XA M E s R #a H % Tm,Ho LU~ 7+
ANHERR IS CHEIE S 20mW V7 ADH N EGHZEELTZ, ZHUS, 2OVAR VR T I R =T — 7
FAEL TR R AT 22 Ty A —J e kan b F ke (AL — 7 5 iRka) O A2 —8SE5
ZAT DRIEHREALIA AT Z & T, FIARARORIRWE R A HIE T 2L LHI10 BIRAST ML OB L%
X AL Z T2, T —RHRAMOMIEZ K 4.2.2.1 1T, B— &2 D DFB-LD 2250 2=) A—4
ZHNTE T NE—RDT 7 ANTHEE T D, fa SItTmE 2 ImW BL F O ) Th o720, Zivk:
HIE 272912, Tm,Ho OFLHINT 74/ iEES (THDFA) (23<, THDFA (%, Tm,Ho iRIND E AL —
P—LARk, Tm AN LD CT& 5 (K4.2.2.2) , Tm AL ZUINLIZS VI T 7 A7 SOWILA
RIMVE 4.2.2.3 1273, 20D THDFA OWRINHE 2 58, 780nm, 1.2 X712 720\ 1.6 371D
WSS 2D Z M TE D,

Masiaer saedar: Thulium, Halmium=-doped fiber amplitier {THDFA)

{s EEEI:H:DS; 'n.ll'-.fE‘,l] WDM coupler
' {1550nm,/2000nm)

l
1550nm, 150mW

Fump LD
{978nm, ~B00mW)

Erbiurm—dopad fibar laser {EDFL)
FIEEE~

X 4221 —FARER/EINT VT (F—ILT7A\—DIERK)
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H,
~1.4um
3H5
3
F
4 _*"_ ]
I
1.55~1.58um @4_9“ ~2.0u 1
5
™3 Ho®

4222 Tm, Ho RN 7 A4/ \D TR JLF—HELIF]

n

[5]

|

'1 P
A /

Absorption {dB/m)

\ A/

1280 1380 1430 1550 1630

: Fi= T T

BE 1050 1150

Wavelength (nm)
4223 TmHRMI7AN—DRIRARIE )L

780nm DFHESEIREL T LD BAFAHEIZN, 7N —R 7 7 A \CREA SN T=b D137 F27V
—ANR—AD LD ThY 7 E—RDObDIIR\, ZD7OARIOT 07T A5 2Rt E L
TEHES72, 12370 ARTEHER IR T HIED20 BIROF AR —TZFIFL CTYbIRINT 743
L —H%— (YDFL) Z B B Tf5, YDFL B D7 7 A T~ L —H—% 1.2 I/u HCRIESES
7R EDIFELEZONIZRRORYAF—THY, BN TR H-o72, 1.6 73 Hi% Br iiN
77 A3 —H— (EDFL) 2 2 %, EDFL O EBNHL T, 1.55 I/ 3boLb o ETHAIE
235, THDFA OFMb T HE RIERICTUIE DR B EL 2 DI T Th D, ZOHT-OFIHEEITBHFE D H
TITHZE%EE 2 -, BDFL 251X+ BB OREA TS IR TH L7012, B ED TR S AT AT
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5, IS 7 VT —R 7 7 A7 T AL0D 975nm #5D LD INEHIAFTESDL, 1.6 370
VDR TN —RT 7 AN THLIENTEDT | BERT —RL—F =P ETEHLE X
oo MERIZ 23718 1.6 378D WDM A7 7—"Thd, ZO L7055k e WDM 3 E L CTIFETEL
IRNZEITABINTH-Thy, AL L TR TEH/E 2170 WDM 2884773 YN 22 M & 217
ZLAAMHRIC R AHEE T 528U,
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4—2—3 BRARTars L

LLFO7 a7 MIIESWTC RRER DL L LT,

1 3 —K DFB-LD & A& FEAR
F9 2 I/ TRIRT AIEHE T DFB-LD 2 A F U CTRIETEM 21TV B SRRIEIZ B L T4 7t
(S [ BN A Dyt

2 Er 77 AL —H —DOHESE L B A
WIZ LD oD H &R 57-0 . F O CIE T Er 7 7 A/ — P —ZHEE L T, Z 0823
7=,

3 Tm,Ho 7' AL 7 7 A/ SORFM A
LD DOMHEEZHZBWT, FfSE2RAIED Tm,Ho LMD A7 7473 (THDF) 2 AFL TFORHE:
Al AT o7,

4 Tm,Ho F AL 77 A\ E W= 2 370 451 — — 3 4R
THDF ORISR L — — RIS ER &5, 22T 27u # D FBG L T7 77
J— g —R O LEBE 2 HERL . 2090nm I BITAL —F—RIEDO EBREZIT -7,

5 L —R LD OfEE g
FFE® THDF L —W—O R EIN LT OEEIEEY 2 — /L &L, DFB-LD o0 JEEHE G L CHYE
R D,

6 M=l 7= 2ADBAE

1 =5 TR LTe v AF —L — P — (T — L U TEIRIFITHE S 205 TEAR I FE I T

BIbIIEvAY =L —F =D sl EIIRBROIARE P A s —BSE DL ENHD, TNEBR
B H BT 2720 DRl =L 7 ke =2 2% Z 2 TRYEL T, B EMER AT,
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4—2—4 DFB-LD %34

DFB-LD (% 2 370 #f CHEBEFRIET 285672 LD ZEWNO LD A—H—H AF LT, DFB-LD 135347
JERPEERL — P — DI THY | L—P —F A4 —RE L ONEICEIPHE 2R E 521280,
H—f— R (H— ) CRIET AL — I —Chd, EABRICEIDEE L LBLIOEITELL, 4t
DO RN LV ERENECT D720 RELE R CEIESE 25 A 1TITEI. RELHIZL
EALSE LMD DD, DFB-LD (IBRENRE  IREMEIC LD ERERO Y My 72200, #)
TEMERR LT, 5.6mm-TO can ZA 7 DYy NI/ 3y —VSTRY RERIEZE I RIS THen
72 PLHO LD VryNZ TE avha—J7 %2355 L CEBREITo7-, LD Moo IS fEbhns
KL R (10x) > TRYA—RLTZ, 2 70 OEEREE R — 235013 TR EETH D, il
ENTWD, AR AT AL CRAA LT 27 —R (IR —R) 1 1.7378 T, FOMRAT—7 1%
W 1.6 I/ ETLNRALIENTERY, [HYEZ RO HEFHEMNOLH TNDHESILD IRE2—T—)
2 I/ TRENDHHESI TN, BLEINITIIR AT ThHZ AR LTz, > CTTI|IC 2 I/nr%
AL T 27T FEL TONAELELZ 25800 BUREL TONEMEI H KBS Thd, EET
AIVLEAFE L TT IA A AT T,

DFB-LD DA IMUXT 4V —F Wt 5L T, 2O 7V VR — U inb BRI 2447 DOy
= —7 A—%— (HighFinnesse #1: WS-7IR-II) Z{ FI L CHIE L7z, X 4.2.3.1 13 F L7= DFB-LD O &
ZRT, O FFLITEILEE T2 TOBA, 2.097 I722TC 100MHz LA F ORUECTRIEL THD
ZENDND,

Y, Wavulunpih Moier WESTLE TR2

bl Crarshon  Sabingz 1

i riariraratars Eqanra ju]
1 awpsdangih, veo. [y 3 In_ =
500 -
" Wirsatangth, g Jn] e
. - 3000 . =
i< Frspasery [THE)
™ irsmpursbar [1)c] Bt g
00 AT
= -
< - .
" Putsad oo |
7 Puised o 2 iy U
. . BRIV VAN ISVY W
Fracizin O A N HO OO0 00 1400 1800 16D A
= A Finrfuroresier
" ke BE0
T W ) B0
EH0
2000
1500
iy 1000
F Show ognal o “*
et A

™ Prosd haighl 0 200 40 60 B0 1000 1300 7400 1500 18“.1“311]

p— Freamanoy Lty

e 14631444 THz < 0.1 GHz Ll

™ Caphura aigrad o |
Twd % Link 7 Pl Enpaiae Weatirnen

4231 DFB-LD MFEIRARIKLIL
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B RIS OV TIE LD A 2ME3 T 2o L7 3 — AL ST — 2— 2 DRI $/N 0
B CIEREA B Ao 78RR LR RTERHT 50T, 2mW AR BE A LU,
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4—2—5 RhEL—3— :EDF-MOPA D&%

THDF Ot AYEIREL T 1.56 I/r THIET D EDFL & X7, L—F —D A TIX it idm
200mW THY, s@Jhkd 23 4272 THDF (23190 Th D, £Z T, £¢ EDFL THIRSE/ 1.5 /1
DL —W— Dk AR 2 LV DT T, VW1 2D MOPA (Master Oscillator Power Amplifier) &
L TR AT,

4—2—5—1 EDFL

EDFL [%H 77 150mW FREEZ T8 L TR T, AR A (X 4.2.5.1 IR LTz, bk LD (T3 7 vE
—R7 7 ANCHEASNZIE 975nm, fix KH T 500mW Db D& AL, 7 A>T 747\ Br #hny
I NE—RT 7 A28 (Nufern EYSF-Hi) T, ZO77A 3% Jihie LD & SR FBG (R
DR 1562nm, SR 99.8%) %, HJHMANZARSH 280> FBG (B 10 R 1562nm, KA ERAT 70%)
EATTAATHZ L CHARER AT, T AL T 7 AT LD 2 K IS LIREE TR A
NRINT LT FTAVEMEFR LA ASE (Amplified Spontaneous Emission) &322 /LD H & Fx 72 h35
FHEEAT T,

Master seader:

; Dichraic couplar
Single mode LD .
.:mggﬁml A {1550nm/ 2000nm)

THDF A~

1550nm, 150m'W

Pump LD
{8750m. ~500mW) @

Erbium—daoped fibar laser {(EDFL)

4251 THDFA fh#2Fl EDFL DR
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0,0001 T T
Fiber length = 130 cm

1e—005 |

le—006

1e—007 |

1e—008 |

1e—009

Output power [a.u.l]

1e-010 |

le-011 ;wN””'NJMA'“W‘FMM“*WWW»M%@MﬂWﬁ\Vhfwmwﬂ4u~nﬂ4 _

rorot . ‘ . A

1480 1500 152¢ 1540 156¢ 158¢
HWavelength L[hml

4252 EDFL EIRANIEIL (MtEhIEA@mEERHKRILLI-DD)

4.2.5.2 [ZFIRL TWD EDFL DAL ER T, ZOEEDT A 77 A3 K13 130cm Tho7o, 77
7 OMERMITAE KT ) | BN R CdhHH3, ASE LEbisd 1500nm ST EEOFEW LT RIRE — 215l
T 6 #1Lh EAEL, +5972 SN B CRIENSELIV TV, EDF IXABI DT —~THD Tm,Ho L —H—&
BRI 3 HENLL — I — 72572 | RSB ~DORLE A V726 B RIS LA RS2 5 ATEE
PERBHD, fer T, FAL T TANRDESIFIIVT AL THY, BEF AN KEEZBVED1T T ThHo,
ZITTAV T ANRNDESEECSE TR R D ERIE L, K 4.2.5.3 12747 7 AN ESITRLT,
BHND 1.5 7a YD K a7,

120

ﬁump - 900 mA @

115 |
110 *

105 § .
100 |

9%

Output power L[mll

90 - L 4

85

80

80 100 120 140 160 180 200
Gain fiber length L[cml

4253 FAUIFANRIZHTEIEARHEADEL
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FAL T 7ANE 130em THINTRREZ2D 110mW Th-7-, ZNE0H 1A TIEH 20 7a W I3 T
NIRWEDIZH PR T LIZb DEB R DD, — T TAL T 7 ARNBEWGEITIE, 77430 H %
INEE 2 A IR T MRS, X 4.2.5.4 127 7 A/NEE% 130cm (ZL72EX 0 Jihi LD O
2335 1.5 Ia i E RS, SRIBICH IR O T ZEn b oTz,

120 — ‘ ‘
Fiber length = 130 cm ¢
o
100 &
o
g 8ol
z
fo)
[
3
g Bor &
)
3
=) o
g f
i
20
O
Le]
o ; ; i
] 200 400 600 800 1000

Pump LD current [mAl

4254 EDFL DA HEFE (A2 T74 /73K 130cm)

VL EORREHZED, 100mW LL_ED H J)%£F> EDFL R5ERk LTz,

4—2—5—2 EDFA

EDFL DA Z g 3572012, 4 7 V7T ROME#4 EDFL ISR & Lz, ¥ 7 /v 7> R EDFA
ORERRZ K] 4.2.5.5 1287, RO 11E37F DA77 7473, 2 1% TFB (Tapered Fiber Bundle) LI
END T NTTIRT 7 ARONERI TV RIC~ VT =R 7 7 A\ ZfE AT HR 1 ThdH, X7V
ITyRT 7 ANTIEATIZS 7T v WEZ Zy RIThE L ZPAC 28 . WERZ Ty Rba 7 ITIRVD b
R Ta TR NE L HHEEIC 72> TS, EDFA O YEREL TT~ L FE—R, 105 71237
DI FANET T AV T 6W D 975nm-LD % 6 A L7, KIZHHT 7T /WS D 6 DD A TJ7R—
MZ 12572 LD RSz,
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SMF-28 signal input fiber

(6+1) to 1 combiner (105/125 micron, 0.22NA pump input fibers)
SM-Er-doped fiber

FC/APC end cap assembly

N~

4255 #7J)LUZ5vE EDFA DiEi&E

EDFA TR L7Z#5 58, A7) 100mW 125 LT, Je K 2W @D 1.56 I/ StnfGbiviz, ZOLEo~< /LT
E—R LD OFhE T —1X 1 K7D AW Th o7z, AX7MUT EDFL OH 0% KBLL , $FIZ ESA 2 E D
SHR° EDFA W COL —H — R IRITE RN Z LN RS LT,

LI bz k~C, THDF e A 1.56 270277473 MOPA OBUWEESE T LT,
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4—2—6 Tm,Ho £FMS A7 7A 73 (THDF) O Rt i

THDF LTI, 4K Tm,Ho RO 7 NVE—RT7 7 AL THE—THIRENL TV o4 - INO #E
BT 7 A E WA LTz, INO D2Dl1E 4 FEFEO THDF VU —ASHILTERY, b3 285 4kat - T
WS, BERIEAS ) TIEAR, TR 2 FEA IR L7,

TH530: 2R DIEY | ZZHNLDHAEEIZHTo o> TR IEAEALRLTUVE N NA 265 70wk

A7 RN 1.5 J7m O AR K78 T 5,

> NAO.18, Absorption >140dB/m @790nm, Core diameter 6.0um

TH550:1.5 270 DRy T T 7 ANREFREDAT REFF ST AT TA AR D~ T L T N

GEBbins,

» NAO.14, Absorption >100dB/m @790nm, Core diameter 11.5um
4.2.6.1 12 TH550 DIRIRYZRIN AT VAR, AT I 790nm, 1200nm #7655, 1400nm 1%,
1600nm ITFHIZHY |, B F THEZEL 7= EDFL 1% 1600nm YOI A E BRI+ 28N TEDHEE X
7oo AEHEEEL 72 EDFL O IEMEZ2IE R 1T 1562nm THH0, WINEL TUIL T LHIRIZND, 7743
V=Y —/ T T IIEGIH A R RSN D20 RERFBIZRbINWEE 2 T,

THESD Absorption specirum

426.1 THDF QRURARTR)L
R DREBIZFNEND/ANRERIFE BT REL LR
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4—2—6—1 2I7u #EOFRIRME (EIR)

FECFRHEDO BUSHIZIE 790nm 165 THRIE T D80 Tizsapphire L—% —&{FHL7-, ZOL—H =15
DOIHEIEEREL > R LT T NE—Rard 1.5 I7ar Ry 777 AN E R L 0O RHA
DI THDF AT TAAEA L TEDRNALT MV ERME LTz, AT NUET 7 A SR D 53
R AL CERIZBWTHIER L,
4.2.6.1 |25 MIL72 Tm,Ho 7 7A/73DF AN

THS30W/O_Ge300mW
M VE R, Ti-sapphire (ZLAHE/ ST —13Z 50000 ——r——

DEZFHEE T 747356 T 300mW Th o7, 7 A @ /\

> 7 7A3ELTIE TH530, 35em R4 HL CEF 40009 / \

L=, 1200nm~2200nm IZHIREZRE—2123 D 30000 i

L, FNFH 1500nm 4%, 1900nm %, %

2000nm T o7, ZNBDMNIERITF < 20000

T Tn AFACEBOO TGN, TNE / \
FUOHOF, . 3L, -5, . P >H, ORI 5 \
DTHHLEFALAS, 20200m-2100mm (B2 2200 'ﬁg\léoé 1800 2000 2200
(AT IVOFFS ERSOD LA DA, Zids Ho Wavelength, nm

D LYl BRI LDRIEEE R OIS, —
MZFHEEL TS 1560nm @ Er 7 7A/3\L—H
—MOPA (EDFL-MOPA) ([Z k> Tl L= L E D AR LA 4.2.6.2 (TR 7, LT 743
TH530, () ~() TTZ 7 A EN A2 ZHEh 2Tcm, 60cm, 450cm Tdhd, 7 7A/ DN HENEE | B —
7% 1900nm FHIIZHHD3, () TRIEEMNIZT TR TD, ZIUXT 7 A NEIEIXTIEE, 77 A3 8%
OFAFVMEL/2Y . B TR L > TR RMOFIEN Kb ST LEZLND, (O)TIFZF7D LT
DE—271% 2000nm L0VH EWIERIZS T RL72Zen3bind, —#i7e 3 ENSRL —F— D2 #) - LTI
V=R FTNIFERTHD, LInLRBBH N OREE R o5&, (03 &bV, EDFL O/RT —|{ZIHU T
TANRDERUCICEDFER AT HIRIITIEIT DN, 77 AN BR AT TERLIR o7 &1L
WE CWRIIATEAE T DI T2EB 2 DD, SHIZTUADFF O K1 (720 L OH %) DI MF
BT 5720, 2 I/a DO HITI AT 7 AP TR THZEDMREIILD, (O)DIEFIZHE 7
NFERITINE R LT-b D EB 2 HIVD,

426.1 TmHo Z7A/\DFEILARINIL

4—2—6—2 27 H#HORNRME (BREGAH)

REEMTOREORE ESNBESNITD, TA 77 A O RAAT, 3 HEALROL—
P—ITMANZ L R RIEITHINT 2 Z enFPRTE S, 22Tk ERD@EFR T TH530
D 27em BT A 7 7 A NEERAHEIKEFRITIR L, AT MLz EFio %R & FERICHNE S
5 L TRIGEbZBIETHZ LI Lz,
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THS530_27cm THS530_60cm
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4262 J7ANEDOEIIZHTERILARIMNLDEL
(a) 27cm:ZE L. (b) 60cm:HE. (c) 450cm: T

2RI HIUTRF D RS R 2 X 4.2.6.3(a), (IR T, (@IZEAUE, AN E-> TR OE — 7R3
WEMNZ 7R, R IT 1.5 SRR ICHIINL 72, 5L TODRIIE Tm BROH DL, Ho Db
DD 2 SOENPEDLETHD, EHOHH 3N OF N THHI=H
Tm DIFIVEVILEENLDAT VT 4 7 DI/NSND ZUT, FEICTREED =\ 2ed | Ho (2H~T Tm
VR RIS o0
MENTIDEBEDAF b B ORI B T 273 FEITR U TR A RANTAFAE T D720
FERNRN I RANDFE 35872 D
ZEMBZHND, 1% 4.2.6.3(b)1F Tm A4 1282 1900nm H# DI & Ho AA1285 2050nm 7 D FE
BRI L TRy NLIEb D Th D, Tm DOFECHRELIHMRIRIZETRA2 D03, Ho DFNH [FIEED

62



HmZR L7z, ZiuE Tm—>Ho O RLXF —BEINHHZ L% E 2 T YR THS, Ll Ho OISR
FEZ DWW TRl R E DMFAET DEDITb FEA I D, £z, THDF @ 2.05 27081 HInikiik
ZREEEIREFRIRE T/ T77 %K 4.2.6.4 (2787, 450cm @ THDF D4 HENZLY 3dB O
BRI R o7z,

WP UL Th — B ORI LD, Ho DROLIREEITHEART Tm OREIREDIFINTRN LAVES I,
F2T 7 ANREREIIRROFRET DI RIR, FIRORESRENTHET 20, FHCRIER TIEL I
T ANDWRINE B JELIRT UL 72D/ N R LT,

Th53 0_27CII1_N2 50000 I

10° ‘ 140mA —a 1864nm
—#—2047nm
40000 4
2
; 10 30000
[ 2
5 | “~ 20000 (i
10' WVX
V I 10000 ‘ﬁ\s\
0 M\
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4263 REAZBRTAHILI=EZD ()THDF FEILARIEIL () & (b) TmIZLBFI (1864nm) & Ho
[Z&BHEI (2047nm) DIRE DB EKFHE

RT 103mA
300 ,
——RT
250_475deg.
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. |
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4—2—7 Tm,Ho 774/ 3DV —H¥ —RIRLFIEHERE

INETORERNOEREMOFGOFENBESIN D, TT 7T =07 Tho b v D
ENWEZABIRL N T —H —% il A, SHIC T8O HE L7z FBG (Fiber Bragg Grating) Zf# L C.
2.09 70 JHITOL—F — IR [ HEDEIN DGR EIT T,

4—2—T—1 T7ANV T —HF—

HIRZRO TR A2 A BFFEHIBR 55 TR ASI T RITIUE, 2O —F —I3FIHEE Db - &
HREOEWE R TRIRT 2137 CThd, FIBBIE N E ORI E R O0ZT 57Dl 7
— P —E A CRIRER AT o7, K 4.2.7.1 128y Ny 7 &R, filat® EDFL Z bt Yejie L TH
WV, ZOfhEE YA 3dB BT — DR —h LIZHEEHELTZ, AR—h 3 LA —] 2 ORJIZ 60cm D TH530 &7 A
I ANERHG LT, &HIZAR—h 4|2 27em £ O TH530 7 AL 7 7 A\ ERHGE L, DK E H F1is
L7c, 3dB 7T —&1%, A—h LI AN ST IE% 50:50 DR THR—K 3 L 4 BT 5572 R
— RN THD, FREICR—h 2 22360 A 16 RIT LT 50:50 THR—F 3 &4 357145, /iE->T, 60cm
DT AL T7ASDD RAUII F 50%D /17— TR LIV /'L —F—L725, EDFL O 1H %
TSV NI AT END DS, TR SEIIR —h 4 B N EEWRL, 2Tecm DAL T 7A73%
Fh L, 227 F LIRS LD,

Tm, Hodr -1 2 2 7 1 1%
TH530, &0cm

EDFLAS DB A

\\ ; i Tm, Hod =1 223 7= A

TH530, Zlm
partd T )

WEH FS5—
4271 T7A4N) T L—H—DER

IZFOZ2MN

AN EEEEX 4.2.7.2 (273, FAERBME 250mW R CRIRLTZ, An—720%RI% 1.9% T 560mW O
L AR T 6mW D H 2GS, Vo 7L —F— D LT, AW T B8 E$5 2 i
DIFEL, BRI T 7 AR —H—TIR —h 4 LFRIFFHCR—F 1 DL ANESNTOBITTTH
Do N 4 MODIEMEIR N TNT L DB BITHIESR AR E L TODTDIARHTHHH, BLFERIZITH-
ERWVHANELN TWDETITED,
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Tm:Ho fiber laser output

I I
[-©-TH530 60cm

[ [
Slope efficiency: 1.9 %
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; Vi

0 100 72007 300 400 500 600
Launched power, mW

Estimated sutgat power, mW
~

4272 THDF Y5 L—H—0AH 44

RIT, ZOL—F—=NHD T T F IV DART VAR 4.2.7.3 137, BIHHNZ 1900nm 4 HULE LT F8Hi%
THY, 2 I7ar Ll EOREER TV ReET 7 b H S Qo nZenbmnoiz, Li->T
THDF [ZZD RN F Tl Tm A A ORF &L, 7V =T =7 Tld Ho A AN 8D 2.1 7w
W DOFIREGHENNEECTHH LN Dol I E R RAOFEFNMRNZ LA ERL THY,
HEERE L TR T 280, Tm AA TR FNEAMR DZENEE TH LI D) o7,

Spectrum of Tm:Ho fiber laser
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4—2—7—2 777 )—Ro—L—f—

Tm,Ho 77 A3 (THDF) @i £ (2080nm LA ) IZB I 2FIGHEROEREED | 77 A3 —HF—
LT, 2 U D FBG (T 7 AT Iv 7 TV —T 40 7)) B Rk CIERL LTz, @Kt (HR) ELT
BT 90%EL Enb &, HIT)HEE M (OC) ELTRASH50%DH D THY | ST UL K13 2080nm Th
o712, K 4.2.7.4 \Z THDF %\ 2L —% — (THDFL) Ok L 584787, £& 450cm @ THDF
(TH530) Z K4 90%D VT @ FBG &[f] 80%D 7w s FBG THedr, U7 L R K ) 2W 752
> EDFL 2B 2 A UTe, HINTaV A= Mg U —A—=Z T &7, 77 A7 a0 A
RY MV A—E TCAXT AR EToT2, K 4.2.7.5 13 1.8W il 2 T o2 EEDRIBAT ML THD,
2000nm &t —27L1L7= ASE 28 RS573, 2080nm [ZH BV B IRE — 272300 | L —HF—FHRL TW\HE
EDHERRCE I, ZORERIE THDF 1334 DU EEL WD EIHRICE O THI#S% 5, DFB-LD O
Rt CE D AREM A RIZL T,

Gain fiber(450cm)

Pumping Light
\ |
m)-—m m—

TDF Laser

2080nm

[T 1]
—RT|| 34 pump

6000

5000

4000

3000
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2000
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1000 1500 2000 2500
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4274 THDF L—H—D#ER (£ #E#XK, H:5E)

X 4.2.7.5 THDFL MDFEIFEARIMIL

LU B —H =3 RFEIL 1.5W THY, i /3T —1.8W EHZLH0< ImW BRE D H R EH
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TSI E 720, ST —REA LR WR K I 2 B 2 5508, D THRVY 1.9 I7rr O3 TRL
FBG TGS TRV IO BN S D, FBG O RN LS eicky, 774
NHEOFIEN EREFAERLLTRW AL 77 A\ E RIS E 221572720 | RO A7 74730
H ORI A SELAI & 720 | RARISZD ST TR IEA BV,

4.2.7.6 \2aZ 22— )V TCRI=EXD ASE A~V MVEIRT, EDFA OLERE/\TA—ZELTTT
TERENTODA, 2.2A LLFOFHEEH T 2080nm 1d FBG KHHILDT 47 E72>TND03, 2.4A
LU LD &R TR ZBIAAL . 2080nm (ZRARMDBLAL TV D, TAEFIRFIZ 1900nm &2 ASE
BOT NP L TCNDZEL A TD LN TED,

TH530_4.5m_RT >90%FBG@2080nm

707 N L e e e e e e e e
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4276 THDFL @) ASE ARSIKJL

FIETOL —F —DRMRIEER-ST-bOMNK 4.2.7.7 ThhH, ZOL—HF—3REFH KR THD
JAHAD VAL AR IR JH A DY 2L — 3 al ANRIEL TOVD, FWEE DL 2RI AR Fn g R
EZHZENTEDL, ERMOZETTR K AR E TR -8, D T—E LA TOZETTHY

TH530_450cm_RT _pulse2 C1Trace00001
03 @@ 5 I_m‘ o m,p
| | X
0.2 4
P TR | T T =
AT
LT R IR Ar O A
S0us/div
00T 001095 -0.0109 001085 -0.0108 Ry Sy — 002 0.04
Time, sec Time, sec
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4.2.7.7 THDFL ¥iROEFFEIKK GERBD/NIILAKER - £. RAPOER:H)
EDFL Db LD OIREREICHE S TD TE o b —J OB E 2 5> T 5, ZORE)E
BB TR DA, 2O U EA#ZRAEL T ABEOEFHL OB THATNDLIENEZD
N WAL CTHEBER N IZH D DO TREFMFBIRBIZE TEHZLIE, FIFEPMERWZEDFER T
bdHD,
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4—2—8 DFB-LD D7 7A/\kEA & Tm,Ho 7 7 A7\ IZ KB

BT E CEAH — AR T5 DFB-LD 13224 A7 (E# H H 22 M ~FHT552107) Th
L2, Zivk THDF HHIRZR CHIIRSH oL L7 &I Y ek A L F R W T 7 A\ EE S
HULENRSHD, K 4.2.8.1 DI TREAIET2EZOMRITHRK 0.3 BETH-T, LeRA->T,
2097nm @D LD TOI 7 F /D ANTj/"U—IEE 4 0.3mW FRE THD,

ZOREMNTHIA L7 DFB-LD % THDF #{E# @ L72EZA HIERITX 4.2.8.2 DI/ oT,
i FHL72 LD 1 2097nm 0D J0H /8T — 38K &L THDF OFF5H K&V 2050nm ZEH L7z, 2R~
ENT B =R T TITBME S I AT VRN R D08 D3 b A RF I E SR H K (Amplified
Spontaneous Emission: ASE) DGl 7a 8 NA GRS IVTZ, T2 —R 7 TR RN R EZ DS, ASE 23
BRSOV, AR 1R 7 IR R Z @< TEDL OO, R 283 L0130 ASE OHIEA
BAZEZ72D  NU =S ASE LTI T, 5 & [RIIRHICATOIEIRE b 5703, WI LI L Tb ASE ZBRE
LT 7 VO R E A NS B AR H 5, X 4.2.8.3 12 3 DORIRIEL IR LR DS 57 %
T, R T IIIER S BNIRNZE R DD,

LIz CZOMIEREL TLERDIT

ST FIV AT A RETR RO 2

KR DT 7 H B RE L, tha Iy 7 VR 52k
T b,
LLERBBURTIE 2 27007 vl 1.6 17 O 2B R THA TN TED L7
WDM 7 Z =B FEELZRWNZD | ZOHRUTIEBLERTHY | D HIEZ G T 20 ENHHEZEZT
W5,

1.56um

SR EO N

4281 ERIZHELNTLD SEMENERESEIGEDEHE
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—— Backward

10000

1000

Double pump, mW

100

10 100 1000 10000

Pumping power, mW

4283 3 DDEIFEEICKDIBIREZE L
VL EORED S BURT 2097nm 2 THDFA (2L THEINE A2 L1307 0L W2 e o7, 1D

MOFATHBL, 77 AT R—=F MO AZTFD | SERSE DL AR THD, 77/ 337K
— AR PA= T = ~DFE T 24T > TND,
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4—2—9 HlEcLr7iar=s2R

FIHIRZR THDH VAR IRLS (LT N —3 ka5 : PO EFES) DB B EE v — R e A (LU~ A%
—HEIRER MO ERES) DOFARJEE I — B St 222 E R E W EZBW 3720 121%, PO 238H0H 53
IR AL (fEE—F) & MO DOFIRJE I AANEE LS —BESE L4 E D H 5, DFB-LD ThD MO DFEHR
JEEHUT LD OIRECry 7 SHVLER R E A B, Fio, H— B CTRIEL TW Ao fite—R
A EE BT AL, — 5D PO X Tm,Ho L —H —DFRIFALI ML TR ED T R —
DOHFINZ, RO RS TR ED IR AT B2 HET — RN ZEAFEL TVD, ZEDREE—RDHIHD—ok
MO DJE M E —BEE 5722, ENRIRGBRATFE T LML EN DD, ZDLH7ar ba—/uT
RIS T 537 —D 1 Kz @l T ATODO =T —2 7 F )V aL LICTEET 5008 — T
0D, ZZTIEHIT—DIBEEER T LICv 7ML TPODRGRRE AV M — L3520 E LT, BF
FRHIE T vy 7 M7 K 4.2.9.1 1R T, PO DIV ST — 7 F)UTIE MO LA EHT
ICERTHEEDREENLTEY, Zab LI Tl L 7 ha =27 AD3E SR 1~ O 2 il 15 |
HHRIBEAZESE T PO OHEE—RD 1 AIZ MO OJEME N —E 3550283 2 12725,

Rear Mirror with Piazo shilfter _
\\ Pump Chamber  =-Switch Ciutpirt Coupler

*, | /
x— ’X Fhotodode
b
[ [ (]
= -
Master Oscillator p Osclllator
{Injection Seeder) : = o
Cortnal Sigrial
Piipd Criagl
D-sw Trig
o0 i
Laser Power Supply Conirol Electronics

4291 HIRB[FIWILIMO=H/ZROTOVIE
BIRMNOD Q RAYFI)H—ETHN AF—REDSDFH/NILADERZEZLLERL T, TR/ IL
BEIIETIVRFEEFHNLT PO OHEIRBELZFIHT S

L— P — R BT A R DIRS D 2 S L0 R AR A B AT 5, 0357 15 4 2R 25 P 1
ICHEANTDE, FITMIIE VR EL B /A RDL AL EFHHEWV DR — 2 Ff> TS T2 | ZDJE
BV TRIAYZRIGIE AT TS, LU A EY PO OIRE I E e — B LT AUX 2R
FEDMERNTZD | Dy 7 S0 HAMEN | RZEE LW BN AT D, MO & PO DH:HR)E
WA —ETDE MO OO EAEBEIC S KA ENT EEHT PO L —F—RIET 5, fitoTxT
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—3 7 FNELTIE, MO MHD A PO TR T DR S TN EINEHIE T HETE i
IEE0, CWOHAIFPO & — D7 77 ) —_p—xXur & 2 PO ZH T 537 —1bD1E 5%
DL, ZOEEREITRKICRDINCIRRREEZRIE T 52810705, UL ULVAL—HF —(F Q AA
YFICIVRIESE D720, FHEIRNEEIZ MO MHONE RS TRLZEFEHLW, 2078, HHEH
BN —BUTRRE T — Y — RSN 22 L2 R T 2003 %8 Th D, LIRS T
L — = VR FI LSRR T 5, 65T, Q Ay T O H — R & I L T VLRSS B
HETORRIERZFRIL, 2hzxT—2 7 AL CHREEL T GLb ERE R 3) Hkic
RIS E AT DLk TEM SR — ST DI LN TED, X 4.2.9.11IHDIIC, L—HF—D Q
Ay FNIH—IE 5L SNV AMEZE AT ELTEESE S, 2B MO TR E = b —/ /W L5500
IR JERE I D 54T QDT =T = TR SE TN,

AHBDAE BITHONTOMAARITF 4.2.9.1 DBV THD,

= 4291 —FREAFRFHILICO=IRXAE HEH

PD /NLREE 1V, 50Q

PD /XJLRILE £ AV BERE 0-1275 ns

PD /X)L R#8Y R LB K # 10-100Hz
F)A—AR 3-5V(THIL TTLLARJL)
R A — A F7 B R 0-1275ns

HlEIE N EE 0-10V
ETVRFHIEENERE 0-220V

i 53 A HE 5ns

KRBT TIT — AR D I IID R VI > Tl2DIZ 2 I/n b —F —CTEMEMZRE A TO L0 2k
7RIt id, & EO Q AT LT 1 I7u b —W —CElfEMGR A ToTc L 2A LRE LI H—
JABHE NV AREIRE MR TET,
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4—2—10 &%

237 B TR A AL CE D, DFB-LD OBREZ B IR ZAUCIDEHEFHIRDH /] 2mW, A7 h
JUIE<100MHz CITHOAL TWAI LA MR LTZ, IRIZLD 2260 H N ZIIE T 5728, Z Db L Th o
Ec N7 7 AN GRIGIE L LIe 7 7 AN — Y — 2L T ZORHEA L7z, 37 E—R
FAL T 7 AL T, R 7 —R LD IZE> T L7=E2 A, 1.5 272450 100mW LA
FEoOLv—P—RiEEMEEELTZ, IR REMITD, MOPA kA B %, 1.5 I/ IRERH )%, 6W
D=NFE—R LD TRIESNIF T NI TR T 7 A\ BEEE R ELTZ, ZORER K 2W DOH )5
B4, Tm,Ho 7 7 A /SOl YR A 52K L=, 20 EDFL ZEhiE YR EL <, Tm,Ho iMoo 7L
F—RT77ANELTHE— RSV TN 4 - INO 8T 7 A % AT L CEOREFAN 21T > 72, W
AT ML O R, EDFL T3l 03 FTEEZRZ L ¥ on o7z, FEHARTMUEHRY Tm A4
MOEDRGDIREL, BROIETHILT D Ho OFHEB/NIWVN, mMEANZED R AT MVIZIRDE
AONDHIELE APERITTAT 7 AND BN E DD EZ T m e L TR,

F72 Tm,Ho 77 A NOL —H —FERAITHZELIZLY, 2100nm (ZIFWERIRTZO7 7 A S5 F15 5 FF5
ZEHEHEFR LT, DEB-LD %27 7A /{4 LT THDF ¥R &2 TOHIE 237773, 2100nm S DR F]
FFL FRRFAVIC Y 1.9 7 FIFFHIC KD ASE 23 <ERIRS LD T LM Hy 212720 | 27 /L Mg | R
THY, FHL LV ETOHEEEZITIICELRWNIEN DT, — 7 FEARMEHEIIZATH 2O Ol
L b= A 3RaREEE TL RO 1 /e b—H—2HWEIEEBRZT TV, fERICE
BeE s IS DI L a R LT,

B B AL L CHT 7 B — R 5 — Rt & L Cid, DFB-LD O EHEJRICED 2mW, JE# £k 100MHz
LUF, —B— RN CTRIETDHIAEMEEL, 58Uz, 2 RIS A S DE DD LB 22 =
L7he=2 26 S8R BA%E B AR &R 72 LTz,

THDFA 123V VT ASE MRS W EWI T8RRI Tm ORI BT HFHF R E O EN)
ZETHDHN, DFB-LD D28, HilESR CTdhd THDFA ZA3f13DIZE DU — T2 ETHD
Do ZHVESRIRT HT-0IZ1%

DFB-LD D /A4 %,

DFB-LD 2357 A2 7 7 AN ETORKEAR T 2,

% BHHIBEERRE L T, R 2 IS ) O IR A X2, Z OBRICHEIE 2R I TS RS8R 7

JVHIRE | ASE s B L L= R T2 AT D,
VI FIEELELT D,
DFB-LD [FHLIR Rl H I3 0073 BoAD 72 LD Td %, DFB-LD 237 A 7 7 A/ N ETOH KD
BUCBEL T, RAURELT 2 fidbD,

DFB-LD E AN 77 A OFER

> DFB-LD Z7 7 A/\E T T AV TG T D A= —HCEIUUL 80%LL EDFE G N AN ATRE,
ST FNTrA8(2.1 2700) LT 7 A3 (1.56 2700) OfE S
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> b WDM 7T —D5ERIIK D EZ AR KEN, — I A— T —0375 L T DR,

ORI DWW TERIR T 58912 2 I/ O A~OE H EREES TS 7T D
FILBARPHED DI TNDEITHD, ZEMIEEHI OV THRIEET, N R/SRA7 L4 FBG 2L, 23
I T A — P AT U T B DORRARIRE LD ZENTED, SR ED T IEE R T D701
1%, 2 I HIRO TSN BEFE N R EDDEFF O DD,

LUt BUR T 2 IE = R 7 TH:YAG O EIRL —W —Z et LTl 920 23 b i
FERRRTHDHEE 2 TVD, DFB-LD M0 6% 8RR (LD 22bIRER A TRV = L570h
D) THEIR T D& ATREIZ A, BURE R CTIIIER &M ThH D,

4—2—10—1 23I/urAI7ANNKERFOEHTFIE

2007 £ 11 A BUE, Wi ORILUTIZEA EEDBIRND, — D7 7 A7 liE A—J — CREMRAYIZ Tm 7
TASDEFE - BUEDTON TODEBNTWD, Eo, Sy T ORREMEZFFHNNT T HARD 7 7 A 735
puA =T =B 2 7O AR, §IE VAT T WDM A7 7 —72E DBRFEZATU W F DL
#2NTZUITESTND, Eo, ADLDIER T T 7 AN 2 I/ A T4 T AL —F2 DR
FuT 7 ANA—=I)— LG TIT o TND LN, SHIZH ARDEF g A— T — Ch ORI i 2.4/
VETRHARTREZR AT NT LT FTA P DI e 2 BRbG LT, Mk 1359 800 J7 M & @ifi7= A3 AT ek
DI RO FHAIER A— T — 73S | FETE 2T D RITIE, 2 I/ DOIEIRD R34 faA
TWAZENHDHZLITEG BB TES,
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4—3 FIHBIBBOHFEERZ

ARG T DI DRI R ZTDITHIZ) XFA R—FR M THHIT— O R, Lo X iR
IRETE RO LR, T v N —DF AT Iy 7 BB G L TR ZEIFTEETH D, — iy
[CBAL U XM IND ey RIS AE LT B KT R MM N EL D28 b, HImb L v XDFEE
THIDTSLHEITLTHS,

4—3—1 Pl

A LB HIZHT-0 | HIREE ARG T D720 i F v o N— DL XD F A1 T 72, 7.
FHI L BT a7 7 ANV E RIS T DIZHTN, KR AT H VAL RIS CEA 35 LT3R
E—A7 a7 ANVEE AT M FRHLO a7 AT — DY T N 2 TR B A SR {To7,

4—3—1—1 BV XD

—IZay RSN L X2, BT F G L2V L — 3B L 2hay RNICEE $5, ry koD
DB EIZRENOOREENZL DD, RN radial 7BV A4 TS, vy RNOIREE 5546 1E
Ralb—vara—REHVIUIESICEHED ATRE T, PO TUZEIREDRL<RDIENR DD,
L= —EOYPELLT dn/dT £V 8TA—S030 %08, ZHUEIRE AR L TR AT 2RI R A
LD RESZRLTND, FERL — P —HEICH1T5 dn/dT 133 4.3.1.1 D@ THD,

#4311 FEL—H—-EEORETEEEKREFNE

Material dn/dT

YAG(single crystal) 7.3x10°®

YLF -2.0x107 (E//a), —4.3x10° (E//c)
YVO, 3x107¢ (E//a)

YAG X dn/dT DNIEDFF S &Fi 200 RE L FERIC 2y RHULEICATUAZE n BRELD, LI2Ai>T
KD EREE X R <72 EVHZETH LN, EDOL U XEFIREDBIE 295, - HMETHHNDH
KL T EEIZ L5 T tangential 225 ANZIZ— B2 46 L7251 T T D, YLF 728 — D7 b4
1% dn/dT<0 THY, ADL U RI725, FBITHEOBHLENERF DT80 | F L S e THEEN 2D,
T YAG [TBL V REFAESEHIE LU TUIRNRT VA, FROEL U XA T D5 AT A
BINDOXTRPET I8 D, ZOBL o X% IEREC RFED D2 E DN IRIRORGHI L > TUIEE TH D, £
T CEBRINTEL L R T 528 LT, B XD F IR AR 4.3.1.1 (2557, He-Ne L—H —D
NHE — LTI ANH TR, AT LT, 73— F ¢ Tl Y72 — A8, vy RIC AR LT,
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Ty R)NHOE — L% CCD HAT TSI, CCD DAL EEZ LS E TE — A0 h /NS5 xR AL E
LU, gy RO E S B ECORREA L o R LA E SREEL B T 7 — X5 TE LT~

/ Beam Expander

Mirror, I:l
7 He-Ne laser

Rod CCD
\ LA, SN
L
Mirror \ * -« >
1 1
~2mm I Focal length I

Water Temperature = 20deg.

4311 BLUXEHRAIREBREYNTYT

T —2I% ¢ 3mm OEYRE ¢ dmm Oy RIS L THRG L2, WEIKOKIRIL 20°C, 7V ABE LR L
FEREBIT AT OR KT 2—T 1 2%% XKML T 1ms, 20Hz & L7z, @5, LD 1% 0.5ms O/ L ANGEIZIREL
TWDR, B L= (X =2 LB LELIE | Ims THT 2a—T 4OV Ml X 7Rk L 72> T
W5, X 4.3.1.2 1% LD ~OF NEii A E LS L O E RiElEA 7 1y  NLI2b DO ThD, ¢ 3mm OH
Y RIIFEIRAR D 600W H 7JD LD, ¢ 4mm Dy N3RS H D 1kW H 710 LD 2 L TWhH7e
TSN R TN F =070 0, LINLWT IO E SR KA T —(HE TOEL XX
HHE AUEBENE 60cm FREEICHIT 352 b o T, AT R —Zuy R fE IS LR kL 7z
HLONE 4.3.1.3 THD, ZOT T ZIIUTERO B2 D0y IO T AL ARSI A S
TRIX =L TR D E B & 7R3 2 &b o7z, S HOFHFEITT R TEL  AD A HERE 60cm
OEAEEFERAL TTo7,

Pumping time = 1 [ms]

160

8

-
n
o
o

8

(-3
o
3
>
o
[
]

Focus length [cm]
[--]
3
*
L ]
L ]

]

n
o

o

Input energy [J]

4312 MEIRLF—ICHTIRLOAEREROEL
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Pumping time = 1 [ms]

140 R

120 - —
5 100

=, *3mmd

ug. 60 o 03

40

20

0 S S S S S RS SR

0 10 20 30 40 50 60 70 80
Input energy / Cross section area [J/cm2]
4313 BEuMEELH-VOMEIRILF—LALOERERHORER

4—3—1—2 Fa77ANVBIEFRDRFE

E—L7 a7 7 OREITITER 2 I70 L EOFRABTERELZFOEar AT
(ElectroPhysics #1:#4 model7290) {738 24 22085 7 4 /L # — 2 BOAHT72b D ZAE FI LTz, FIHOEHRICED
FORRWIRIND 7 42— 1.6 70 P EDORIERIBTIIRFIEN RN L EITRD, 74/ 2 —DYIUR
B AHRE—E L2\, ZOT= DRI CIEe< T AR a 2ZKE LT SRR 7 ¢ v 2 — % Tz,
R IIAT AT N CHF LI — L7 a7 7 47— [LaserBye | Y7 =T & H LTz, BH 2D
a7 7 AT — 3K 30fps FEE TEMET D720, CW E[RIERIZ 7V —F 0 = ZRRE TR A2 BV IA T E
—RIFA 72K LB 3 100Hz L EDOFRDIRL DL —H—1ZLi A 7 T, (R#RDIRL D/ L 2% CW
F—RTERVIALIET DL, AATOTL— A (RHIIZXEIbN 22 ~<) Tl —F—DE — L0837
P, 7L — AR AD T ay MEWEL T 2780 L LRELTZIENTZIRW2d ThD, D E57308;
A TH LaserEye |34 ERN T —IC XA RBANTIHEZ S, FIREIZE VL IATICH D, KE V3L WATIE
SMERNY A — 2 X DRI ED 2 220, D728 LaserBye Y7 NI =T DH AR~ AR % B Ie~T-, i
&K 4.3.1.4 12789, model7290 1ZNER w7 2 F > TRY, ZZ THEMIIVIZ N A —E 5n 7 s
T A HIME FICEESNTHAIEN TS, Zor/ay &L L —F—0OAHBN T — AR
FTZEIZEY, TuT s AT =L AT L= DR EZ LD LN A RETH D, FDTOET AT T/3—R
—NR (National Instruments #1) 2L C7 I rr T4/ N —(E 55258 L, © 7 4 A3 A/D Z5#
LCPCIZHBVIAATZ, —F5 0D 60Hz DR —I5F 51T 72 ASNEIC BNC THRVIHL7zEZAIZ, BV
RAA TN 70y 7 DEEF 3D 1 D7ay 7RO T ZENTEDLT A AX — (G JEg) & 27
FHURBIDT=D DT AL A ATRE LT, ZOMERICID, L—F—1 aybz 1 7L — A FBIL T
VAT Z LM A[REE 0T, ZHUCTVL —F — I W AT FE CEhx | KHIXEDON T —D 5 E, 711 A
Lo CTRIIZ DY AT LEEEELTZ,
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Wideo CutiChock Gt

[ — Video signal
Tirreing slciral
Camera
(ElectraPhysics 7290)
ON®) B
Video Clock
Clock divides! separator
Delay generator
Wiclao
Trigger In Trigaer In m
8D converter
Laser Powes Supply Flame Glakksar PC

4314 E—LTO77/4ILEE AT LR
L—H—2ADIOvIENASORBIAVIIZHEL. ZTh 0I5 E. T4LAIZ&>TEED
FHEX->TLNVS
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4—3—2 THER
4—3—2—1 AR —MERIIID/ —< NV RIEER

MR AT RTIC AP — MR TR T —~ o 25 B LT, ERAREK 4.3.2.1 [T7-T, ¢
3mm 2y R, 600W O LD ZH#ELI=F v 3—% 2 DHLEICERE L, 2O i @7 — (HR) &
B 90%DHE 3 AR 7 — (HH 16 G 7—:OC) ZELE L7z, I7— 13V T b a7 —Thd, Q A
A F OFEEREITHT-8, OCHNZ Q A1 T (MolTech #EHL | (R IEEAR LTI AO-Q AA T ) ZHLE LT,
JibiEE LD 2L ANEE 0.5ms, He KEIRIT LD OARIH D KEFLD 80% (=80A) LL7-,

Rear mirror Pumping chamber Output Coupler

(R>99.9% (R=90%

e

Energy meter

A
A 4

40-100cm
Pumping time = 0.5 ~ 1.0

ms

4321 REBtyr7vT

F7, WRBEZE (ST THRONONNY =L — 27 a7 7 AV ERIEL, X 4.3.2.2 3RS ES
0.4m, 0.8m, Im LZ{LERTZLEDH N ZFNF—ThD, ZOLE Q AL T T ASIL TCODHA, BIfE
ZAT STV, 0.4m 3 T D723, EOMIRER R THIZEFRRDOH NP RiZleoTz, $e7m
T7AMZOWTIER 4.3.2.3 [ZRTIHZ, Fri3—[l% Sem ELTZFE, Im OHIEZRFEIZBWNT
TEMyy 7A 772 ARy RGO,

B XaEEL TR R 100cm, [fif 7 7y 7 —0U=7 HRGHFIZIBNT 2 2OF ¥/ —[H D
A ST A—Z LU TR ARBTG5 6E DIT— 1l EDOARY M AZX% K 4.3.2.4 1TRT, LIZA
S THIRINITL o AR L AT LW =7 SR ZFDY5E | LD & 80A, /LA 0.5ms, #EDIRLJH
WL 20Hz, KR 20 COEME T CIEMESR R Im B W TR ELIERIEDNGLNLZEN D)7, 2D
LEEDR R VLA RILX — (T 56m]/pulse @0A Tdh 7=,
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~
o

60 /‘
) //
£ 40
-
§. /’/ —e— Cavity length : 1m
O: 30 —=— Cavity length : 0.8m| |

Cavity length : 0.4m

-— N
o o

o

50 60 70 80 90
LD Current [A]

4322 HIRFREITHTHAL DEFE

4323 HASh=E—LTOT7AIL, BFEEFR 70A(E). 80A(H)

Dual-Chamber (Cavity Length is fixed @100cm)

——Lc-¢=2 [cm]
1.8 |——Lc-c=5 [cm] J
——Lc-c=10 cm I
16§ |c-6=20 cm I I
1.4 Lc-c=30 cm I

N /) ) ]
—

Beam Radius/Beam Spot on Mirror [mm]

0.6
0.4 e
02 SN
0
150 130 110 90 70 50

Focal Length of Thermal Lens [cm]

4324 HIRBE 100cm [2HBTD. Fro/N\—EEEE/NSGA—2EL-E—L YL XZE1E

== VIR O M) 72 L A T [K 4.3.2.5 127~ LD Db, OV ABE 1ms, #2031 10Hz, /KR
20CIZBWTC, BItEEZ (LS Th—2 L DB A T FNX —2 LS Tb DO Th S, BifhLReE <
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BN, Jil Rz LD FEEBRA R EL TR, 16> THiE 0~1ms £ TOMA LD ORI T D, /—~
JVIEIRIT LD DOFECHRFRI D& T BN A~DARHIINL | 555 LRG0 A I E & 0
TR Elal ol EXICRIREBAG T 5, /— < /VRIRIZ LD OFIE TR <Y W AR
WIS O — IR RAET D, RIZRLNDEEY ., FBIRR G 2% R I = R L ¥ — D i
INEEBIZRITET D, # SV AFIRITATHED AL 7% & B FFIRD TR R AT HH 5 & %O HRH)
LETR— EDTREFIROE 53136725 7SIV AD It I LD DALy I BR 5726 7L A
IFREAT RN =N RELRDIFEEL2D, FIHID A A7 B = LT — STl RY ., 58
FFEIRJE T2 D 2 &3 07072 (141 4.3.2.6) . = R/VF—HIDIRE, 7SV 2% 00 8 H SR E 5y O
R AR INTLFTUH AN U CTHMNE T, i b7, ZAUTBMC XD PEREIR F oo arsEMEDS @<,
=L =P E i =L — B W TR RME A R 2 LR B HEE 2 DI,

2 ——mm————————————— 3

LD trigger ]

L T TS SIS St et S 12

080 |

060 |

41983111 01

040 |-

Intensity (a.u.)

020 |-

00 prrmp—

oo bt o,
02 0 02 04 06 08 1 12

Time (ms)
4325 BRIEZEILSE=EESD/—TIL/INILRER
(TS7LEDERRIE LD ZEEHT 5= DT —MES)

1.2 T 12
L T T o
3 |z
5 L ] o
& oo T 110 2
s ° 1 o
> 1 o
= o
2 0.60 O R SO SO 19 >
5 . 1° 3
c 3.
= o
2 I
© 0.40 8 =
(] s T
o 7
0.20 7
oobiiow-on o o o 1y

0 2 4 6 8 10
Pump Energy (J)

4326 FEIRILF—IZHTE/—TILISNILADIT7—RARRINA R E L B IRE L
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4—3—2—2 QAyFEME

)= VSV ARRD REIEONDEMET Q Ay T RIREREITo7-, K IEFHANC, &3
IWADZAIL T ZFHUTZ, M 4.3.2.7T1X LD O/ VAR TG, Q Ay F D7 —NEIT, /—~ /L%
WO VAL Q AT/ IVAD W aEREDLEIZLDTHD, KL 656A TENEL TWDHIZD il
FL SV AD e TRARD AL — R L TOD3, Bl LD OFEMZHIINCHRTL T, » VAR IRE BlAA 95
KIRFZNSHI~T 7T HTENBIRESNTZ, Q AT DI —MEZIE LD 7V ADZAIL 71T L TE:
BICRETED, LD BN —bDOFLTAA T L Q AT 7 — BB F A7 D OREE % Q
ZAF TAVALMESZEIZL LD, Eifi 656A DR N T b IRIC Q Ay FRIRNTHO LD Q A1
VT T AL ABRELIZEZA 168 us THoTz, ZOEX/ VAT RIX —L 5m] THoTz, 7SIV AREE
#IX 4.3.2.8 1R T, ZOEED/YVANEIL 1.6 us ThoTz,

JibiE LD OEEIMEZ 65A D3DHER 2 ITH NS, 7 VAT RLF — (X 6m] 2 X 7Ty RRE A
BB LIz, BENRASTZDIE, Q Ay TFITEWT ¥ —0 Q Ay F LV DiHE Tho7e,

1.2

—LD
— Q-switch

L Y~~~ Freerunning —
Ii ” " — Q-switching

o
®

Intensity [arb.unit]
=)
D

o
'Y

0.2
0 | = 44 - Lumly. o b e A e o A y,.,,;uuu.uwlvuh
-500 0 500 1000 1500 2000

Time [ps]

4327 INJLVARRAZIUTE
BEIXLD BT —h EHRIX/ —TILER/ NILADKER
ELO1F Q RAyFH—, FlE Q RA4YF/NLA
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Q-switching

1.2

Intensity [arb.unit]
o o
(2] (-]

[
»

655 656 657 658 659 660 661 662 663 664 665
Time [us]

X 4328 FHFALf- Q RAYF/NILADEMKER

4—3—2—3 a—F4 U THREIZHOWT(a—T 4 7 DREELTRE)

BENRAELTzry RDOa—T 4 713 A—T1— WG DEIZ LY IAD (Ion Assisted Deposition) £ Téb %
ZEboTm, ZOIFEITILAMENE L —RINIES WSS MR DO MR E TH D, T 1T
<RV, — MR FREE IS

IAD — IP (Ion Plating) — IBS (Ion Beam Sputtering) — 7' 7X<
DINEIZHELRDEE LN TG, £ THROREEZ T, T _XTORYROa—T 1 7EREL, 77
R~va—hCIERLIE LTz, £o, 2—T 1 7 ELOMAS RIEL  JOMAYED @ kA fFo=a—7
AT HINT T2, =T 7 DEREIZ DN TUIRRFLR T2,
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4—3—3 AEBR1(GEESBE 40cm 2B/ —< /L VL RRER)

FPT RGN T v =2 HZ BIREFIZB TR ML =X —ORFMEZfERL ., F72 23
7L — P —THEFITRDZEN TRINAHHIKOIRE DL E T H7- DI IRGR EAH DI
REL, AR R A I LT,

By Ty T EM 4.3.3.1 17T, O HR I7—&FH O OC OAEHLE T, LREEE% 40cm &L
720 ¢ 3mm DOy R U R ER A F v /3 —% 2 B/3TL UCHEHR L C)D, KR 20°C., H
VIR JE R E0E 10Hz, LD OB RIE 0.5ms~1.0ms TEALSETEBRUIZ, AR CHEALZLD I
HEERD 1T 0.5ms THY, Z4LL EO/ L ANE CEIES A Z LITRAESIV TRV, ATREMEZ R §772
DIZ1.0ms £/ VVAREZILT T2 ETT =22 BIGLIZb DO TH S, 22T OC DA RA M HIZHH~ T
LZA R8N TR KA B o772, i /1RT7 — 2 ZAUCEE LTz, IS/ VLV ARIZED =R /LF —
ETFRNF—A—L—THH LT, ZOHRRTIIIRRONEICRL T v S — LA DFE T2/ A
TAHZENHR ST ) —< I L AD T D EBREAT 5T,

Rear mirror Pumping chamber Output Coupler

(R>99.9% @2100nm) /\ (R=85% @2100nm)

40cm
Pumping time =0.5~1.0 ms

Repetition rate = 10 Hz

4331 HIRBE 40cm [TBITE2EBEINTYT

4.3.3.2 \Z7 OV ANRERE 2 \[CBALSBIZLED ) —< VS VAT X —Z T ry "Lz, BdhE i
LD (ZAA LT E IR AL T D, B E i L TR )25 EL T\ aZEn3bno7z, 1.0ms D3
VANEDRFLASN TIIRRIE DI 72T, AT R =03 K (2L ANR 1.0ms, JHEERE 100A) D
IRf, )L —13900m] /pulse PL EASEERLSNIZ, ZOEEDTATRLF—(L8.3] Tho72h b,
THRAF =B H USRI 10%2L EE/RDT L3 0oTc, Ar—TZhRIZTHE 130FRE Th-olz, Bt
T/NT AU T VLV AR E RN > Ty NUIZONK 4.3.3.3 Thd, 7V AIROEEAINI R
2L —F— ) =R — I LT, ZO%E THEIR 100A RELSLCIEL A fafn o ) T8RS
nighole, ZNHORERE  MATRXAF =T THH =R F—ICRBELE L7 7713 K
4.3.3.4 THDH, BATFNAF =X L TEDNRTA=FTHBEITZE DL T, AT RLXF—ZX L TH
717 VAT T — TG OB & >72, 8] B A T2 1 RIZT RO T NTHRIE DL T T, i

84



MELTHEFRICE AR —THIUL Y =B EL SV REREVIEE H &5 7SV AT RV F—
DREWNFER L7257, L L IEHOELLTT 10%REOHPHNTHY , AT RLF—L 1 )—Iifk
SN NT AL T—EICRIERMEE 1SV AT R =N EERELZEN DI -T2,

1000
900 *
* [
800
- A
700 03
';E| A *10ms
'S 600 " 109 ms
o 408 ms
:=: 500 F ” B ©0.7ms
2 400 [ = - 0 0.6 ms
;3 r . . o A 205 ms
300 n o = A
F A
200 | . s N
100 | R
F : o 4
[ A A
0 20 40 60 80 100
LD current [A]

4332 ERIEICRTHIHA/NILRAIRILEF—DEIL

1000 ¢
900 [ ?
F * | |
800
L * | |
= 70 +100 A
g : . . =90 A
5 600 | x 480 A
o g . ©70 A
g 500 g * A 060 A
8 400 | = x ° 250 A
= ¢ o *40 A
& 300 - . - T
200 4 5 : -
100 | 2 = {
E A . .
o L L L e L L L3 L L 1 L L L L 1 L L L L
500 600 700 800 900 1000

Pumping time [ps]

4333 IR/ NILARIZH T HHEA/NIILAIRILF—DEIL

INHEDOFERIZZOL —F =D EHENFEMARIEL LD O/ VAR L CTEEZH3IcRNWIEa£ LT
W5, FHERIFEMAY Tm,Ho L—H—ITHAT 1 M12A BRI ESHLD Nd:YAG OBE . bkl SV Aiigz
XL e, FThD 230us FREZHRIZL TR 5, Tm,Ho R THRICZENBZHNDHD, 3 HE
(LRI EL TR EE DFEINT AN E N7 O M O 5B 038 %, 90A LU T Dbt dE itz v
TSIV AMEDIANCAE S TH ) O IMBERIGIHERE L 722D RBHFE DO EFRTHWHITZ /ST 2
—ZZBN TR KR, VAR R F IS TENZEEE 2O,
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1000 |
900 | *
r on
800 |
L lA
700 |
= b 2 ¢ +10ms
E 600 | . =09 ms
P F 408 ms
§ 500 | o> © 0.7 ms
o E - 0 0.6 ms
8 400 | = 20.5 ms
= L
a F 4 4
300 29m
E N
200 | S
100 | @
F Am®
L A
0 T S S S SRS S

Input energy [J]

4334 F—RILDANIRILT—IZTHHA/ULAIRILF—EIL

R RFTEATFNF—FHETHND H S OFFMEA O AKX &L TE R HNDHDIT

1 LD OEEAUIZIDWIE T

2 BERITIC LD

3 B RICEA RGOSR
HERIRIC LD FE R ORI

5 BRI D N FH A OJE
Tho, hETF ¥ N—0&7a THRELIZEBY, LD #UROIADBVIZIVIEWFREA T, AR
FEBRO RIS AR AT DOFHE T DHFASN TR D 1E2TII RN EE X HND, ZOEBRTO
A AT AL ST — LB i RE 2B IS E 5 2 LTk L CRVBEE THHZEN D AT —T
FAFEPRESNDS, 4TH7RL, SO ATFEMEA E,
VL EOfEREF#RD, LD O/ VAIRE D ISITHZEICED) | B HEND SV AT FLX — % S5 |28
IMSEHZENATRETH DD, 1ms LA LD/ VAR TR DA IMEE 2 ERELNZ LN TR
S,

N

4—3—3—1 BE®MH

R EEE Dty N7 IR UE RS E 2RO ERELE LI, BHUKDIREE T A—H
LT =25 MG LT, K 4.3.3.5 [Tl SV AT RLF — Tk T D 1SV AT R F —% | 14T
5 20 COFPH CEALSI I ED T T 7 ZRd, EDRPL UL AT FLF— 2BV THKIRIMEV T E
BV VAT LT =R D ZEDFEA D, JRBRRITIZm AR 2RI T T, G
WA BT 570 BIREEOIR T eAn—7 o Eoii R EBRSNDIET Tho, FHIRBEIMEITZD
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JZ7 05T T UL TRV AMET 2281280 14COHATE 20COE AT TR0 0
Sk =R —TRIRZ BIAA T 5, LA =T 23T T LB YGRS TORWIED0D, 5 AKIR
D EBBIZ O THE N T A H T2, ZAUTREKIZ LD R T S8 O 544 T CIIzh Ry
IERLRWED THDHEB 2 HID, Ry ROBUTEDIZEA LR ay ROVE ZRNA M EIK Ry R E
DOEUREIZ L > ThiHEN S, 4y KD ZTRND K BRSO = )L F— 2 b b —E
Thd, L, 7WVARIRIZEBIT AN DX A FITAEEBRB L0, Bl CW &B 258, my R
D OIRPEIFKIEE Ty, 2y ROFREE P, 0y ROBMZERE K, nyRE L, By ROBHIFHEE F.
TR DSAREK, W& 8 TR ED TS h ELTROIIINCET B,

1 1
T0)=T.+P| ——+—
O)=T ”(47rKL th

ThHoH0D, By ROFLNR LRy ROFEEE N F U CTHIVITH HIK ORI B M F 35,
4.3.3.6 ICFEBRI2T — 2% b0 — 2T, ZAIUTKIREIZIBV T LD ~DJihEE &z STA—2E LTk
ED/NINVAZRINX —ThD, MHKIEN FRHIEEREBIRICHBIT L/ VAT L — | THAIZHE I
DD AREMENEE | ZOENBAE TR TOD, DEDEIRICRDICLIZA, it =R —D7E
DT FIL =D ZELIRGIRNZEERLTND, ZOZEND, = R X —DH MLy R
HCIXRMICIREN ERT 5720 | @O IR EKIROR FOBEEZIFHL R dEBE XD
N2,

600
500 |
L [ ]
%
3 400 .
‘E ° *20°C
& . ) =18°C
g 300 A 116°C
2 o N °14°C
=1 A
& 200 =
[ ] *
A
[ u
L *
100 |
0 L L T L L1 T Ll L T Ll T L Ll T T Il T T L1 T L L1 T L
3 35 4 45 5 55 6 6.5 7

Input energy [J]

4335 AHKEBEEILSELEEOMEIRILT—IZHTHIHA/NIILAIRILEF—DEIL
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800

600 = (] >

g

r * LD current =100 A
300 =D current =90 A [
b A LD current =80 A

Pulse energy: [mJ]
-3
8

14 15 16 17 18 19 20
Water temperature [°C]

4336 KERIZHRITHAHAIRILF—DEIL

4—3—3—2 F¥xN—DEEIZELT

2y NI HT DI E EHRIGE @< IROTED KDY, LD 13WINAEE 2 H LRI FF T HZ L
FLied, RBARE CTRYELIZFI T o N —IZEHKD LD Ery R U — X TR L T8, By
& LD IFFRHCIRED F- T 5, myRE LD 2RO TmEIT 228128, By REIVMAIL, LD &
BERICRFFTDZEMNAIREL QD SBRDNT H—~v AN EMTRHEB 2 TND,
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4—3—4 AZEER2(HIESRE Im 1IZBI1T15 Q Ay FHIR)

WKV FER 2 5 TR L 72, T EBROAE s, Im O LIRS K TIZ TEM00 7 A 772 —R T
FRIELTND, Q Ay TF EBREITHIZOICHIREZENIC Q A/ v F i ALTIRRETER AT o7, FEBR
A Q Ay F O K% RFEL >7-,

4—3—4—1 Q AV FBBRRAIE

QAT OIF AR EFEBRANARGE LT, By Ty 7 %X 4.3.4.1 17, RN 2.1 7803
WAL, Q Ay F DiFEEI#% D= R —& g U, fERE2E 4.3.4.1 177,

Energy meter Energy meter
| — N i
B = s p e
HR : > qQc I . Q-Switch I
' Cover glass Chamber ! " "
le o
" e
Cavity length =40 cm
4341 Q RAYFHEBFAE VLTV
K 4341 QRAVFEBERAUTRER
Q-switch I° (mJ) I" (mJ) Ieut/1n (%)
MolTech MT3205NP 121.5 125.6 96.7
MolTech MT3205P 122.7 124.9 98.2
Gooch QS024-4M 124.3 124.8 99.6

MolTech HDFIALIFRE Q ZA v F DI FRAFRKD 2FREH -T2 D Q Ay TF I 1%L FTH
272, OC OFEGEHNENE 15%, =y FNOBELIES, AR 3 —MEJAY 1%FRE X2 A, HR ORGHEKA
0.2%T., h—2/LOIAREHRIN 17-18%0 DL E 2 Hé | 16D RILFFRHPA TH LD, 26D IR
A Q Ay FIIE PN RANRKELIRDIENBE Z HND, L L DIIEEZ B T mIEAF
MUIE T N S2ZR MG 2B ZTWDTENL ARIEHID Q Ay F &+ DL bBETh -1,

4—3—4—2 QAyFEB

ZZTIHRIEDED QA1 F (MolTech, MT3205P) & FH L CHEBRAFATLIZ, v b7y 7 %[ 4.3.4.2
(R, JIRERDORS, OC DR ikl VAR, mAKIRZRE 1T —~ IV AD FEFRE RS2 L
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7203, Q AA v F Off AL RIFFZ R EEHIE T 5720 DTV 2 —AX — AR N ERRE KA 72589
WZRRE LT,

Brewster’'s Plate ~ Pumping chamber
Rear mirror Output Coupler
(3 mm¢, Version 1.1)

(R>99.9% @2100nm) /\ (R=85% @2100nm)

< > Q-switch

12cm

(]

Energy meter

o
VI

Y

100 cm

Pumping time = 1.0 ms
Repetition rate = 10 Hz

Water temperature = 20 °C

4342 Q RAYFERBREINTYT

ANHIFHER(X] 4.3.4.3 [ZR T, L/ SV ABE 0.5ms & 1.0ms O 5 CHEEREIT-7-L25, 0.5ms Tl
B 55A FREE T, AL—XZT =N TWLZER DT, Fe K 100m]/pulse ZFigkL7Tz, —JF
1.0ms DRV SV AZ UV EEITIXERBEIL 40A L FETRIBIIKTL, JhEmT—r ¥ —o
P OVABEFEAET HI LN A[RE TH T2, THRLF — T K 270m]/pulse (ZFEELTZ, FHELFEFEAS S0A ZHE %
TeHIZDTINH B LD EZ AN LN 2 BIEE LT, £ OB OABRICEY | K EfF Cry R
S AR LT (1)

Cavity length = 1m, Repetition rate = 10 Hz, Water temperature = 20 °C, Output

coupler =85 %
300 |
[ . * *
250 g
*
E 200 .
@ . ¢10ms
2 150 505 ms
o
3 *
& 100 |- . B
[ . .
50 . P
[ . -
* | | "
0 - - - - - L - - . - - L L L L L L L L L
0 20 40 60 80 100

LD current [A]

4343 Q RAYFEERIZETHAH H4FHE
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Q AV TFRIRDY G /— < VFEIRITEE N THRMELRY , =3 F — DI L &1 D7k
R, ay R T 0EVED 2 C BV ERIC LD BN /) — < VIR I EE TR S0 36
WA G2 5B 2005, M4.3.4.4 \ZhEL VAR 1.0ms OEED | AT ERICHITH Q A1
FRNAR I E RS, VAR EIROEE N LB I o7, 90A ETIXEIRDOEEIMELHITX
VAR T <72 27228 100A TR LA 2207z, 7V ABED 80A ETIXEIOIEIMNELHITHR 2o
720, FDHITL LAEL 2T, b UL AR TéH 5 80A Wi, /<L AMEITK) 400ns Th-o7-,

Cavity length = 1m, Repetition rate = 10 Hz, Water temperature = 20 °C, Output
coupler = 85 %, Pumping time = 1.0 ms

1r
A
08
= 0.7 h \\ — Nor-40 [A]
506 g l\\\ — Nor-50 [A]
-g N: l \\\ Nor-60 [A]
> 05 | Nor-70 [A]
Zou ! LA —Nor B0 A
M\ oot
02 /
01 -
° 0 1 2 3 4 5
Time [ps]

4344 BRERERICEITS Q RA4YF/NILRER

UINLZe BRI D7 IV ADFTBEREZ ) —< LSV ADTRAVH L, 3780 bAR— L RA 7 RERRWESh
7o ZOREIE Q AT DT TA A NDFERENDIEL TCNDZENR SV AETEDOTF = 712 L0 %
LTz, L—W—my NG OBEEICEVERITBIED L AR ATRETH LM, 7 VLV AHEFE ) OFHE T
5HE, QAT /7 VLALL TV SN TWAHTR/LF — (3K 40mJ/pulse LROHILTZ,
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4—3—5 FZEHOIFHREIZOWNT

4—3—5—1 a—T4 7

HIREE Im OWE, Q Ay T BEIZEBVT 6m]/pulse LA EOZF X -2 B HEIELIZEEIC, Q AA
T DOF v — QAT RDOIRE ARG LT, BEL-ny FREOBMEE T HE4X 4.3.5.1 IR
T, vy RREOBEITHOICE S (AR) 2 —NCRAELTRY, Rl a—F o ViR A2~ AT
MRBINTZ, FRUCHDMONFHE L 5D my RIL/ — <L UL AIZB W CUIRE R FAE LT 61X
72 FIDDNEESZ L DRI AR ZV T DFER THHEB 2 HILD, HREL TITATFEOMEY 22—
TAV T IEREREL, KORAMED @\ a—T o TR AT 5T, 2—T 407 % 1AD 235, KV &t 7
DT TR A—=MIEF LR R, = F—3Em<, 2OV ARITELSRY) | #iEREL TE — 273U — 737
EWITHIIML 72 ERIZIB W THIR G ADRWRE R ER o7, W& Z B 41T 6m]/pulse, 1.6us—
40m]/pulse, 0.32us THY, B —LENFIEAE R UIZET UL, FIBEIZL TR 33 5 THY, B2
—T A T T RN ENT-Z e Do oTe, ZAZIELOARY —iftEZ @b 572 Ol REL T,
Brewster &7 hSivizmy M FIEL . HERBEZ RIEIK T SED AR 23— MR U HRE 28 T
D H MERRL TV D,

4351 {B{ELT= TmHoYAG 53y Oy R E

4—3—5—2 QAyTFHIE
Q AAyFEMEIIr YRR O —T 4 THRIEZLT-LLIEN, —HEOE T RILX—D ) —< /L2 LAE
BRIZBWTHRAL TV Q Ay T OBIENTE RSN, ZOBRBIZELE b D B TR DH K

THY, L= —DOMREDOKIEX F Lo TRN, L—F —H DK FOJRRZEH I 5 STz,
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R N IHT L BR O Bl AR IR s CBATE L L . ZALLART O BRI I TR SN2 7o 2 e, FBR

M CRALZREMEN S D, BRIZIE Q Ay FOHRERHIE T, /—~ AV ADH =3 F —

[l — 4 T ¢ 30%REEICE TR F L=, X 4.3.5.2 3B EEZ T2 Q AAvF (MolTech #t,

MT-3205NP) DG ETH 5, KD F.LD HSHZ D 53 IAMBO K ZIEL TD Q Ay FIEE THY

SNRD BTN IZ DO~ TN ThD, GBEF | HOLOBEIZ B WBEDM iR T& 5, WIRT
T, ZNEEVE R i DG TR R E O NI A LT R G T2 ZE MR G T Hewd TE Tz, £z,

ZNHDOBBET Q Ay TR P OILEEITIn > THAEL TNDHIEN T TET,

Q RAYFTIN—F~

4352 #1§L1-Q R(yFEH
MO RDERZAABHNEEDEE, RETEEABIZRDAL I L —Car NERTES,

ZD Q AT DN,

R TIERSNEICHD

Q Ay FET—RTlIR /=~ /L UL ATORERTEIND
VI ENBLT, Q Ay F A D SWEN DD, 20D Q Ay T OMEHI AT TH D3, FrZ 1.6
n JObRER O L —F—TIIROPIRZ B B LR FUTIRDIR, ZOTI@EH | ZOH R
I8 TS IR NIRRT U TR D 7 Wb D& R IET D, B2 IEL v Xl OBVE I
K7V —DEREE T CIREM B O HEHNOIER E TIT o T2 KA R E W STob DO MEDILD L, SHITRINE
UL TR WA TIIARE BN FEAE L 22 CaF2 72 EOBIET D72\ iseb b ek
%o A BIOEBDEIO KBGIZE R T 55D THIUL, /—~ /L OLRIDE B =70 —D @ Q A
AT NNV ATHREDRAET HEEZ LIV, o, Rl ChoOMELERm CHRENEIVLT WL T
0%, MEHHICAFAET D OH BTN THTHAIZ L, NRU—TRTNVEV AL TRAL
TWLZEPHESNDLENDE 2 DL WINIC LB ELEZ LONE B ThH D, BEEDFEMRDL
IZOWTITES> TRETDZENNIETHD, HRELTUEL Q Ay T AR L TR0 Sl 72 Sk £ 5%
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ZRRELTRYES 2L THD,

4—3—5—3 I5—EE

L — P —RIRFERICIBITIT7—HED . Q Ay FLFRRIZE = RAF —D ) —~ /L7 YL ZFIR IR
WCHEBI IR AE LT, M 4.3.5.3 ICHIEBLII7— DB T HA2/R T, ZOIT7—I137 7y M@ RINIT
—C, HEFOVTIT—LL THEHESN TW b D ThD, BEOBEAR Y MR HL N FRIRFIZHEE L
HO T BRAMEAZEH L CHFAHALIZTZO ThD, LD Q Ay F 7 UL ADOENIEHIZ
FAELIZL O, TRT/—< VA ERICRAE L, 8%, 2—T 1> 7 HREGITERE OGS
TFDIHPERDKEGCL S TANRYZV T INDHZETHRAEL, EOIORGE . a—T 4 7RO —H
DERESNDTZDIC, AR TIIEALL TRBESNDLZENZ W, LLZOREORR 2852754, &
RS A SIVTRB L T2 IO IBIR A L TV e, a—T U VT8 DORE DB A Ny ZS LW 0 a2 —
TAL T BRI LTz, EOVIRBINEVIELW, Fo, HROKERIL—F—DJEDIZ, fiiNTL—
B —NEPAFAEL CODZEB MR TET, IT7— DML A THLNE, ZOREIZONTEH, Q Ay
FOHRBGLFZ, DTN AEDFERBNIRN T 2 7608, Bl EOFER KRS FI2 L0k
NS, LT ATREEDS RN EB 2 TND, — D — DI NEWI L —F—ThH T h3 | S D534
O REOEBER DI ——DELSREL TRERIL—F—L720 | EDER ORI L5313/
RO 7L —H—LUTHEL TS EE R BILD,

4353 BIFLII5—KRE. PROKXEGIL—E2—DRADITNSEIL—F—DHFELTLS,

ST—HBEICHOWTL, ST DO EA =S — DR EICIVHAF RSN TEBY, B TD 1] 774
D) —<)VIEIRICIB N T, BEITFR AL TR,
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4—3—6 R EBRICET 2SI —Tav

INETIAT T RRIT T N THIRSGR Im L FOAR - — MRS Th o7z, ZZETOMGHIID, 4
B O+ 372 VAT NF =PSB HEHZ L EFELTZ, RS R AR L TV RIEZ AT,
E— LD AT MURIROIII & JeF R H A= DIRBAATOZE R RE Th D, ZZTiddk
WD 2l —ral 2TV, JVRWIHRER A~ O W RBMEZERD | 22U F R DO/RTA—F %

Y

4—3—6—1 EXKa 7k

RAF#ELL T OINCED CGRIEE T T,
73V AN 200-500ns AR T 5720 SRR 2m~4m R,
3mm ¢ O YAG 1y RIZ, h—4/L 3LD X 1ms X 600W=1.8], #0iKL 20Hz &L T 36W D 3T—%F%
ALTZE U TR REHE
Fxo =X 2 8 1 MTHEAT D720, IRFORTA 1L 72W,
LA RRDOV 7 S RE T 5,
AT DT 77— 13 wIT—,
W] i85 A %P AT SR E L C L 228 HRE R 5,
6 F23 7 — Rk

6 KLDIT—TCTRYAATI) T HARIAAED L 2T —R1E 300mm~600mm &72%, ZZ CIEEDOHRIEL
T, #9 450mm ZHEHEIZE 2 THD,

MO

M5 — >
- M4
M3 & M2
Q2 P2 P1 Q1

4361 HIRFOHESX

4.3.6.1 TMO~M5 IZAH NI T F—F T LKHIT—, Q 1X Q Ay F | P TF ¥ \—Th
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Do ZODIIRART ZABRINRIRO GG | Pr0T /- HAITH L5703 MO-M5 [E o BEEfE (=M2-M3 fi] o FE)
Z 450mm & AU, FRVORID OB E IO IE 500mm FREAAE TED, ST, MM OZLE E IR
PRLTIUT, B RZE B LRSS MO & M5, ML & M4, M2 & M3 DOWFND2T Z M3
HZEZIe D, T TREDHAGDOEEME I LTS E . BT v N — O T — AR5
NS PR CTEDTORINT D, T2 TETII MO & M5 ZWESIC LI HEE25E 25, Z2CiEET
r=500mm ZAEL THD, ZDEE, ANV TT—IE MI~MA DU/,

Lascad {2 DFHRAER AN 4.3.6.2 (TR T, 72BEDOMD /T A—2
& 2090nm
B — A0 M2=1.5
BB R (T o N — 1281 D FEHIME : £=300mm)

File: CLasworkMWICTOE071 4 lod Ring Resonator 20060714

Wavelength = 2.09 [fEm

x-plane made

= T ™ =N “| “| “| ‘I
s — ‘ | ‘ ‘ ‘ | | |
-p0 ;
-0s — ‘ | ‘ ‘ ‘ | | |
o | | | | |
= P b 4 P 4 - 4
! 0.0 (190 0 00 | Eoli] ) [E:l} ) 00 )
maximum zpot size (x-plane) = 15809
minimum spot size (x-plane) = 2331
y-plane mode
1551 _l" N =N ‘| ‘| ‘| "'l
105 —I ‘ | ‘ ‘ ‘ | | |
=TE0E j ‘ ‘ ‘ | | |
I ] | | | |
h a L= ] a A a A
! 00 (1|0 10 00 | 00 ) (5} ) 00 )

maximum spot size (y-plane) = 15812
minimum spot size (y-plane) = 233,

4362 il 450mm D 6 WMIS5—") T HiRBRIZHTHEEH
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TEAER 72 B XE LT M5-MO i (%] 4.3.6.2 1233175 Surface6-Surface) & 450mm (ZL72, 2D Xy RN
HCOE —AI3K 3mm THOHEYROAMRIZ—EL TLE, MO, M5 D 2 MtDIT—Dh 2% FH
EL, M5-M0 I ZZ LS HZEICEY, By RNOE — AR EHHHIPH CTEZDHIENARETH D,
4.3.6.2 DY N7 V7T D RT A= S E 2L Z TN E LA M5-MO B34 380-615mm T 25
ZENTED QRERDINANLT D) o 380mm DEEFy FNOE —LFE 9.2mm THY, —75 615mm DEX
I% 0.8mm T D, r=450mm &l ~>7=#4 | [FERIC 360mm (23 THI 5.8mm, 544mm D EEHK) 0.66mm
ThD, DEVZD I M5-MO DIFHEAZE 2 HZLIZE > TR S ICay RO — LM FIHETH
%N

IR 1 HelE (MR T — M O BEEE) IS Lo TSR B RIFE X D ENH D, 4 lal, £l 450mm D
PRAFTIE r=500mm i RZ5E FH L7203, oo — AT (M7 —MIEERE) ~ (X7 — D s %) L
HIENTRTED, o, 2F 3m OMFIEIREEL T, BiEOI7 — M mHa AV 75 A i3k
2% 600mm FEEANIEEATHEEZ T, ZONKHFEDOLA . M5-MO MO EZ LS8 58
XTIE (EARAICIR) MA-M5 RO BB LY MO-M1 BHIZEZ D& TR, B HEZHEMRT 5720
[ZM5, MO 2T 5T, SHIZITML, M4 O#IT AN T DHENRDHY , — BAGEE L7 FELE
Z M5-MO DR T OZEALTEZ DT LTBFEN T 72D, tOBLEEZ S 2 ToL& | 7oL 21X T
PELIR 2 BT —% M LT 5 ) OIED T ChRRORE R D FIREMEN D D, HLHRERD M1 & M4
ZMEIZL7e Y6 oIT7— 27 Ty ME e U, M7 —RIIBHELT- 56 0K 3 58725,
4.3.6.2 DILIRZFO A TIE 1400mm L7257 #i=R-4E 1200mm FRE 2@ 2L E T 1w
DHATREMER BN EFE R T2,
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File: Tl aswork\WICTOE071 4 lod Ring Resonator 20060714

Wigvelength = 2.09 [fEm

x-plane mode

- ) IW\ ‘ “ N ] "|
= o - - | |
] aRaasa @H Eﬁ P
N s | I B B Ry
N A‘ bd P ..ll .dl 4
! 00 (180 s 00 | 300 ) (5} ) 000 )
maximum spot size (x-plane) = 11854
minimum spot size (x-plane) = 63501
y-plane made
- ¥ ) ﬁ "‘ “‘ ) ) ‘|
= I — | |
N 0t
. ] | | | |
TE P bl P 4 - 4
! 0.0 (180 0 00 | 00 ) [ET] ) 00 )

mazimum spot size (y-plane) =11854
minimum spot size (y-plane) = 63807

4363 M1 & M4 % r=1200mm DIS—(ZBEZMZ F-LEZDETEH

FERRIZ, M1 & M4 {2 r=1200mm DIT7—ZARGELTZ (ZOMIE7 T b SREFEDFIL) &, X 4.3.6.3

DINTRE SRR EER T 5, ZH BB SRR, WSO M O FREZ 2 (bS5 81280,

2y RNOE — L Za ha—/)LTE5 (¥ 4.3.6.4) . EIZEDIINIT,
HRERNICEITAE — LD BERETBFESCHTHY, AT 7 — DO EICRE DL T — AL
DB I HGFHND,
BRI MA-ME-MO-M1 D 3 DD THRBETRTE S TEH720 | JEER IR, M5, MO (28172
T 4 2 LS EDRBEIR, EBIZE ZIE MA-M5 DJEEEE MO-M1 DOJEFEDAZ 5.8 M5, MO D
2 DOTHR TEMIND A TEA LS EAUINND T, M5, MO 23 [FAIRFIZZ OVER T AN [F]
RO B CE D27 T D L KD Sl X S 1272 D,

98



—~— —_—
- —_

M1

4364 OYFADE—LBEMNAELFEIRZIZOH (K 4.3.6.1 DRER)

LR TCZZETOHIBRAEOBE . ML, M4 O R¥2240T 1200mm LA TR ETIXLET D,
r=1500mm TIE (M5-MO &2 E D IS Th) AL LA W ENEH B BobibioT-, Wi
M5-MO DO FHHEE 210 r=800~1200mm Tl 4 7 fElfEA L 4 2 LN TXT-,

4—3—6—2 BL U XIZONT

FROFHETITEL X2 H 53 E B> TEHL, 2O/ RE2 IHREFICHE AL Tz, LnLaen
BEL LV ADIOREEITEREFHE T B L 20N ILDH D, ZZTIFRAL AN LTz Lxn it
IRARD T2 2% T L T D,

FHREINIZEL XORDYIZ, oy RESIZITBEN - R CE SR O LV AR ELE STV D
EIREL CTHD, 4, ERRTHE L2 450mm FSD 6 #4237 —HiREs (M1=M4: g3 4% 1200mm) %5 %
Do FAEE DLV RAER A A LIZHE . M2, M3 _EOARY A X% 2.3Tmm TH-72D T, [FEkIC
2.3Tmm DARY M AZXPFLND L7 Ry Rl DAL EIZE LSS DO LT 58, 20 s iR
134000mm &72 o572, LG HFRFRIMNT 1 DL R %@L LT D2 DO R IRHEHEZ D470 2000mm &
7olc, ZZTHELN TWDILIRARD | BAL o XD FIEREIC R T DT 22 E 2 5, ZOIEH UV, #
B 4.3.6.5 DI/,
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File: & \Lazswork\WICTOS071 7-b Jod Ring Resonator 200607 MG

Wigvelength = 2.09 [fEm

x-plane mode

I 4 “« a0 - “ - ~

' | | | | |

w ] —

. .

en — | | | | |

o ] | | | |
[ F| e A F| F F F
| amo l:SD I:ED | S0 | S0 | E=nn | SO0 |

mazimum spot size (x-plane) =1199.4
minimum spot size (x-plane) = 629.26

4365 M1, M4 QOBIFESE 1200mm ELT=EZDETEHI

—J5. M0 & M5 % r=400mm L7256 OHIRELRL FRRICE 258, X 4.3.6.6 DEBVIT/5,

File: Tl aswork\WICTOE07 7-b lod Ring Resonator 20060718

Wavelength = 2.09 [fEm

x-plane made

P 4 - O | - & b b
] | | | | | |
an o | |
=] - | | |
_|:|3 _I | | | | |
[ a - | a e al |

| S000 |5.l:l IﬁD | 2000 | S0 | =00 | S00 |

maximum spot size (x-plane) = 13737
minimum spot size Cx-plane) = 17344

4366 MO & M5 % r=400mm ELTF=EZDETEHI

INHOMIFITOWNT, B A2 2000mm Fijfs CIRNLZEEIZayRNOE — AT = AMENRE D I
PALTAHNEEELT-D0K 4.3.6.7 Thb,
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2000 —
1800 —
1600 —

1400 4 @
°
°

1200 —
1000 —

Beam Radius in the Rod (um)

°
.'.,.

®® ¢ ¢ 00 00 0 o ° °
800 —

600‘—[[[}5[1[][][}D[] O o o o oo o0 O O

| | | | | | |
1000 1500 2000 2500 3000 3500 4000
Focal Length of Thermal Lensing (mm)

4367 BLUXITLHERBRMOEILICHTHAVFADE—LEDEIL

4.3.6.7T1ZHBWTC, fADOIUA I 4.3.6.5 IS L, ARWVILIE 4.3.6.6 IZHH Y 524 ELEHEME
ThbH, VT IHEL XD (my FALEIZBIT O A A IERED R W) 9 B3 — LRI KR ERZE
{BIZZRAS, RIS IR B X HE SIEREAY 1000mm LA FIC725 sy RINDE — 228N EM I 21
T2 A b, BIF XIS OZEE) T, I0f-Chie B bEd AT, 72ds, ZhiunvEL
RIZBNWTUIRE LFRILLHD R ZTICL TRMIZZE T 5, BRIy RNOE — L2 REEADE
TOHEEITIEL. M2-M3 OFEBEA X T 2L THILATRE Th D, £ L7cHA 11 r=1500mm OO [W] i #523
EX DV REMD DD, L ED HAFERNTE A HE ML & M4 Z r=1000mm 25 0 dh R 282 F-> M i
BiL T HZENLIRERNER O — LK R, Bl KT DTV AD JnbE 2 TR TN D L
A7, B2 M SO #2283 r=1000mm Z H1.0E L "C r=750mm 75 1500mm F2 £ FTH& 2 Tl
=N

4—3—6—3 BIEMRILIRFEE

BRI HRERAAR LT HIEE B 2 DL SOIZEMEHTIMA A UNEERHD,
IT—D AN 30 LT
2 DM SE~D AFHAITHE LWL
HERHL 2 DDOF v R —ZHPLETHRIFIEEL, L5 2 OME ST E CORRENSELNZE
F L N —NEOE —LBEDOHIEZ RS2 D120, MEiSEE A TF v /X —E OO Ve
ERGITIEZDNHTE

LWV HTh D,

THHEEELTLLTOK 4.3.6.8 DX/ LIRIMAER LT,
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Mé
M3

M5

M6 M7

4368 EEDHIRBEE

4.3.6.8 D FEBIZHD 2 KOF v /=[O HUL R IHRERO FULLE C ThdH, M4 & M8 XM
BEL7e B, C-M4 & C-M8 DO HEEIXEL< 800mm ThHD, F72 M4 & M8 ~D A4 1T%LL 12.5 FET
0%, M1 X C LERBERYICIERORHCEL E S THY, C-M4-M1 & C-M8-M1 IZHHFRECTHD, M1~M3
E—2DX—=Z LIZHY ZNODMM AL EILE ESND, ZON—ZAR KD A T7 T8 7l He7e A
T— RICRlESH, AT =Y OBEICEY MI~M3 &[RRI E S, M8-M4 O HiEfEE, 7T A A
AR LK ELS D TEN AR THDHLDET D, 4T 74V IOEMEEL TM4 & M8 D 8%
1000mm, M8-M1=M1-M4=530mm, F > /N—DEL L X2 LHHE R iRREZ 2000mm & L7 & & D ILIRER
FHEART, £o M8-M1=M1-M4=730mm £ CE LI H/-LEDRERAN 4.3.6.9, 4.3.6.10 [T~ T,

File: & \Laswork\WICTOBOT2T lod Ring Resonator 200607 125

Wigvelength = 2.09 [fEm

x-plane mode

s ‘| ‘T“ ‘| h h ‘| h

B174  — ‘ ‘ ‘ | | | |

o ] H; Eﬁ E] Eﬁ

|

T ‘ ‘ ‘ | | |

y R |

o P v 4 4 4 4 4
| 2200 | 2300 | 2300 | aTan | 300 II&JD | 200 |

mazimum spot size (x-plane) = 11272
minimum spot size (x-plane) = 53246

4369 M8-M1=M1-M4=530mm &L1=&=NDHIRBAE —LDHFF
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File: & \Laswork\WICTOBOT2T lod Ring Resonator 200607 125

Wigvelength = 2.09 [fEm

x-plane mode

T 1T |

G174 — | | | | |

-1 -

-S4 — | i | ‘ i | ‘

B 4 ..l‘ - .d| a A A| 4
! 5500 200 e 00 ) 7300 ) ) 500 )

mazimum spot size (x-plane) = 1292,
minimum spot size (x-plane) = 63015

43610 M8-M1=M1-M4=730mm ELT=EEDHIRB/BHNE —LDHF

DI, IHEHRRITORLE D> TLEIB DD, iy FNOE — MMELR 5 [ZFHE v R/ LIRER 21
R DT ENTELIRER ARG THIEN TET,
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4—3—7 FL¥

FTHEHBERE TIIRE T v N — OB U XORIENDIZC® B a3 vl Re/e 7 a7 7 A /L]

TERABAFE LTz, FEIRD T FERIZISUV T, 60m]/pulse O/ —~/L3EdRE | Fx K 5m]/pulse D Q AA

v FHIREAGT, BE 40cm DA —MEHEZRHZIB W T, LD ~OFEATRNVF —ZHRIZLIZEDA, /

—~JLREIRIZENT 900m] LU ESERR S, ZOLE DN BN ZRIT 10%LL |, An—T%h3 13%

L EdsER STz, 18387 VAT R — (R EKOIREED T DIEEHENN T DA 23 RS A,
FOEBRIZE RN — VAP TEL AR Z R LT, SOICHRAZ Im FTHELTQ A

A F EBREIT T2 A e K 40m] O/ L AT R —%Eio VL AINE 400ns HEV DL 25 EY

M ZEITIILTZ, Ry T T =944 — DI AERifRE L, ke R4 6m FTHE 25603k

R ol —Tara{1-o7z,

V=7 HREBBICB VW e — AT R 7 7 A Ve~ LT E— R CEfES /o bx, /=~ VATl &
W RAF =BT ZENTE, ¢ 3mm DRy REHWTF v —2 Bl 7- iRk
10Hz BEIZIV T 13TV LA R LF — 3 B 7= 281, RS A THL — =R T v
XIVERFOZEERLIZb D ThD, B —L7 177 A/L73 TEM00 |27 5544 F TR I/2bhiz QA v T
B—REBRORER, HINTBLIR 40m] TUIvhSHTODA, Zivbay R OB Z & Ll K0 &
fit D= —TF 4 7 %37 Brewster 71y hOfEfaE WS ZETEEETEDEE X TD, Q AV T D
BHELE — 7 M TN RZEHBE Th D, FI2IT7—DHEGIZ OV TUIA—I—DEIRRIT LY
[EkECEHZEN DN ST, i =R —IIR N DD DT TSN T OB G A [R5 F B
ZHET DT LTI BEMED ER TR 1T, W DhE T v\ — LR ER DO FERGHI LY, 3k
I DEL 100m) O/ VAZEROHTZELH3IIBEZLND, FfET 2L —Tar D sy a TR
SNHERY, Tm,Ho:YAG fidblE Q AAvF 7SIV ZAD T RF— T ) —~< L7V AL 1/3 BRENEND
FHETHY, 900mJ/pulse ZFEZNHIZIDY HE DL —F —20>5 300m]/pulse D Q A1y F H T+
ZHNDNLTHD, IHIZ, ¢ 4mm OHEEIEAT v =2 AV IUE, A7 =D 7 hHE 2 TR 1.6 15,
F 725 500m]/pulse DEFEFIRGREFIZANDZENATRE THHEHE X TWD,

— 5, AR IRICBIL T, o — R R AR ORRBICIVEB T 520 ke >7223, 37Tl
HRZNOHE— T — RO/ ULARBFLI TNDZEND, — R IR AEREEE T DN TEUEE
NEMAEDEDIET CTRIEETHD,

TR L IRAR ORXEHI AL T, ZOFE TRV 7 RS A IR AT o720, T LB 7 ThD
VBT RO =L I b= ADHERND T 5L T 77 ) — X —RIO LRI BV TH
— AR MR T DU AT LM TR D,
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4—4 HEROPTIEBRF

4—4—1 FlEER

T BRI R T T v L N — D SERL AR 18 4 BE HPIC LIRSS T ¢ 3mm Dy N V7 ik T
YNR—ZfELUTERRL, 2 Dhol IR HT Yo —D—FHERIRMT, O — HEiRaGaEL
T L, R A0~ FIRARO T v N — LR T v o A — 13RI R TEESE 7, 1
HIZKIRIE 20°C, fibiEd L AE 0.5ms, 40K LUJE L 20Hz Th o7z,

FERRAERAX 4.4.1. 1 1R T, LR F—DREN ) —< /L UL A (UL ANER 200 1 s, 7SV AT R
LX) 90m]) & 578 Q AT IVA (VAR 340ns, /N VATZILF —5.5m]) O 5 CHIGE
Tz, IOEMOENL ) =L — AR OBN I3RS Z I -7, LD it KAHE THAIRHEEL
IR0 1 BBZDIRE TH TN, Q A TF /UL ADBAIIFIEFRE S K EL, 80A Tl 1.15 FEE N
b, /== NV ADGE | IR LTRIET D720 | [FHIL TE{EL TWO DI F v /S —ToD
FIENLAD BRSBTSV AD—E AR ] F o N —Z @i L CLEIDITH L, Q AA
T FEIRTIIFNENTE T U R T v o X=XV AR B T D872 57290, BT EoFENR
A2 DT LB CX D, ZORE RS, Tm,Ho:YAG 13X TR EIZVMEFCH D Z L3 AR
STz, LNULRISBZOBMETIZ LD &L T 20A, 7YV AR T 2 f5ORIDBHY, Kz T DZEH AT

lﬂﬂ,,,, T 1.3
L ; H [ ]
H |
] . "
B0 : ; 1.2
— m MNormal pulse .
E, m  O-swpulse { ﬁ\\
% o0 | b 1.1
E L] | 1_—)- o)
= > |I II * Qo
<5} L * / =
= 10 it . 1
= * *
=
2 * & Mormal pulse
20 4 e O-swpulse |- - 0.9
] ] ] n n n L
0 PN i i i i i 0.8

10 20 30 40 50 60 70 80 90

LD current (A)

RELTHoT20 . B0 EDAZENAHETHLHETRILT -,
4411 FHBEERIZETEFE (P 3mm OYK, Version 2.0 Fif2F v/ A\—%{EH)
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4—4—2 HESH/AF ¥ \—DORF

HIRER AT v N —ROLNDDITR RGO F v N — LR L TIY RE 27 V2 ARG TE
559, BN A ] EZ UG LT REEE — DD 55 T D, B A F1 % NS Th B iR 1K
TEELEFEME T 2N HD, HFRatEEL TL, LOVRBEORY REHEfHTEo28L, 2O
AR TIERNZEE LT, vy REE ¢ 4mm ([CKRAEUE S HUE, R U 8L 2 R FF 2 DI B2
FNX TR LT 5E72%, BT _Z1E, 22T LD OB 0 EryREOG, BIROFEORME (T
L 200V FEFEZEIREL72\)Y) Th o7,

UL EEEEL TR H ORI T v N —E 3% U, MIOT P AU BB Tld, Zh ECHIER A O
F ¥ N—THEHAL TN 600W D LD EVa—/V%& 1 By hdizh 5 K> T5 BIRFROW ARt
g 2By MEIZEL B X7 (M 4.4.2.1) 23,

Wit 23 RELIRDTZOIZZNETORENHI TH 2D 100mm TILARE A 7 HE

LD 225 —F—my RETOHRREN KEHEIL TLE, i IRE AR EF T& 0

LD ORREPEMEAL L CHANL T R EEDS TS LD

BHAL LT BRSO AR SIXBEEN RN E
EVORTEDABNI 7207270 fERIEY 3 A 1 MO A D Z LT,

4421 5 EFREEEEDBEF v /N—R YT

FARMNIIRTE TR AT T v =2 AL TEY, SMEL EOEWITIZEA LW, KD K&
NEfFHTedIlry FEELD O /12 A H LTz, vy RIZiE 3mm ¢ DILIRIRLFCARy Z7DHDITHNZ .
4mm ¢ | 6mm ¢ ZHTITHE L, RS, a—T 4 T A IR EOZOMOHRRIZRE THD, —F
LD (X0 ERD | LD A—=h—LDITHAbEDOR, ZAF o8 10 K, ekt F 1kW OHO%H
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BTz, kA 4.4.2.1 1R T, ZNHHZ OMOMAARI TR K ) LD LRI THY, Ny fr—
EFTEHED TR LU, BT v N —ORITIZEAEEDLT | WL OO MO 2L hm
R, LD 28MEE T A TEDINCEE LTz, 72721 1kWLD % 6 ATV —X Tl 4 5L, ARFEE
D TELRD, BIRE DL DDF A XD NGD TREBRDEEDNT2D, 3 KD, 2 Fri L DOER
MRk LT,

R 4421 EBIESEIEF Y /N\—ITEAT S LD DL

RE 785nm = 3nm

IN—H 10 X

N—[EiF 0.4mm (AR £ 5% 3.6mm)
N—F& 10mm

E—oHAh 1000W

INJLAIE 0.5ms (x K 1ms)
BYURL R K 20Hz
BEER 100A
RXARER 24V

HEERT o =3RS OE TOK R AEL T, =y RE LD OKBT ¥ RV ERIRINZT D
ZENARER IS, AHIAK A OMER FABRE LI (0 4.4.2.2), ZAUCKD, BIRFICTDLEN D
TUE 2 BFEOEEEFT, BRSNS RETH LI L0 R A7 E N TR DR Lo
= AR T v o N — 136 6 FLYEM L=,

X 4422 AHBRRE 2 FvoRILICHEL-1EESAREF v/ \—
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4—4—3 AKER
4—4—3—1 VT NRREERL(J)—</LrYLR)

FEIRER D EFRIC BV T LN R A S TR O ER AT o7, ERREy b7y 7 %M 4.4.3.1
(R, FEIRERE L CRNR O FHLIREF THV Y 1m ROIRSRZEESRG 2 GO CEOFEH AL,
SN SV AZ ARSI D ¢ 4dmm DOF v /3—1 F TR A2 2R AT, BESRT v N —D
BIESAHIE Ims, 10Hz, K&V 100A ThH-o7z,

LD current =~100 A LD current =0~ 100 A
LD pulse width = ~1000 ps LD pulse width = 1000 ps
Cavity length = 100 cm

Repetition rate = 10 Hz
Energy meter Energy meter
1

. = 0,
| Output coupler : R =85 % AMP

»
»

N

1
1
1
1
T
I
I
N I
'

HR )
Chamber

Brewster plate ™ Tout

Yy _ ____ 0O 1
(@)

Y Y

Cavity length = 100 cm

X 4431 EIEREBRtEYrTYT (2T ILINR)

i RAX 4.4.3.2 (T, MERIRIFRESHDN, G/ LW EROLEDFHE THD, Tk~ 2 tad
TayMIEEA AN AN —F T2V T T NN DT R —E R L TNVD, ZRETHIR 7250,
3YERLOL—F—TFHEN R+ ThiT B CRINA BRI LT 5, MR D% 6 Th Rk
T, S en ey RIL 2 270 O — AR L TREE2EH TIER 0, o T — A& @il S8
BT KR LT, KM 4.4.3.1 OH T IPE IMTRL TINS5, [14.4.3.2 D7 57T G<1 OfEkIE
ZNEBIRL TS, 207 T7 DT —ZTHODNIRINIE R LSO L N0 T2 (0A I281T5 G
DEIE—TEIZ/2DIET) 23, 10%FREE A =y ROWIAE Sk & RAEH 2 Z LN TED, HMEER O ik it o 1
MEEHITHED 2 SID A3, 10%DFEKDBEN K EL | IEOFIGA RO E TITITBh L TR EE A7) 72D NS
BRTF LTl bioTe, T —2DNNTIXRREIND, FIFFNRELS T LT 528037,
G=1.1 A& CEFI HERoT2,

4.4.3.3 IANTF M T DN 7T AT T —2% A R ERICB W T2/ T
THDHN, 80A LLETIHHTEIFL TODBEA D3 FE A~ B,
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1.15
° o]
110 | ° .
°© * ; ]
o ]
<o
105 | = . ° e
s " & o B +3855 mJ
100 | , m 8 e = 321.8 mJ
- s § s © 256.4 mJ
s 8 o ©204.7 md
095 | : o 1536 mJ
2, ©103.7 mJ
: s ° ° ®53.1 mJ
LT
[ ]
0.85 o
0.80 Il Il Il Il Il
0 20 40 60 80 100 120
LD current (AMP) [A]
4432 J—ILINJLADL T JLINRIEIEFER
450 |
b [
400 |
350 [ v
=300 |
E I .
8250 | +80A
§ f . =90 A
5 200 | 100 A
.g- L
3150 [ b
i .
100 |
50 [ e
0 wwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwww
0 50 100 150 200 250 300 350 400 450

Input energy [mJ]

4433 BERICHITHIUTILIARIEBIED A A H4FHE

4—4—3—2 VTN RER2(Q A F)

RIZ Q Ay T 7SIV AITKH L TDY 7 VS A R Z ik I T, By T 713X 4.4.3.1 LRICTZNS, 2648
ZROPUZ Q AT PRASINT, 7SIV ATRF—H) 10m] & EIREUTRIESROH LIz 0% 4
—4—3— 1LRICHIE ST A—Z TR LT, fERA X 4.4.3.4 |73 T, ADEI Ty MNIAT 7 Fv
DTALF—DENTHD, D TR RAHEONTEY, A= F =2 hSnEEITE, ik
TR —D/NSWERENDIED T AL I3FEAEL | AN @ N T A BEENLD, AR —
DI, T A DFAELUIILL 25 TND, 10m] D7V RITK U THAELTZT A AT R bt
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AX—IZBWTHIRIEErTho7-,

+0.22 [mJ]

= 0.51 [mJ]

4 1.07 [mJ]

0 3.1 [mJ]

055 [mJ]

2 8.05 [mJ]
10.88 [mJ]

Gain

LD current [A]

X 4434 $RREQRAAYFINILAAANIRILT—IZHT BT ILISRT A

Gain

0 2 4 6 8 10 12
Input Energy [mJ]

4435 AAVTFILIRILX—IHTEIRARTAVDEIL

ANENT T FND SNV ATZFNF =T LT, RT3 — R LTS A a7y L
72D 4.4.3.5 TS, 1m] UL FORT RN —ZRLUTHE 1.5 DL EOGEFRIEPIAE LB, Ao
TN —DHIMEEBIZRIIT AL T L, AIZZERDRNSOO, 1 Il 5280
bholz, DEVZOERIZEB W THIESR LS VIMESFIBEROLO O | faflm X —3 sl A
TI 7 F s Im] BREE D B Tl IMN da E > TLEIEVO ZEMBLNNI 5T, LT o
T RF =R GARNT S TWDI LI, FIREG D EFRTHONTZN TNET HE L7205
AV EFRETEIROFREMEDR S D,
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4—4—3—3 ¥ TN RREIRER

ELIHGE RO TH TN SRR FEBR AT T2, By Ty 7 %X 4.4.3.6 ([~ T, AT ERREFEED
10m] FEEETO/IME B E L., K RIEED 7208 TEP Z1 L TV A R OHEE T v R — I ASTL
7o ZOEEDIRIRET v 73 —1% ¢ 3mm Th o7z, Ty —Z—E@iELice — A3 1/4 R A -
TR Ao T2t BRI T —CTIHROMBEALATT D03, IHIT 1/4 HRARIZE > TREFLIC-
C TFP TR &AL, AMBICED STz, X 4.4.3.7 IZEBRFERE =T,

TER IQ) A 14 plate R
/ © < - Repetition rate = 10 Hz
d h |J g
\\ L Pumping time = 1 ms
Chamber Water temperature 20 °C

=

Energy meter

4436 A T)LISRIBIEEERDEINT YT

12
10 ; A
*

= 8 -
£
? 6 ’ +10.33 mJ
H . . =542 mJ
[ u -
(7} -
S ¢ "
[ n

2

0 L L L L

0 20 40 60 80 100

LD current [A]
4437 FT)LISAIEIEGEERGER
ZITHINETOEREREARER N LNET 4 BOHNE S 2250 #) 5m], K 10m] DA
NN =" o720 7T DT HUCKH L THT AT L BETHY AFEAERIENRAETHZEN

IRNEVIFERDFOIIZ,

FIRAR D FEERTII 372 = L F =R LD LT, HIRER TOS A8 1IZiA<e5Z80%
WH B 2O, AU RMFICIWO T, BIREG TRARTRLF =0 HEL02 HH #E S 15%0
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R ChHDN D, IR ZATE T FHATRIT 7 HERE CTHD, 5 FBIRITOD Dy —T 17
HIT>TWRWIND, 7LV AT BT /A ZADDRRE T D13 THD, FEATHE 14 "RV T EEHRET
AUT/MEZFIFFE dB~10dB FRERS LI THY | Fo/ SV ARMEL T=RAF =R E< R o7 REET
BT A DIFELRT UL — <L UL AT 100m]/pulse, Q AA Y F 7L ATYE 40m] EWVHTR/LF
— 2T ZLITTERWE T THD, LT3 > TH IO EBRO R AU BRI 225 D30 B S L
B2t D TIERL, T7= ANV LEE Z TR AR EIVEW T A 2RO~ FEiratED 5T
ETHD,
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4—4—4 HBSRIEFEROKE

HIE AT v N —Z R AL T, M 4.4.4.1 DIORHERTF =—0 2 E 2T,

HIRZRDOIH TR AT H/1RT7—Tho M1 b7 — AT AV —F X THEIEAT — I A S
ND, EHEEZ TNDT Yo/ 3—E 4 HlanL 6 25T, 2 FC 1 B2l 372 TEThD, HiEsHT
Yo N—HERT D70, 1 S0 6 AR WIBIEIE—2 /3T —600W, 55 2 By | ef&BLIE 1000W @ LD %
BT OEER T2 T EThHD,

O 4441 3 RAT—UHERHROLFEREE

LT O&MEFEL T, K 4.4.4.1 ZFICUCEHEETToT,

2y RICENE OB T 3mm ¢ | 4mm ¢ | 6mm ¢ ZfEHT5

B RIEDEDT v —bF v =570 ££600mm &5,

T RTOEINIR AR LD HTVIRL T, F T LA

By RHOE — LRIy FEDR] 2/3 THDHZE

1 #OF ¥ N—HOE = LENZFHELL, FORLIT—IZBWTUIE Pl LR E, T/

b PIRLIT—% NI LT 2 [F O/ S A TR A — 2MEE 528,

B — 2O GAE, HRZBRORFREO N I — AL R U ARTA—2 &M T2, T7bbe—

EAEA 1.5mm, B —2LJA230 4 1.5mrad EL7=,

Fo AT DL RBIRRRE REEEE CII KBS AT AIRERb D LT, X 4.4.4.1 (24721
VAELTUIDTE 2T, FF 0 13RO ML IS L TWD, FF 1 IZZOE—LE KEDNTTYA
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—h 95728, £=1000mm DL > A% 0 D) 100mm OALE IZFH AL, 2D, il X £=600mm
DF ¥ 73—% f==500mm & f==750mm DML > X TERETAATELE LT, Bl 2IEHF 2~FEF 10 1347
BfEa T BEALICL O THY, F1 2=F 1 10= ANMDOFEML X FRFF5=FF T=#IRLMD
FML R FF3=F 1 9, B A=F 1 8 TENTNEL V XEFfolzny Ko T%, HlEZRD
B LB OBIDIEHE, B X ONEML o REF ¥ — DR S 2o b —/L T 5281280, X 4.4.4.2
DI 72AEREIFDHI LN TE, B DFE T 30 1T £=-500mm O ML > X THD, ZOLE, ZNE
NOT 7 Ory RNEHOREKE — 58803, F1BT 1.9mm, 55 2 B¢ T 2.9mm, Hf&BIEIERRC 4.4mm &
20 O XT w2 T F e N =BV TRREO R KL — AR50 THITHD,

FilerChDocuments and Settings\FIFK FIf v Fo OCEdeDatBesnt =L aswork\NICTOT0405amgn 2007 o402
S-stage amplifier

Wisvelenogth = 2.09 [fEm

x-plane mode

ois e ‘TT“ WALV TTT.‘H TTT.W TM‘T‘!' TTATT ‘l|

- L ||I||||I! M

oo O] EEFITFEEE ] |§3|}|f;|| E Je 1EE] ]
T | |l

=V T

T T AWWAL AVVA A.‘LLAA A‘|'VM A|..W.||A.d| ..nlu.vv:l..‘ A
N A T T T O O T T T T T T T T T o

maximum spot size (x-plane) = 21537
minitnum spot size (x-plane) = 553.49

4442 3ART—UBIEIRDIIAL—aVER
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4—4—5 ¥®

AR EL T B T X — 2 IO TR 7R B IR 2 BR AT o Tk R, S0 7 LS 2 R4 1.15
WEBNTZ, JORERT N T RACBWTCE TR —Z2 B 9720 #EE S ] F v o S — DB %
ZATo7, ¢ 4mm By NIZxL Tl K 3.6]/pulse, ¢ 6mm (Zxf LTI K 6]/pulse DI b bkl 7
XN —ZAF LI, TNEAWCHIREREITo7c 225, Q Ay T/ OVRIZBITHY 7 VS AFHG
X7 FNDATTHNNF—IZIVEL, 15D TNSNA N T —TIL2 2R 5 7 LS 2
BPRONTZHDOD, 27 F NV ATJT R F—DEANE LG L, 10m] BLED ATjT 7 F/Txie
TR 1 Epodz, T NIRA VA F Yo NR—DIREIZB O THZOMHETE DS, AL %
B U7 L XIS, DT RIBIE RS TV DIz e EE o7z,

B R OBV XD BTN IRA 3 AT — VDB AT — Y DR FR a7 5 LT,

PR B BRI BAFRS LI T v o S —1d, RS T v R—DERNHE 2 HE | =R LF—(T
LTL6fFTHo00, TS 1.5] 77AD M N Z DL T ORT v VAR DT LRGBS
EZ DD, LU BEEEFEBRICB W QIR E L F b T =1 G0 -T2,

B R —2al O TVHDEEITVRNE, A TWLRIBERZERY | HiE=R A _EOX SRa1To8
EBIT, L— PRI T T~ 727 7 —F & AR HEE L TV T E TH 5,
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4—5 ZEREOHEE

KA DO R ROFE ThHLR G bIL, I INT L — =2 R A LIy 7T — - G X — L AT LA
FIHILTHD, A1k, BEZ 3 FEORRELIMZ AL TWD, 22T, LFEAFZES CRAE IS
BHIHHITEE) TITTOITOLANIIE TH A2 T EDZEROAFERIL S E O T EIT SN TR~
60

4—5—1 ab—L Uk RyFTF— S5,F —

FTIELDICTE—L b TAF =D EZ R~ K 4.5.1.1 [T AT LOMME X 2R3, JEEz e
ALEE ~ A2 — L —F— I O—HIL, SV AL—F —DJF AL EAT Do m N Q A1
T VAL — P TIE ARSI D, FIRZD DO H IR | 45 i, ©— 2 AF v —%
TR SNTERE L 2T, RKUER T 720 B AR > TRATEENNTVWDHE, =7k
YIRS TRELE D, 2RO bOBELDEE BN Y 77— 7 a2 TR ZELiEsIZ LY
EHINTZZEHEL —F — (R —L —F — L3k DI Eb b D) 2 Mg ObIF4—) i BTl
ZEETLHE, IV — LU TR - BURE A G e — M5 52155, B —M5 513 IF 7 7 CHlR
LT A/D BHLT VNG EELUTReskL ., FFT EEEBMHTIC IOy 7T —o T MNesked | A7 2y Mk
SR ELBICEERICESND, R 2 um OBRE . JBOGR T RS (E52 15 e )71 : LOS (Line
Of Sight) Im/sec 1%, Ry 7T — @O 7 E IMHz ([ZRHGT 5, 2O, ae—L bRy 77
— IAF IR EREFEIt—L UM, RRELOE —MEB OG5 2212 K0 ELH]
SR ED AR DNy T T =2 T e @k I T 253 T L— =2 T 20 S MIiT kR
o7y L EER A THY, BUITEIEIT EITRE Th D, b URER 402 hiud, gk =7
Y NOIFAET B 30km FCHBLIGEIRIC 220152,
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Hercands & C
i ORI

ToHFanpehhf
Scanner
T+,
O shivs Lass L=t . E“Fn’:c':f Telescope | ==
ﬁ:‘ﬁ.nuﬁ
ACM fo+anmn I+ anactal
fﬂﬂ

fiy
Master lages -+ I @

Momator signal Backscanered signal
ﬁrfanu!! JL&-E,W#M

R E bt AMD comvert Coniral PC |

Block diagram of Z-ass Coherent Doppler Lidar
(a) AT LEIRE
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4—6 Theoretical and computational study of operation co-doped Tm, Ho solid state laser

4-6-1 Introduction
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4-6-2 Co-doped Tm,Ho:YAG laser: integrated computational model
4-6-2.1 Optics

The main levels involved into electron population dynamics in Tm,Ho co-doped solid
state lasers are schematically shown in Fig. 1. The pumping by 780-790 nm LD radiation provides
the transfer of the electrons from Tm®" *Hy state to *H, state. Via the sequence of the main steps

shown in Fig. 1 this excitation is finally passes towards Ho'™ °I; from which 2 pm lasing

takes place.

The related models have included various effects such as ground state depletion and

different types of up-conversion which decrease the electron density at the upper laser level.'™

2425

Based on new coupled integration techniques for optics-heat transfer problem our recent papers

couple these models with the integral equation for cavity energy* and also with heat generation and
dissipation to the cooling water flow.”® The 8-level rate dynamics model describing the population

dynamics in Tm,Ho lasers and used here is given by the following set of equations:'’

dn n
1 2 2
— =-R, (1) +T_+ Poglylig — Py gty — Py gy + Py,

dt ) : (1)

t Pyyyly — Psishy — P NNy + Pighsig

3
3 A H; I ﬂ‘
AEI Py [Py T3 Pyl [Pe1 Tg
A4 3
2 Fy s 7
AE l;
Pyg [Py, | P Py P, |P
71| T41 271151 T, Py P, T,
| vyY 3 5 \ 4
Hg Ig 8
3+
Tm Ho3+

Fig. 1 Energy levels and transfer processes in co-doped Tm,Ho materials
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dn n n 2 -2 n
2 2 3 + n.n P 2
—__+__p28n2n8 —|—p71n7n1 [741 4T 2782

dt L, T ) 2)

= Dy + Psinsn

dn n, n

_3=__3+_4+p61n6n1 — DP3ghi3hg ) (3)
dt T, T,

dn n )

_4=Rp(t)__4_p41n4n1 T Pph, > “4)
dt 7,

dn n

—5=——5+p27n7n2 = Psifishy , (%)
dt 75

dn n, n

&= __6+_5_p61n6n1 + P3ghiglty ) (6)

dt T, T

For the upper laser level (I):
dn n, n co,,
— = = Py g = Doyl = Dy lyTy + Pty ———=(fon, = fin)g(t,r) . (7)
dt T, T, n
For the lower laser level (lg):
dny _n

CO-VC
di :T_7_p28n2n8 + Pyl + Peighy — P3ghishg + 77‘ (fon, — fang )g(t,r), d)
.

where n; are the level concentrations, pj; are the probabilities of the optical transitions, «; are the
level lifetimes, R,(¢) is the pumping source space and time distribution, -4 is the stimulated

emission cross-section, f; are the Boltzmann level population factors and ¢(¢,r) is the local laser

photon density with dimensionality of 1/cm”.

However, several studies have shown that in case of Tm,Ho:YAG serious simplifications
can be done allowing model reduction to two rate equations describing the electron density at the
excited levels °F, and 517, and ground state levels 3 H¢ and SIg. In making the simulation for particular
case of Tm,Ho:YAG we will use this simplified model which assumes that the excitation is rapidly
transferred from initially exited 3Hy to °Fy4 level. In particular, this model is based on 4-level rate

dynamics model is given by:'

dn n
7;=Rp(t)_i_ngnzn8 + P, > )
dn, n, co,,
s = _T__p27n2n7 T Doghylty — Pyl = 7 (f3n; = fsng)P(t,r) (10)
.
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where n; are the level concentrations, ni=ntm-n2, Hg=NH-N7, p28=31.7X10'17 cms/s, p71 =0.09p2s,
p27=7.24x10""" cm’/s are the probabilities of the optical transitions, ;=11 ms and 1,=15.6 ms are the
level lifetimes, Ry(?) is the pumping source space and time distribution, 64=9.2x10" cm” is the
stimulated emission cross-section, f7=0.104 and f=0.018 are the Boltzman level populations factors
for 7=20 °C and ¢(z,r) is the local laser photon density with dimensionality of 1/m’.

The local laser photon density is represented via the product of (i) the total number of photons

depending on ¢ and (i1) the normalized space distribution function as¢(¢,r) = ®,(¢)@,(r,z). The
resulting equation for total photon number, @ (¢), inside the oscillator cavity is given by the

differential equation including the integration of the stimulated and spontaneous radiation over the

crystal volume: '7#+’
do,(t) D,(H)co DQ,(1) & W.a
= 2 n, — f.n r,2)dV ———=+— || ndV + —=, 11
- , jj(f Sy (. 2)V == TU - (11)

where V, is the crystal volume, [, is the cavity lifetime, [ 1107-10™ is a coefficient which takes
into account the proportion of photons spontaneously emitted within the solid angle of the resonator

mirrors, thereby initiating the development of the laser beam, and W

N

s ! BV, 1s the rate at at

which the photons are injected into the cavity by the seeder (Wjeeq is the seeder power).

For the operating resonator the cavity time is:

Tj:ch {—lan—ln(l—Tom)+ﬂ+22aili} : (12)

opt

where L, =L, +@n-1L, is the characteristic optical length, 7  is the cavity length and r_ 1is
the crystal length; g is the back mirror reflectance,r,, is the output mirror transmittance and £ is
the parameter used in our simulations for the optical loss associated with the active Q-switching:
p=0 for the open resonator and pg>>-mnR -In(1-7,,) for the closed resonator. For the
acousto-optic Q-switch, if the fraction of the main beam diffracted out of the resonator is 0.9,

B=-In(1-0.9)=2.3. The value of 22 a,l, represents the round-trip sum of the absorption losses

1

in different elements of along which laser beam propagates inside the cavity. This value should be

22 a,l, <<-In(1-T,,) to ensure the feasibility of the laser operation. Otherwise the significant

part of the laser energy generated by the crystal is lost.
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For the cases of 500 ns pulse generation the cavity length L.,y >> L, and the laser beam
radius inside the crystal may be considered to be constant. The spatial TEM distribution of photons

inside the cavity is simplified as:

d(r,z) = ZZL exp[_ 22”2 J (13)

W

0 cav

where wy is the beam waist radius of TEMy, mode defined by the resonator parameters. For

instance, for the simplest case of the confocal spherical resonator one has w, =./L_ 4, /27 .

In this paper we consider a particular case of Tm (6%), Ho(0.4%):YAG operation side
pumped by 785 nm LD radiation. For 6 % Tm doped YAG crystal one finds for the absorption

coefficient ¢ =0 N, ~2.8 cm™ 1% Thus, a 2 mm diameter YLF crystal is able to absorb a

T
(1-exp(—2ad)) ~ 0.67 of the incident beam flux in the case of the double-pass pumping scheme
providing high uniformity of the absorbed flux over the crystal volume. In the simulation we assume
that the laser rod axis is directed along the c-axis of the YLF crystal and we neglect anisotropy in
absorption of the polarized beams of the LD bars. We assume that this anisotropy is not significant
for the side-pumped configuration in which three LD bars are arranged around the crystal in
threefold symmetry and the internal surface of the tube used for water cooling has a high diffusive
reflection.”® In fact, high incident fluxes are able to deplete the 3Heg-level in Tm>" and to reduce
significantly absorption.”> However, in this study the concentration of the *Hg-level does not fall
below 0.9 of the Tm-concentration, the related variations of « do not exceed 5 %, and in the

simulations we use:

R, (1) =

npnan y 1, <AL,
md’L,hv,At,

0, t>Az,

(14)

where;; = (1- p)[1-exp(—2ad)] 1s the absorption efficiency of pumping, p is the reflection factor of
the pumping radiation into laser material, ¢ is the pumping pulse energy, A, is the pumping

pulse duration and 77, is quantum efficiency (for YLF,=1.3 and for YAG 7,=1 8).1%7
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4-6-2.2 Heat dissipation

The heat absorbed inside the crystal leads to a temperature increase over the crystal volume.
For high power operation this temperature shift is able to change the local values of the Boltzmann
population factors of the upper and lower lasing levels:
g expl=E, [k, T(t,1)]
Zgj expl— Ej/kBT(t,r)J ’

J

fit,r)= (15)

where £k is the Boltzmann constant, g, is the degeneracy of the i-level, and T'(¢,r) is the local

temperature.
Generally, the operating crystal is heated via lattice vibrations due to non-radiative decay of

electrons from all levels involved in the excitations. The local heat source is defined by:
7
qcr(t’r) = ZAEI ni /Tinr s (16)
i=2

where A£, is the energy difference between the i-manifold and the next lower manifold into which

the electron makes the transition (Fig. 1) and 7,, are the non-radiative times inversely

proportional to the non-radiative transition probabilities.

In order to avoid difficulties in defining the probabilities of non-radiative transitions, an
estimate of the heat source can be made via the difference between the pumped energy and the
energy of stimulated and spontaneous radiation leaving the crystal.'? This approach is mainly used
for the CW mode or as an averaged estimate for high-repetition pulsed mode. However, we use this

approach for normal or Q-switched mode operation by introducing a modification which takes into

account the rate, 27: AE'dn. /di » at which the pumped energy is stored inside Tm’" and Ho’" ions as:

i=2

7 7
4, (t,¥) =R, (Ohv, —co " hv,(fn, = fin)d(t,x) =Y AE;n, /T, — ZZ:AE:dni ldi (17

i=2

where in addition to  Ar, we introduce the energy difference between the i-manifold and the ground

state Ar’ (Fig. 1), and then ; are the corresponding radiative times. 17

The 8-level model used here shows that the contribution of the °Is and °I4 levels
into the spontanecous emission loss is negligibly small, whereas the contribution of *Hj, Hs

appears to be quite significant
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These radiation fluxes leaving the crystal are absorbed by the water flow typically used for
crystal cooling. The water absorption coefficients for these wavelengths are:* =124 cm™, 5=300
em”, oy=63.5 cm™ and ;=31 cm™'. That is, the spontaneously emitted fluxes leaving the crystal

are absorbed within lengths of ~¢ ', i.e. within 80, 33, 157 and 320 pm from the surface,

respectively. The absorption of these fluxes in the vicinity of the crystal surface can significantly
inhibit heat dissipation from the crystal. The heat transfer to the water flow depends on the Reynolds
number, Re, defining the level of the flow turbulency dependent on the water flow rate through the
channel inside which the operating crystal is set up. Numerical estimates show that for the typical
coaxial crystal in a tube water channel geometry and typical flow rates, the value of the heat
transfer coefficient is  4=10’-10" W/m”>K.*® The main thermal resistance to the heat flow from the

crystal surface is due to the thermal boundary layer, 5., within which the heat conductance
dominates over the convective transport. The estimate of s, follows from the equivalency

of — or, Jor], =-k,oT,/or -1,) -where ko~6 and k=06 W/m K are the thermal

=T

cr

sur sur

conductivity of crystal and water, respectively. That is, using o7, /or] ~~(T.

cr

_~T,)/s, one finally

K

obtains for /=10°-10> W/m*K:
5, ~k,/h~6-600 pm . (18)

Thus, the spontaneous IR fluxes are absorbed by water within a distance where the heat transfer
is dominated by the thermal conductivity. Hence, the absorption of these fluxes is able to
significantly inhibit the heat dissipation from the crystal. In order to consider the  thermal effect
we simulate the complex heat transfer non-steady state, two-dimensional problem by coupling the
above optical model with the heat generation and heat transport through the operating crystal, and
the water boundary layer inside which the absorption of spontaneously emitted IR radiation takes

place. The radially symmetric temperature distribution inside the cylindrical — crystal, 7 .r),
and the thermal boundary layer in water, T (s,r), are defined by:

p,C, 0T, /0t = div(k,gradT)) + q,(1,1) » (19)
for crystal (i=cr) and water (i=w) with the boundary condition 7 =7 at ,=R +6,,
where 5, = R [exp(k,/R,h)-1]  takes into account the radial curvature.

Heat source density inside the crystal is defined by Eq. (16) whereas the heat source density due
to the absorption of spontaneously emitted IR fluxes in water is defined by:

qw(ts”)zﬁzjm(t)af exp[—a,(r—RO)]a (20)
ro
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where J, () are the IR flux densities isotropically leaving the crystal given by :

1

Ju@®) = S

IAEini )/, dV
v

21)
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4-6-3 Absorption loss inside the cavity

The value of 2Zal.ll. (Eq. 12) represents round-trip loss in all elements through

which the laser beam passes inside the cavity. These losses are able to inhibit pulse energy
generation and special attention should be paid to reduce these losses to the minimum. Let us make
the estimates for typical values comparing them with two typical values of loss at the back mirror
surface —InR =0.01 (R=0.99) and at the output mirror —In(1-7,,)=0.105 (for the output
transmittance 7;,=0.1).

In particular, these losses are due to the absorption in (i) the humid air, (ii) the undoped

sections of YAG crystal and (iii) Q-switch.

4-6-3.1 Water absorption
Let us estimate the absorption loss associated with water vapor present inside the
operating cavity. Absorption coefficient for 2.1 um laser radiation in water is @,~31 cm™. Using
this value one obtains the value of the absorption cross-section o from:
a, =0oN,, (22)
where is N, is the volumetric density of HO molecules in water. This value is estimated from the
water density p,=995 kg/m’ and water molecular mass m=2.99x107° kg to be:

Ny =py /m=9.95x10%/2.99 x102° =3.33 x 10** 1/m’ =3.33 x 10** 1/cm’.

The estimate for absorption cross-sectiono =« / N, gives:

6=31 cm™/3.33 x 107 1/em’=9.3x 10 cm’.
Now we can make the estimate the value of absorption coefficient in vapor as:
a,, =ON,,, . (23)

The density of the vapor in air can be estimated via the value of the partial pressure of water Pygy:

UL (24)
kT

where the partial pressure of water is defined by the humidity factor , H, and equilibrium water

pressure Peq (7) at the given temperature as:

P =H><Peq(T), (25)

vap

where feg (T ) is given in Table below (from the Russian Physical Tables book)
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t [] P [Pal t [40] P [Pal t [0] P [Pal
0 6,108 10 48 [,0085 104 4 &, 1460 10
0,01 6,112 ¢ 48 L, 1160, 108 95 5, 7TRHEE. 104
g 7,054 10 50 [,2335. 109 o8 0.,4301- 104
4 8,129 108 52 [,3612: |04 10} L, 00525, |
fi 0,346 Lo 54 I.5001- 100 102 1, 0878 [0
& 1,0721-107 56 1,6510-104 1M [ . BiG&- 1 08
i) 1,971 109 58 I, &14R. (04 6 | | o504 | pa
12 I,4015- 103 &l [,9919. 104 [ 108 | [
14 1,507 108 | /2 2,1837. 104 1o | 1 ,4396. 106
16 EL,R170. 108 Fid S,3910- 10 112 | [ 5306 Lo
18 2,0826- 107 5 2,G148. 10 114 [ L6l 108
20 2. 3368108 8 2,8561- 10 14 | I, 7464 105
=29 2. G424. 109 70 3, 1161- 109 118 | BRI [0
4 27,0834 . | 72 3,3957- 104 1) [ OR54 . [
26 34,3600, 10 { 7 36063 10 122 2, 1145109
28 3,778 1P 76 &, 0040 104 124 2. 2503, 0
an 4,2417. 1P T& 4,3650- 104 i 125 23059, 100
a2 4, 7535 109 80 4,7350. |04 128 25434 106
a4 5,31%2. |02 52 5,1328- 104 130 8. 7012 108
a6 5,0401- 107 84 5,5572- 104 a2 o EERS. 10
38 i, 6240- L & 6,0107-104 134 3, 0406 10#
40 7.3744. 10 &8 56,4047 104 136 3,2207. 108
43 B, 1983, [0 i 70108 104 138 3.4197- 108
44 g.,0998. 1 03 75607 104 140 3,6136- 109 |
|

Table 1. Data of the equilibrium water pressure vs temperature (first column is the temperature

in °C, second column gives the pressure in Pa)

Let us give some typical estimates on the possible effect of water absorption.

Example 1: absorption inside the box for relative humidity H=0.37 (37 %) and T= 26° C.

The value of the partial pressure:
P, =HxP, (T)=0.37x3.36x10°Pa =1.24x10* Pa.

vap
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The value of the water vapor density:

N,, =P, [k,T =1.24x10"Pa =0.3x10" em™.

vap

299Kx1.38x10 > J/ K
The value of the absorption coefficient:

A,y = GNWP =9.3x10 em? x0.3x10" em™ =2.79x10™* cem™.

Thus, for absorption inside the box with the length of 33 cm we get the value:
2, 1, =2x2.79x10"* em™ x 33 cm=0.018.

vap " box

Example 2: absorption outside of the box for relative H=0.72 (72 %) and T=32° C.

The value of the partial pressure:
P, =HxP, (T)=0.72x4.75x10° Pa = 3.42x10° Pa.

vap
The value of the water vapor density:

- _3.42x10° Pa _ 83
Nop = Py [ 5T 305Kx1.38x10°2 7/ = O80T em

The value of the absorption coefficient:

a,,=0N,, = 9.3x107* cm” x0.81x10"™ cm™ =7.5x10"" cm™.

Thus, for absorption ouside the box with the length of 70 cm we get the value:
a,l,. =2x7.5x10" ecm™ x 70 cm=0.1.

vap " box

The sum of two absorptions inside the box and outside of the box gives us the value of

2> ,1,=0.018+0.1=0.118

which is  much larger than the loss at the  back cavity mirror, —InR =0.01, and larger than

that of output cavity transmittance —In(1-7,,)=0.105.

Eample 3: loss for low temperature low humidity H=0.2 (20 %) and t= 14° C.

The value of the partial pressure:
P, =HxP, (T)=0.2x1.6x10"Pa =0.32x10"Pa.

vap
The value of the water vapor density:

= —0.32x10° Pq _ CE—
Nop = Py [ 5T 287Kx1.38x10°2 g/ g O-8X107 em ™.

The value of the absorption coefficient:
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a,, =0N,, = 9.3x10 % cm’® x0.8x10"7 cm™ =7.4x107 cm™.

Thus, for absorption inside the box with the length of 100 cm one gets the value:
2, [, =2x7.4x107 cm™ x 100 cm=0.015.

vap " box

which is similar to the reflectance loss, —InR =0.01, and much smaller of the output cavity

transmittance —In(1-7, ) =0.105.

The above estimates show that water vapor should be reduced below the level of 100 Pa to

reduce the effect of water absorption in cavities of 1-3 m in length.
4-6-3.2 Absorption loss in undoped YAG sections

Another significant factor of high loss can be associated with the absorption inside
the zone of undoped YAG. In particular, in the main oscillator experimenmtal setup used
has about 4.8x2~9.6 cm of undoped YAG material. In near IR region undoped YAG has
absorption of 1.5x10™ cm™.*'The results of transmission study for 3 mm disk of undoped
YAG (Fig. 2) suggest that the same value can be expected for 2 um radiation.  Thus,
assuming for a~1.5x10° cm™ for 2 micron radiation one finds for the round-trip
absorption loss inside the undoped YAG sections:

2ad=2x1.5x10" cm™x9.6 cm=0.0288.
100

80
B0

40

Transmission [ %]

20

0
200 500 1000 2000 5000 10000

Wiz elength [ nm]
Fig. 2 Transmission measured for the undoped 3 mm thick YAG disk.

See http://www.layertec.de/yag.html
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4-6-3.3 Q-switch absorption

In particular, preliminary experiments performed on normal pulse generation show that the
presence of Q-switch device inside the resonator decreases pulse energy on about 30 %. The
simulation done shows that this level of losses corresponds to the absorption loss inside the cavity
of 2al =~ 0.02 where /=3 cm is the Q-switch length. It gives the estimate of the linear absorption
coefficient as:

a~0.01/[=0.01/3 cm ~3x10> ecm™.

4-6-3.4 Two-photon absorption loss in G-pulse generation

One effect that should be also taken into account is the effect of two-photon absorption
which may have a serious effect on G-pulse generation when the laser power attains MW level.
In particular, in general case the optical loss inside optical medium is defined by the
following equation including linear and non-linear (two-photon) absorption as:
dl | dz =—al — BI* = —(a+ B, (26)
where the value of coefficient 4 is known to be within the range of 10"'-10” c/W.

This equation suggests that the effect of two-photon absorption becomes as significant as linear
absorption when « = fI . In our case this happens when ﬂIzO.OOISCm'1 for the undoped YAG and
SI=0.003 cm™ for Q-switch.

Let us estimate the value of fI. The target level of pulse energy attained in the cavity is
0=0.1J with pulse length of 7,=500 ns. This gives us maximal power inside the cavity of:
P=0/7,=0.1 ]/ 500 ns=2x10° W.
The maximal intensity in the laser beam will be
I =P/ r}~0.65x10" W/em?,
where r9=0.1 cm is the laser beam radius.
Thus, one obtains for A =10"-10” cm/W x 0.65x10” W/em?=6.5x(10™ -107 ) cm™,

which shows that the effect of two-photon absorption may be similar and even higher than that of

linear absorption a=1-3x10~ cm™.
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Moreover, in experiments with short cavities and short pulse width this effect may become
even more high. In particular, 500 ns pulses correspond to the cavity length of 3 m. In case of 1 m
cavity the pulse duration shortens to the level of *x100-200 ns, and the maximal power achieves the

level of Px1 MW. Thus, for increased intensity one gets pI ~3.25x(10* =10%) cm™,which shows

that the two-photon absorption may be an order of magnitude higher than that of linear absorption
a~1-3x107 cm™.

Additionally one should pay attention to the possible interference of two-photon absorption
loss with the output trasnmitance 7,,. Model shows that the increase in T, shortens generated
G-pulse width and tends to increase its peak power. However, the possible involvement of the

two-photon absorption can inhibit this effect decreasing the pulse energy.
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4-6-4 Model verification
4-6-4.1 Co-doped Tm,Ho:YLF

The developed integral model was verified by using the set of experimental condition
reported® for the development of Q-switched 125 mJ Tm,Ho:YLF laser using =790 nm LD pulse
of 1.2 ms duration for side-pumping of 2 cm long 4 mm diameter crystal rod set up within 3.3 m
cavity with 7To,=0.18 for the output mirror. Results of our simulations performed for this particular
case are given in Fig. 3 where the resutling G-pulse energy is given versus the pumped energy for
7=285, 290 and 295 K. The simulations show a good agreement with the experimental data.’ In
particular, 4 J pumping gives the output energy of about ~0.14 J for 7=285 K and ~0.13 J for 7=290
K, correspondingly. The experiment shows =0.125 J for 7=292 K.° The pulse generation threshold
is computationally found to be near the pumping energy of 2 J which is also close to the value of
the extrapolated experimental data.® The experiment shows =0.125 J for 7=292 K.® The pulse
generation threshold is computationally found to be near the pumping energy of 2 J which is also

close to the value of the extrapolated experimental data.’
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—¥ T=295K n
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(=]
=
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Fig. 3 G-pulse energy versus pumping energy for the experimental conditions of Ref. [6].
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Fig. 4 G-pulse power versus time for (a) for different pump energy, (b) constant pump energy 4 J
and photon seeder powers, and (c) pulse width versus the pump energy for experimental

conditions of Ref. [6].

In Fig. 4 we show (a) G-pulse power versus time for several pumping energies, (b)
G-pulse power versus time for various photon injection seeder power and (¢c) G-pulse width versus
pumping energy. The pulse width shows decrease with the increase of the pumping energy similar to
the experimental data. However, the values of pulse width found in our simulation is about 2 times

higher that those of experimental study.’ The seeder does not significantly change the pulse width,
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and shortens the time between the moment of Q-switch opening and G-pulse generation.
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23 (Zili

G-pulse energy (J)

Fig. 5 The effect of absorption loss inside the cavity on 100 mJ G-pulse generation in Tm,Ho:YLF.

In Fig. 5 we additionally show the dependence of G-pulse energy versus the absorption loss inside
the cavity. This figure shows that this factor can drastically decrease the pulse energy and even
completely inhibit lasing. For the case of IR lasers this effect can be due to the water vapor present

inside the cavity.

4-6-4.2 Tm,Ho: YAG experiments: main oscillator
The comparison of normal pulse energy versus pumping energy is shown in Fig. 6 a and
b. The experiments were done using two crystal set of Tm (6%), Ho (0.4 %): ceramic YAG of 3 mm
in diameter and 22 mm long doped zone within the rod of 70 mm in length. Output cavity
transmission 7o,=0.15 and cavity length L.,,=40 mm. The temperature and humidity inside the
dehumidified box of 30 c¢cm in length was 24.8 °C and H=0.029 (2.9 %), correspondingly. The
temperature and humidity outside the dehumidified box was 25.2 °C and H=0.42 (42 %),

correspondingly. The total loss inside the cavity was estimated 22 a,l;=0.034. In computations

1

laser beam diameter was set as 1.5 mm.
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experiments: (a) pumping time 0.5 ms and (b) pumping time 1.0 ms.
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Fig. 7 Normal pulse power versus time.

In Fig. 7 we show the measurements of normal pulse power versus time made the same

crystal set but for another case of cavity length of 100 cm with the temperature of 22 °C and

humidity H=0.36 (36 %) (Tou=0.15). For this case 22 a,l,=0.034. pumping time is 1 ms.

In Fig. 8 we also show the power and energy dependence versus time simulated for
this case
and beam diameter of 1.1 mm. Fig. 8 a shows very close similarity of the pulse power versus time.
However, the careful comparison shows several discrepancies which may be attributed to a
difficulties in defining precise experimental conditions of laser operation (beam diameter inside the
crystal, effective heat dissipation rate). Some part of discrepancy can be also attributed to the

instability of LD pumping revealed by experimental data on Fig. 7
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Fig. 8 Simulation of normal pulse power and energy for experimental conditions of data given in

Fig.7

4-6-4.3 Tm,Ho: YAG experiments: amplification

The output distribution of the laser beam energy from the main oscillator is used as an
initial distribution at the front side of cascade of amplifiers. In case of the amplification process the
local photon density in rate dynamics model is expressed through the local beam intensity

as@(t,r) = I(¢,r)/ chv,which is described by the equation:

ol(t,z,r) e ol(t,z,r) _. o, (fon, — fin)I(t,z,r) (28)
ot 0z n

In cases when the characteristic time~ L_,7/c is much smaller than the pulse width

resulting from the main oscillator this equation may be approximated by the slowly varying

amplitude approximation (0 /0t = 0 ) which after the integration gives the expression for the local

intensity inside the amplifier, /(¢,z,7), depending on the input distribution, 7, (¢,7), as:

o

. [(fun, = fim >dz}. (29)

I(t,z,r)=1,(t,r) exp{

For instance, assuming for L,=2-4 cm and 77=1.8 one finds L_7/c ~0.1-0.2 ns and hence for

the pulses of several hundreds nanoseconds the above approximation provides very high accuracy.
Fig. 9 shows the data of experiments on the amplification of signal coming from the main

oscillator. The current of 100 A corresponds to the pumping energy of 7.2 J. The current of 20 A

corresponds to 0.8 J. The amplification is done by using Tm (6%), Ho (0.4%): ceramic YAG of 22

mm of doped zone in 70 mm rod. Crystal diameter is 4 mm.
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Fig. 9 Amplification of normal pulse: experiment.

Fig. 10 shows the simulation results of the normal pulse amplification versus amplifier
pumping energy: (a) gain factor for various input energies, (b) output energy from the amplifier and
(c) energy gain. It is worth noting that the gain factor obtained in simulations has values which are
slightly higher than experimental values for similar input pulse energies. For instance, for 100 mJ
inptu energy pulse the experimental maximal gain factor is 1.13 for 100 A (7.2 J pumping). For
similar conditions the simulation gives 1.21 (Fig. 10 a black line). This discrepancy can be attributed

to some loss inside the undoped crystal zone (factor of 0.99) and in air due to humidity.
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Fig. 10 Results of numerical simulation.

However, in considering the presented data in more detail one can find a serious qualitative
discrepancy. In particular, the simulated data shows a regular decrease of the gain factor with
increase of input pulse energy (Fig. 9 a). However, the absolute energy gain shown in Fig. 9 c
increases with increase in input pulse energy. In contrast, the experimental data given in Fig. 8 does
not show such regularity. In particular, 100 mJ pulse has higher amplification factor compared with

~385 mlJ pulse, which has higher amplification compared with 153 and 304 mJ pulses.
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The given simulation explains low gain factor found in experiments. In fact, the low gain

factor is due to low pumping density which for maximal current (100 A, 7.2 J) is only =26 Jem’.
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4-6-5 Model predictions
In this section we focus on the developed model predictions regarding the possibility of

obtaining G-pulse with 100 mJ pulse energy and its possible amplification toward 1000 mJ pulse.

4-6-5.1 G-pulse generation

Fig. 11 shows the simulation of G-pulse versus pumping energy for the case of 0.5
ms (a) pumping and (b) 1.0 ms pumping which is compared with the pulse energy achieved
in normal (free running) mode of operation. The simulation were done for the case described
in Section 4.2, i.e. using two crystals of Tm (6%), Ho (0.4 %): ceramic YAG of 3 mm in
diameter and 22 mm long doped zone within the rod of 70 mm in length. Output cavity
transmission 7,=0.15 and cavity length L.,,=40 mm. The temperature and humidity inside
the dehumidified box of 30 ¢cm in length was 24.8 °C and H=0.029 (2.9 %), correspondingly.
The temperature and humidity outside the dehumidified box was 25.2 °C and H=0.42

(42 %), correspondingly. The total loss inside the cavity was estimated 22 a,l,=0.034. In

computations laser beam diameter was set as 1.5 mm.
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Fig. 11 Simulation of G-pulse.

The simulations of G-pulse is done for the case of 0 loss in Q-switch and linear
absorption loss 2a/ = 0.02.

The simulations show that 100 mJ level can be achieved in 0.5 ms pumping, and in
case of 1 ms pumping the level of about 170 mJ can be achived in G-pulse generation. The
G-pulse energy 1is shown to be within the range of 20-50 % of normal pulse energy

depending on the pumping energy.
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4-6-5.2 G-pulse amplification

Fig. 12 a and b show the simulation of 100 mJ and 150 mJ G-pulse amplification in cascade of
amplifiers. In particular, Fig. 12 a shows the increase of pulse energy depending on amplifier
number and Fig. 12 b shows the energy gain in this amplifier.

In amplifier simulation we used pumping of Tm (6%), Ho(0.4%): ceramic YAG of
22mm x 2 of 3 mm in diameter. Total pumping energy is 8.8 J providing 28 J/cm’.

The results of simulation show that the 1 J level can be achieved by using 8-9 amplifier
cascade. The absolute energy gain increases with amplifier number and tends to the saturation.
explained by Fig. 13. Fig. 13 shows (a) G-pulse energy and (b) power at the amplifier input and
output, and (c) corresponding evolution of An. In particular, Fig. 13 shows that 7" amplifier provides
higher power and energy gain as compared with the 1*" amplifier due to deeper fall of An during the
G-pulse propagation through the amplifier. This also shows why absolute energy tends to the

saturation, i.e. because An tends to zero.
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Fig. 12 Simulation of G-pulse amplification.
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Fig. 13 G-pulse evolution in 1* (black) and 7™ (red) amplifier: (a) pulse energy, (b) power and
(c) An.

It is worth noting here that the amplification of the pulse depends on the ratio of the
cross-section of stimulated emission to the refractive index, o /7. Data given in Table 2 shows that

the ratio of oy /7 for the case of YAG is two times lower as compared with that of YLF. It means

that

Table 2. Lasing parameters of YLF and YAG.'*"’

Parameter YLF YAG
Ho °I; stimulated emission cross-section, | 1.4-1.5x1 0" cm? 0.92x10" cm?
Gse

Tm °H, absorption cross-section, o, 3.4x10*" cm” 7x10% cm®
Upper laser level population factor £,=0.0851 £,.=0.104
Lower laser level population factor £i=0.0258 £i=0.018
Refractive index n=1.44-1.48 n=1.81
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to achieve comparable amplification in case of YAG one should obtain larger crystals and larger
inversion densities. This can be achieved by larger pumping energy and lower radii of YAG crystals
which seems to be quite possible in view of larger absorption cross-section. In particular, YAG
absorption cross-section for pumping 785 nm radiation allows one to use the crystals of 2 mm in
diameter. That is, for 6 % Tm doped YLF and YAG one finds for absorption coefficient defined

bya = o, N,, that ayi§=2.82 cm” and ayag=5.75 cm™. Thus, 2 mm diameter crystal is able to

absorb (1-exp(-ad))-fraction of the incident beam, i.e. 43 % in case of YLF and 70 % in case of
YAG. For double passing scheme 2 mm YAG absorbs 90 % of the side-pumped incident beam
whereas YLF absorbs only 68 %. In case of YLF 90% absorption is achieved in crystals of 4 mm in
diameter.

Keeping these estimates in mind one find that for the same pumping energy by using 2 mm
diameter YAG one obtains 4 times higher pumping density as compared with 4 mm diameter YLF.
However, thermal estimates show that even with 4 times increase in the pumping density YAG will
have lower temperature increase as compared with YLF. In effect, the averaged temperature
distribution is defined by the modified analytical quasi-steady state approximation:

T(r)=T, +%+%(R§ —r?) . (30)
where for ¢,, we use the averaged heat source density defined by the integral over the characteristic

pulse period, Af=v"' and / is the heat transfer coefficient.

anRO

*

The temperature increase has two main parts, one part defined by can be reduced

by using more intensive heat transfer. Alternatively it can be also compensated by the decrease of

the water temperature (or by combination of both effects). However, the second part which defines

the temperature gradient across the crystal radius is given bygq, R /2k,, .Thus, 4-times increase of

the pumping energy associated with 2 mm diameter YAG rod (as the alternative of 4 mm diameter
YLF rod) will not lead to increase in temperature increase. Moreover, the temperature will fall down
because YAG has heat conductance which is about 2 times larger than that of YLF.

Next, the calculations show that 0.5 ms pumping time does not allow one to achieve the
maximal inversion level and maximal energy output. This simulation shows that amplification with
the pumping of 20-30 J/cm3 does not allow one to achieve high amplification factors. To achieve
significant amplification it is necessary to use pumping with 1 ms duration and with energy of =60

J/em?.
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4-6-5.3 Doping optimization

Our previous simulations are done for the case of 6%-Tm and 0.4%-Ho doping. However,
previous simulations” done for the case of Tm,Ho:YLF suggest that in case of G-pulse the optimal

energy generation can require another Ho doping. In Fig. 14 we show the simulations done for

Tm,Ho: YAG. The concentration for Tm is fixed 6%.

The simulation shows that for the case of normal pulse generation the optimal concentration

for Ho is within the range of 0.4-0.6 %. However, for G-pulse generation the optimal Ho

concentration is =1 % for 0.5 ms pumping and ~1.8 % for 1 ms pumping.
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Fig. 14 Ho-doping optimization for (a) normal pulse and (b) G-pulse mode.
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4-6-6 Summary and conclusions

AWFZET Tm, Ho 2N IS NI EIRL —F — B EDO B Rt DRI R T 7T VSl | Zha it RS ET,
F<EBNTZ Q A4 F Tm, Ho:YLF L —H—D 3T —#  KEHFE DO TEEE4172 Tm, Ho:YAG I3y
L—H—0D )=~ /LB —RREELIE O KR T — 2% L C, ZOFRET VOMERE T -T2, TOFER, £
TV EEBRO BT TEENR— N LN, UL, 2SOV AIRO ERT — X2 EDERIZONTITE
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R EEB IR T H282O0 T, ThD,
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RETHD, 6%D Tm DUSHISNTZ YAG OHE | il /2L — P —ray RERIT 2mm 725, 2O EAE TR
FHLIZA . LD 30D HH B HD TOEIRILEFL, Lvb 30]/cm® D4fF45i7-9 28 TE D,
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RDOG | BRI 53 2 i/ NRETHIT 2 2L DRI RAVZRIEIRIZ D720,
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6. NFRFITBWTIHAETD 2 A WINDAREMEELBE T &, ZOZATOWINUT ) —~ /L7 )L A%
IRDIRIEEREICB O T ER TEARRE I NSV, Q Ay FRIRICB W TIEZ DO ENEIKIC
EED, BT —IMW B E £ TE O bz UL ATIIRIN A FRSRE AT DL, FiR Q Ay
F RN ADTRILF— 3T 5,
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