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High-Power Sub-THz Harmonically Mode-Locked
Yb:YAG Laser
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Wei-Zhe Zhuang, Hsing-Ch'ih Liang, Guo-Wei Huang, Kuan-Wei Su, Yung-Fu Chen
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et e S - RATTAE —FRAMREEMF E 6 Rk (600 GHz) °

We demonstrated a high-power and high pulse repetition rate harmonic-mode-locked laser with Yb:YAG as the
gain medium. Yb:YAG crystals with different crystal lengths were used for mode-locked operations with different
repetition rates. The experimental results showed that different mode-locked repetition rate pulses can be attained
with various optical cavity lengths using the same Yb:YAG crystal. By employing the Yb:YAG crystal with the
optical length of 1.87 mm, we can obtain mode-locked pulses with the repetition rate of 240 GHz and the pulse
duration of 0.629 ps. The average output power was 4.6 W under the absorbed pump power of 8.3W. On the other
hand, mode-locked pulses at the repetition rate of 450 GHz and with pulse duration of 0.653 ps can be achieved
via using gain crystal with optical thickness of 1.00 mm. Under the pump power of 3.08 W, average output power
of 1.75 W was obtained. Besides, we can further scale up the repetition rate to 600 GHz by using the scheme of
degenerate cavity.
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It A2 A & SO G 4 (harmonically
mode-locked fiber 1asers)(l'2) s BT HREAR T
5% 5 (quantum-well Fabry-Perot lasers)” » &
BEHVEAT 1— (M S FE BT (quantum-dash-based
Fabry-Perot mode-locked lasers)® + %% Bz a5 7 #E
& HAMER S FLFEST (passively harmonically mode-
locked vertical-external-cavity surface-emitting lasers)
GO DUR B BB E FEFE B (passively mode-
locked solid-state lasers)”™ 4% B #% DL A &
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{E R 1 GHz BYE B AE SRR R -
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Four-level system

AE >> KT
E, Es
75, (fast)
E, E,
754 (Slow)
E,
AEI 749 (fast)

(a) Population density (b)
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absorption loss) HIfHEE » A A A IR TR BUEK -
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Quasi-three-level system
AE >> KT

14, (fast)

754 (slow) I.

740 (fast
E, AE $ _

Population density REME T E

(a) 1L ey v At B H 5 AR IS =
B 0 (b)fAbey i = AR R F 4

PEELE A S BRI RS 5 6% - RE BT
BEMERE - T DA R B SR BT E L
HIELAE BT » DR IRAE L Re P s D R MG A
FRHRE B o S BB ] LB B
5 TS % SO R R R U P P T e e ) B B P Y
Bt -

EEZAREE 3 s BRI E REER
HEE R 11% 1Y Yb:YAG f588 @ A RE R 1.03 2
Koo HIR 4.0 ZK - Yb:YAG WUHTFRIESEE B
FEFEER 970 nm FsEZRE (T > 95%) ~ M EE I E
1030— 1060 nm B & RET (R > 99.8%) HUFERE(E
FoHish - SLEERRRERDESEA $HREHE 970 nm

HEBRE (R > 95%) HIFEIE » SEMEEUMEE
TR B ARSI R DU B R BT R 1030 —
1060 nm B & 4555 (T = 95%) HIFEIE » B/ ERY
TR MRS ] DU EK) 83% -

B —EAE ERER 452K E 052
KA AR R R Y E R RTRE L o DB

% 1. FRMHAZ G FRE

Material Thermal Conductivity (W-m K™
. 1900 —2200 (at 300 K
Diamond 1500— 1600 Eat 425 K;
Sapphire 18.7—20.2 (at 310 K)
Copper 401 (at 310 K)
Nd:YAG 10.5—14 (at 293 —373 K)
Nd:YVO, 5.1—5.2 (at 300 K)
Yb:YAG 14 (at 293 K)
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Fiber- coupled LD @970 nm

Yb:YAG
1%, ¢4 X 1 mm

Diamond
heat spreader

Focusmg lens

Output coupler

Heat smk S, R =93% @ 1030 nm

S, =HR @ 1030 NM (R > 98%), HT @ 970 NM (T > 95%)
S, =HR @ 970 NM (R > 95%), HT @ 1030 NM (T > 95%)

B 3. Yb:YAG 448 E 4+ B 2245 -

B Y E B - SRR BRI I Y 970
nm WYZEEHHTEy 70% o P EE F AR L B
A FEEG S R 5 FH BVEE 12 Al 8% (thermal-electric
cooler, TEC) ¥ - MBS 2 Al e HIREHERELE 15
°C » BERE R 5 KSR - W T E R R
T HEAE AL Yb: YAG R FREEER 2
ZKAEFLEISA T (indium foil) 1E R B @R - FoM
A] DLFE H T 5 f0R S0 20 1 i 6 i B P BB e
ERHEERE - EARERES - M H—(E R
J ~ 1E 1040 nm FEERZEE R 7% R HER
TR e 8 - IRMERAE S ER 970 nm 7Y i
BEEN RSN ERELE - ERRmHD)
hy 16 W HFES LAV TR AR 200 um » 8
EFLE AN 0.20 « A —FEHHDL 2 ¢
| KNG EFEEENRENE L ERESEEN
Ry 87% » BEFIERE RRE R ER TR 130
um  (EZERFEFHNBEEEE - BaBE A
2R R DR i AE R R % AR MR R RHY
WA Ry 8.3 W o M{EEH B A BE T BRI
T HE KRR R 1T W -
M E e E B aEE s - AR
R ATRR E AL R AN « BB BA LR/
TR 9 ORI - Hi i oh RGN R R A Pt -
{HE LR AR 10 ZKE - R EVESRER
R B TR A RE e 1R A B o S 3 T B o
WE 4 AR R R RAE 5 KIS » B REE,
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WehE A/ (LE - TR OESBFRIERT
i HH DR RS 2 R R D R R B A A e B R
ThE 5y 8.3 W I - HEgHI DR 4.6 W » FT¥{fEZ
FHEHAE Ry 55.4% ~ REIER 69.5% © M{EEH
EOBEVEIERT - HRBSUERNREA - )
R W T ZR A S T BEAT - BRI 11
W B HigH R 3.1 W » e 2 LB HseR
Ry 28.2% ~ #RMEEAIRIRCE Ry 45.3% -« BL4h - R
B R n] UK IR S BOE SR B o 8 - A
WEEBOMBAERT - EimHAe i E
(beam quality, M?) #7513 ©

2. BREEFE Yb:YAG BHEHETEHWEEZ
=
FeAM 5 FH— P& DUR B L AH R 43 B 2R B B AR
{7 75 G IR R B Y i L R P o B R U AR R R
(Michelson interferometer, Advantest Q8347) T &5
— & EAERAR AR E - IGARS 2 ZEE L (Fourier
transform) FJ{3E(FHE FERYEREE - [ HAHR
Hh#RE 2 —E MRS (autocorrelator, APE pulse
check) FTH1S « EHEBIERTN 4 ZKF] 9 2K
HOE R - B mT DA R IR B =R % Ry
0.8 KRS E - E 2 HNEENLEEE
(7 1.87 Z2k) HERIFHEE SR H B
fi] (free spectral range) FITiEERY © [@ 5 A Ryt R

—m— Without diamond heat spreader
51 —&— With diamond heat spreader

Averaged output power (W)
w
L

O i 1 i 1 i 1 1
0 2 4 6 8 10 12

Absorbed pump power (W)
B 4. Yb:YAG & Ik SR 18 5 41 30 th o & ROk
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-25 -20-15-10-5 0 5 10 15 20 25 -25 -20 -15-10 -5 0 5 10 15 20 25
(a) Delay time 7 (ps) Delay time 7 (ps)
1.2
1.0}
~ o8}
=
T
= 0.6
&
g
2 04
0.2 U U U
1 1 1 L

0.0 .
-25 -20 -15 -10 -5

0

5 10 15 20 25

(b) Delay time  (ps)
5. (a) KA R 4 B S K B2 S B AR IR BT W 42 1B 0 (b) 4B A ARG B L 2 K A AR AR BT A ) -

£F 6.91 2K - FrESIH BHBER - &
A BRGNS RANE 5(a) BT
HIREE R 2.4 ZIRizs - (HEEP RS E R
kst - G bEE R REmE) - B 5(b) Frmk
A EABOEE ZAER - TSR E A Ak
BT - ATLAP R —TRE 2.4 ZIKHH 22 B A =RAIIR

SR B Bt ST 58 FH B BB DS 28 TE 8
AR ETE Y - B 6 FrnatER Ry 6.08 Z K
H— B EAHRA (a) B FEEAHRE (b) Mk B dhin
» EHIF A FEY 5(b) s 218 » 2 R
Z Ak fET .2 $HIE (multi-pulse mode locking) FE & « It
S AT DLFEER — [ B FE R B R R A Ik (i P

it - & BRI S e Y BB S UE © Sur fets s AHL - & BN BLRERERIAR DL P e —
JEELEE BUE T i — TR e ) PIRRE - RItbEE T E" -
1.2 1.2
L=608mm T =124ps L=608mm T =124ps
1.0 " - 1.0F
3 08 < 08t
s 8
= 0.6 = 0.6
< il 6.
> 04 o 04f o
HEMERL 6.08
o2 02 J U ERAE 5N
00520 10 0 10 20 30 00 =20 0 0 10 20 s <—&AAARIRET
(a) Delay time 7 (ps) (b) Delay time 7 (ps) wWaLE o
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AR E e F g (] S 2 A = R P I floligy HH PR
HRAR T LSS - SRR R oy R B B R I (T iy HH R
P o R B R B B R R DA IR
i HHFF LR - (RO R o] DL
W EEE R RS R R S L
BUOhs - T DUE A8 E B SRR (single-
pulse harmonically mode-locked) i - [E 7(a) 2
(c) FInBfE#HIIE R 4.6 W B 2R S HIE
5.47 2K~ 6.54 ZKDPUK 6.91 2RI YR E # H
1B - TR EY YL B2 1 5 Py 5 FE B9 B H L RS &
CGEREEMEHEESE) 725k 27.7 GHz » 23.1
GHz ~ 21.9 GHz - M{EE R E T RMEE R
HIFSE AR E E =R HR 0.8 KIKHRLZ ~ 1.6 K
JRAAZE ~ 2.4 RIRBRLL o RILEAT T DAHESS - E O
BRI IR 5.47 2K~ 6.54 Z2RDIRK 691 2K
I - PTG B RISHIEARE 7 R R 2R 3 FE ~ 25 7 PEEEES
11 FERYEE U SR - [@ 7(a) 2 (c) T ER s
N R ARV R 2 HE S B 1/3
2/7 > 3/11 » NEIEEF NEFIREFEE (full
width at half maximum) Zf& 7(a") 2 (¢') Fis ° 1F

DVEERHIEZISE S (sech’) IEGI AT » A5 E EE
LR 0.8 IKHFL ~ 1.6 ZIKHRL ~ 2.4 IR
JEIE o RETEE Ry 2.172 ps ~ 0.571 ps » 0.629 ps °
8(a) X (c) RFI NG S MR EIR—FE B 18
A R B AR - IR B ED GG A A — R
R B R B R B FH B AR P A — RS B A
A R B AR RAFHUEIIE - ER T B HO LA
(%P2 EERT © KilEl 8(a) £ (c) HIZHEHHRA]
SEAFRER TR easdhiy - B2 i avit
FRE B A 5 22 6 {18 - T L Afl A P el B L o 3 e
ZEEERMEYE -

= mREEEHHEERIKEERCTE

1. EIMEE RIREHIREEERZEE
HAW B S E ST (passive mode-locked
laser) ME * FIHEIME G Z 75 [H#E S —(E 3
i e DL 21 55 15 B AR SR Y R 1 2 A8 A
BEE2HEMHEMSEN T - IR E 2 RS
5 (additive-pulse mode locking) FY /5 =y Hrfh—

1.2 1.2 1.2
L=547mm T.=12.36ps L =6.54 mm T,=6.24ps L=6.91 mm T,=4.17ps
1.0k r 10
S os8f 0.8
.
= 06F 0.6
)
o 04f 0.4
0.2 0.2 f
00 L L 1 1 1 L 1 L L 0-0 1 1 1 1 Il 1 1 1 0-0 1 iI L 1 1 12
-25-20-15-10-5 0 5 10 15 20 25 -25-20-15-10-5 0 5 10 15 20 25 -25-20-15-10-5 0O 5 10 15 20 25
(a) Delay time 7 (ps) (b) Delay time 7 (ps) (c) Delay time 7 (ps)
1.2 - 1.2 - 1.2 "
FWHM Fit = 3.342 ps FWHM Fit = 0.879 ps FWHM Fit = 0.968 ps
FWHM Pulse = 2.172 ps 10k FWHM Pulse = 0.571 ps 10t FWHM Pulse = 0.629 ps
0.8 08
0.6 0.6}
04+ 04}
0.2+ . 0.2}
ss 9y =

(@) Delay time 7 (ps) (b")

Delay time 7 (ps)

00 00 L 1 L L
-20 -15-10-05 00 05 10 15 20 -20-15-10-05 00 05 1.0 15 20

(c) Delay time 7 (ps)

7.11% Yb:YAG &R Sk — 15 A AR Bl R w42 - B2RER S & () 547 2K~ (b) 6.54 £ XK ~ (¢)
6.91 &K ; 11% Yb:YAG &R SNk b2 B AR B 42 |8 - RS2 MER S5 % (a') 547 &K ~ (b)) 6.54

AR (c)691 K -
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1.2 12 1.2
L=547mm T,=12.36ps L=654mm T =624ps L=691mm T =417ps
10} ! 10+t 10f
_ N
S o8t 0.8 osf | . ‘
Fl | | L
= 06 06 | osf || I
e mininl L
S 04f 04t I | / 0.4* ‘ [ !
02f 02t \]J 0.2 l | . ‘ Ld
00 L 1 " 1 i i i i 00 1 1 L 1 L L 1 1 1 00 1 1 1 1 Il 1 i
25-20-15-10-5 0 5 10 15 20 25 -25-20-15-10-5 0 5 10 15 20 25 —25-20-15-10-5 0 5 10 15 20 25
(a) Delay time 7 (ps) (b) Delay time z (ps) (c) Delay time  (ps)
1.2 1.2 1.2
1or m=0202mm | 0T o
— A =0.59 mm
5 08} B 0.8} 0.8}
s
Zz 06f 0.6 06r AL =0.876 mm
(%]
8 04} 0.4t 0.4}
e
02} 02t 0.2}
0.0 5 / 0.0 . 0.0 -
1046 1048 1050 1052 1046 1048 1050 1052 1046 1048 1050 1052
(@) Wavelength (nm) (b" Wavelength (nm) (c) Wavelength (nm)

8. 11% Yb:YAG # % SHENR 912 — B 48 B & B 4% - SRR 201 (a) 547 B4~ () 654 E% - (0)
6.91 &K 5 11% Yb:YAG 3 s BaMk 2 2 [8 - RS RN B4 (@) 547 B (b) 6.54 Tk~ (¢)

691 £ XK -

TR (HEPESNIIERRMERE S IR (nonlinear
external coupled cavity) 1755 Fl R A0y I TR fze
(main cavity) 5 RAFRIMHRIICED » 582K R ESNY
FERR MR & LR ME & A DUEE 4= R S TR A7
EAHAZEERS (nonlinear phase shift) @ {HiE 5 HE
AR EANEERI/NNA 1 GHZ"' » Rfk b
iz mRES - FEE G EE A RO SR T BEAE
HOFRRR IR R S AR R S H H T ARG (self-phase
modulation) 2 3% FIHAE I 1 5 S5 A AR 7 HH 0
Fbt% - SEAREOCHE 5 ) o a2 e L R 1
RETE BT HAT AR E By B AT 1T

TR —EiRE ST » BRI H
FEEAERSHEIRET EER R By ¢/2] > T ¢ Btk - &
i RN A SR HRIERY - FRUE S AR I fe
E S WA (SR - PR H1R [, (main cavity)
I, (external cavity) » fj [, + 1, =1° & [, 811, i—FF
B LUAEES » B 1 /1, = NIM Ry— B8 (N B M
R IERES - HIFHERAE) » HRFE 2R
[P B o SRR A o 1 1D b e AR 2R B R BT A R A

AT » IS B B IR fo A P T R D 252 O O 1 A 5
NI[(M +N)R] 8¢ M/[(M + N)R] » BLIFIFE N (EARTE
AR T IRIEEE M (EIRE AR & TR
o RIS EAE M+ N {ERE - S A
EARERIEDLT » A IRE EE R (M
+ N)R » BRI AT DAF R e i & AR i 5 a3
FRTT- SIS MR Y i L EE AR - G HL AT DUF R e ]
MRz 5= ) EOAE R A3y HO I o B AR =R A RN » AR FRAM
IR T - RIS Sy R P A HUAR T
HARUIN - T & AR AR NE RO Al & i HH 85 B
o i (AT R BRI -+ IR e P A e B AR A 55
BN IR 82 SR - (AL - fE5E R
BT FHREAE S AR & TR Ry — (R A
TEFJR (pulse seeder) MFF5— g A SR - 12
AR IMNNAEEH DAE 2 (synchronize) = H: R [z
By S S HEHR R A AR T Y R 1 TS T REIE1G 1=
JE 1Y H SRR NIk B 2 B AHERIAN S  20[EE AR
TESA# (injection-locked system) H » FHLAREHHY
18 75 S 1 AT B T R M R SR AR RN AR (B 5
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ZIEI - GRS S MR & SR T A
TR A S5 T B Y 7 A7 00 B [ S AR BRI 6% - ST
EHEE IR E A EL

2. REEEMHIRIRE EERAIER

TR Hf » FAMEREH 1% BY Yb:YAG
raiE AR 1.03 ZKEE - MUBER DS
£ 0.8 TR HAVERE R » 41 0.8 IKHHZE »
1.6 ZIHRLE AR 2.4 RIKHH 28 EARRIFYEER -
PAIHEH R A R AL R R RS (R 1.87 ZK)
HHERIZEHER - fE LI EERT - AT ER
r il 2 B R B R e B R 2 EEAE 53 I
173~ 2/7 ~ 3/11 » FefMFEHIE L2737 BE53 B
JiEE ) HLFE R SRR P B (B HH BB R SR A A 2R
MR 2 FAREEER) » 153 P S HE A R o B i
BEER G HlnHEEREH R EEEER
ZEE) o R T E—D R EIERN o FRMSCES
BERIE Ry 0.55 2K CLRERR 1.00 =X) » &
AT R BB R 1.5 ZOkfzk - |MEG
TERFEPEEIERT - BRI EH i AR E E =R
%‘ o

TEE A E B HERE S 24% HY Yb:YAG
mafs o SRR 055 2ok 0 HIK 4.0 =K 0 HER
BRI B HIAEE] - RURSTE Yb:YAG g
au S BV IE LU AL RSB TR R - BUERE
Fi 24% ) Yb:YAG SLH8HF - 1 o0 A H8 R 20K
JEFTE R HIE TR FAMPRAE R T 2R A oK
B R 3.08 W = [ 9 i RyfsiFH 24% HY Yb:YAG iy
BRI - DR R A N L E - TEIR IR
ThE Ry 3.08 W T » HigHTh=R 0y 1.75 W - FrffE
AR Ry 56.8% ~ RIE Ry 75.2%  fHEA
11% HYaLRE - FoM38 30 M Gm 2 R BRI B R 3T
B0 24% 2B RE - MBI LEZER /N
A 8 oK - Hig TR A FE i R A (L -
{HECERIER AR 0 ZKET - FIRBGE BB
B B TR R e R n B i B T R -

LC R PP 55 P — s DA e — P& B FEIRA 53 A 2k B E T
I Ao B B RS P RO R - BB ER AR
4 ZoREF] 8 ZORAWE IRF - B o7 DAZEER i HH AR
EEERZL R 1.5 TOIRBRZRIEE - 121 - FM1FH

56 BHEFTASE =TI05EMAS 102.2

2.0

—e— 24 at.% Yb:YAG

1.0 |

0.5 F

Averaged output power (W)

0.0 0.I5 1I.O 1I.5 2l.0 2l.5 3?0 375 4.0
Absorbed pump power (W)
Bl 9.24 % Yb:YAG 38K S BEAK 187 5 At 4 o o e 4
B ) F g -

E

REBE TEEENEEERER T » 20 IR
FEIME & SR ERY 7 SR IR E B R - 0T
HEBEERGHEEEREREEZEH - H 10(a)
E (c) s B EB IR 1.75 W B > JLEREES
AEs 7.10 22K ~ 6.50 ZKDUK 4.35 22K T HINRTE
THETY o FERTRA YRR R T P R B HEE
& [ (EIRPER A E ER) 5355 21.1 GHz »
23.1 GHz * 34.5 GHz - M{EiE SOLEE R TR E
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Plane-Parallel Resonator

Favored region for 150 GHz

Favored region for 600 GHz

Overlap
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