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VA B T 6 1) 9 B B SDL. 23R &y 12 °C B, I 7S B3 38 1R 5 7= A= 19 Bk 3 B S 0O ik o & 0 0 R AR &
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T F R O AR (optically-pumped
semiconductor disk laser, OP-SDL) &54& T & 4: [#
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SDL H s s i Jr AL 4% = A | B s
15 HBEAE, Hod DL SR AT s 1 (semi-

conductor saturable absorption mirror, SESAM)
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A Ay T A AR R A A e S IR 1 e 2l A LA L 25 4 R
15 AR PERERRE ML s Iz . e
B py A SDL Ay — 2L ZEAR L3 1, 2000 4F,
Hoogland 45 P! F| B (quantum well, QW) SE
SAM 7E UK 974 nm FHE 258 1 Y S5 3R
T E G shEI SDL, 3815 T 5 ps MYk, ILE,
i SDL 28 — 24 ke, Tk vh 58 B J7 TH
S T L EEYERE. 2002 4F, Gamache 5510 25 1
UL T KPR AYBITE SDL, B IEREA 477 fs.
L4 0 1k, FERIAIE T, Klopp [ SESAM
B ) ik i v B [ AR 2 107 fs, Quarterman 45 8
Lz A R B SESAM K T 22 i 8 7
WSRO S T Wk SEAA 60 fs f ik .
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F 1 CHGEYH SDL MEZENR—KE
Table 1. List of important results of mode-locked SDL have been reported.
GO PRI /W WEE )2 kW I3 /fs F WA /GHz Wl /nm EZ BTN
2000 0.0153 — 5000 2.5 974 [5]
2002 0.1 0.152 477 1.21 1040 [6]
2006 0.1 — 3300 50 960 [13]
2009 0.035 — 60 — 1037 8]
2011 0.003 — 107 5.136 1030 7
2012 5.1 — 682 171 1030 9]
2012 L5 6.8 930 0.21 985 (12]
2012 0.9 — 830 193 1050 [14]
2013 0.36 — — 0.0857 989 [15]
2013 3.3 4.35 400 1.67 1013 [10]
2017 1.14 6.3 410 0.39 1030 [11]

TESE- TR 51, LA Scheller &5 P £ 2012 4F
SEPL T R YR 5.1 WL AR D 5 1,
Wilcox %10 £ 2013 4ES230 T WETIE N 4.35 kW
() SESAM i ik #£ 2017 4F, Baker 4% ' 7
SESAM i b SEBL 1 PRI RIS, i
PREFTE 6.3 kW, MZEAH SESAM i) {8 I,
Kornaszewski ¢ 121 ¥ 2012 5B 2005 6 AH T %3k
2 T AIZE5E Y 6.8 kKW.

1F B 2 JF )71, Lorenser 45 31 7£ 2006 SZ31
T E)H AT A kA SESAM SR i B AR Gk
#| 50 GHz; 7F 2012 4F, Saarinen %5 4 7 SESAM
RGBT FSCL T ik 193 GHz B E B4R,
Butkus % 19 7E 2013 4F R SC3E TR T 100 MHz
() SDL #i#5E ik v, 11 S48 &+ 55 SESAM Al
i T B SDL 7£ 989 nm AbSZ 8 T A5 85.7 MHz
AP B S A R ARk

SDL f14) 8 455 Jik 1 B 42 471 % 78 26 115 R AH 24 K,
ML+ MHz 3] ' GHz #36 4040, {H—AE GHz
AR T T AR 0L, 33 b BRI VR 122 T AR 3 25 44
BEHET Y | ns BN EIRFFF 4 171 BRI R RR:
76 I e T A AR N FH AR k] {E A R B
il T FERARE AR T Al SCBL S 8. X5 HA M
0T 2 2 FD i O T ARG T i ) A OGS #5448
T Rt B X HE 1200, 1F J2 R R K B 2R T BE
iy, BRI [ RO il LAZEJ L+ MHz SL 2
IRAYEE AN TAE, SCIAR A Ik i i 1 1 e 1)
HIIR.

AR, AW 22 T2 AL AR LM 1B
% A4 ATl X I B 08 T b 1) R M T SRS T 4

I, Bk T AT E Z AR EOC I 4. 3
RARE R R | mIEEIIR R, DB m
BBt Ti:Saphire OGS (EEMRMEIL T2 L
MHzP!22), 21K 5 A0 R O 2R 0T 58 Sl i —
ANEE 7). 5 Ti:Saphire OG# A, SDL BA
AR RV | T R KR Y 2 A L TP AR
M LI EARA A, Butkus £ 19 78 2013 £
UL T KT 100 MHz (1) SDL 4 455 fhk v 5 42 45
ok 85.7 MHz, 2T A SESAM 8t SDL [
AR, XTI E, HEm F A mi i,
255 SEECT MHz B R I 2 00 % T 2 R
B TR HM R (ns B9, FERENKT
100 MHz R8I L A2 PRINE.

AT AR B fdt A3 250 A TR X Y
BRI A, — o R B AR & 1 BT A, A
BRI /IMELRNE Y SESAM, 3745 11K
FEAAR | I EDPR B S8 SDL. 7R N
12 °C B, FHZSBEil R i =28 i Bl sh Bl ROE ik
M EHRIKZE 78 MHz, NY24 K IE1E SESAM
Bt SDL rh ir 45 () fe R AR A8, A SDL 1
SR TIERN 2.1 W, kb SEE R 2.08 ps, XN
4 Tk e B s A T 2% 12.8 kW, Ry &8 # B el
(6.3 kW) B3 2 fif.

2 ZBRRE

SR IR SDL B3 A4 K 980 nm,
HARRIE 2 25 1A 1 s, MR RINZE &%
BRI TZ | & AL 70 H9 AlGaAs Z) i BH$SJZ |
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PR GaAsE)ZE . HA @ #HL21 AlGaAs & 1
JZ . Ing,GaAs/GaAsP # i) Z & FBFA IR IX . 53
A A PLAS AT 8% (distributed Bragg reflection,
DBR). GaAs {#£4)2, VIS 4 @I —i
PN R B 15 4 Ing ,GaAs/GaAsP
=P PF, H GaAsP BRE AN 22, il E AR
FMEIZIVE R, 138 25 25 2 7E HLAT 30 X A /4 &
1 AL (BRI 59 22 ) FUIR AL (B i 4
R) YA AlGaAs JZ41 ) DBR _Eig4R 4
Ky vk iy b ik 4R R RS 9 4 A
980 nm A1 100 nm. KA KA A0 A 3R D) E)
W —He B2 4 mmx4 mm KPR, R4 )8
fREE A 204 NIA Y BUZ L, 2B AR ik
HAH 1. SOl T AR TR A R, SR
P24 Z0 ik ) 7 ik B S AR 22 1 S 2.

Diamond heat sink

Bl GaAs

[ Alp1GaAs
[ | Alo_ggGaAS
[ GaAsP
— Ing(gGaAs

Do e 2
ndow layer ]

B 1 MR8 AIE S A T 4
Fig. 1. Diagram of the epitaxy structure of gain chip.

SESAM i il 7 #.1> InGaAs/GaAs 7t
BF, RN 10 nm, MR 1020 nm. SESAM
f¥) J5 i A 4 380 K 980 nm =i 4 % 1 DBR,
i 28 XF A/4 JEHY GaAs/Aly,GaAs ACEA ML
T FEAE SESAM [ AE i, InGaAs 2 B
A T M A i OGP A A e 2
73 SESAM 1 4 i ¥R & g 3.5%, AF 16 F1451 #€
0.5%, {EALE Tl 80 uJ/cm?,

N T SLBURE A, MIAIEEEE R SESAM,
i A A B (output coupler, OC) F1 3 4~ L i
B 7 —MEGRNER, BEKZHN 1.92 m,
JE PR A 2 s, &R VR i B L RE P X
i I A R B DA 8 — S G 3 RS
980 nm =y S5 0 IS5 AT SESAM, Hirfr M1,
M2 F1 M3 flPR 242 (radius of curvature, ROC)

Z51P0-300 mm, 200 mm, ~150 mm, SESAM £k
i S R —, BATZ R BE 4351 610 mm,
345 mm, 543 mm, 105 mm. ;5 i 53 4h—3iw K i
A, 2428 300 mm, XF 980 nm #GH)
BN 3%, F5 R 320 mm.

w 610 mm l

y
M2
543 mm o
o0
SESAM

2 fRE & MR SESAM B SDL St i &
Fig. 2. Schematic of the low repetition frequency SESAM
mode-locked SDL.

SEEAEE RS EIANEL 3 R, BR T A AR
IR RO A S B2 L SESAM HLE i Z 8k,
ISFEHREHARES (thermoelectric cooler, TEC) i
PR I OCH IR FIR AR SE. K 808 nm
LR G RSO A E AR B RO b, A
HOGHE AR 400 pm, FIHHOC R E 5 K
B R Z AR S R AT BN, DAPRTIESR I A
SR A B AU .

M3

Kl 3 SESAM #i#t SDL S¥y I8, [ shAR it 1 i 4R I 4%
TCE ROt
Fig. 3. Photograph of the SESAM mode-locked SDL. The

resonant cavity and optical path are also plotted.

TEREANREE P, P A R A 3 e A g
HHAREOCHE, NI AN oAk BT TT. I8
B ERZ S ARG IR, PR RS R
fEIE S TEC BN, 18-S K 1 bk X
WG, BB B Y. 2B TR R S IR —
JBEAE 20 °C, MREETE 50% Zefy, THAA R A B s A
9 °C ZeAy. ARBITFAA, BRI R B g D) R A
P ELRAE By, B0 1 sl bt i R 2 /K 25 M
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XU i BN AT 3 4, R TEC (i &R %
N T EE A 2 °C LhE, KA L Y e A TR
410 C, FRATE TEC REF R EAE 12 C. AL
U, SESAM s #uth 25 S BB U2 )
RREAL, BITRATZE SESAM FIH5#E /K 4 e 2
[N AARERS (L 205 5, LAEF SESAM /Y
AR

R T RS LRI AL XA L A
PRIEAR AT ARG O BETT. IR I PIASDLBE R /N
A7 B AR AR TS 0L T 18] 4 BT . B e B 258 T
SESAM 1 542 43 5l 2924 200 pm Fl 40 pm,
WAL 20 251 1.

OC Chip M1 M2 M3 SESAM
1200
g
5
= 900F
el
&
-
)
g 600
g
>
b
z 300
O
202 pm 38 |
0 \ \ \ \
0 500 1000 1500 2000
Coordinate/mm

P4 R P OE AR AR R/ N BB A A A2 1k
Fig. 4. Evolution of the radius of cavity mode in the reson-

ator.

E TS g, AT A pulseCheck NX
50 ARSI A AHSGTZE, HE SR R 10 Hz,
HHEEJEF A 5—150 ps, 0 HER Ky 50 as, 0]l ik
N 5 fs—15 ps. #OEIERE HH Maya2000 Pro
JEIEAT 5, WKL F N 165—1100 nm, 43 H R
4 0.025 nm. BIBLHOGIK i E 9 6 GHz., I
KA B2 800—1700 nm f¥) Thorlabs DET0SC 15
PRI A 00, I il 98 8 10 GHz, SRFEFN
50 Gs/s & 502y /] MSO68B 7= 7 ic 5% . R H
Rigol DSA800 S AT i3 i Afr AN 122 A5 Jk o 1y 51
ISR, HAT SR 7.5 GHz, 28RN 100 Hz—
1 MHz. Ot as4i il D)3 H Ophir 12A-P #80 #%
A NOVA II PR iH4k45.

3 #XR5i%®

TESZ L SESAM Hi 2Z /i, JefsE T SDL %
s n B EEE, R B DR E 5 s, R,

SESAM Jf R &5 H 5 sh B i DB, 7EI IR IEE
DGR BFH RS E . BB 5 AT, M IRICE
WK 32.2 W B, 78 T = 3% WA T,
SR AT e Ry DA 5.26 W, REAE
19.2%. &l 5t ECESOL GRS, Joruoiik
£ 980.3 nm, =49 (full width half maximum,
FWHM) % 1.24 nm.

6= 1oof 9803 o Temperature: 12 C
v 5.26 W
% 0.75 FWHM:
L 1.24
5 2 s} nm
E 2
g + 0.25
> o4t 2
o o
g U i 1 1
a 960 970 980 990 1000
g 3+ Wavelength/nm SE: 19.2%
]
o 2t
1F
0 . . . . . .
0 5 10 15 20 25 30 35

Absorbed pump power/W
Bl 5 i 20 Dy A B WO D A AR b, AR S O
ik
Fig. 5. Output power of the continuous-wave laser vs. ab-

sorbed pump power, the inset is the laser spectrum.

[, FATR 3 By R i i i 3k A AR R Tl
H.oRH T = 3% Wk A& 5%, TN
1 W B35 3 A e S B B 3 Y DRk A 7 1 i
AR M1, M2, M3 A% H 2R354 8 mW,
6 mW, 8 mW. MG i S SR AE 99.98%
KA, B AREAR N, XSG I SRS TR AR /)N,
A DL 22

16 SESAM BB SDL v, Ja ik it ekt
J& SESAM WS T g5 iR RN R AN, IHIt, SESAM
b BT AR B TR £ B T A
BRE, WIAE HO I R B AE R 30 2 A X FRATR
TS PRI, 1 P9 h /B B S B A0 R R Y
SESAM Jir7ER (A B, PRIHCAR B2 e A8 Xof s A 43 A
S E K, [ 2 85008 - Fl SESAM. L [ A5
KL AR R, dEim el — 2 Sm A b 2
g A 3E DL 2R shBiee. M, HoAtb O B A IRy
2R B LSO i TR g A

SCPRAIR IS, N T RN F A B E AT Y 45
Xof i O i BB T | SRS oo
PEAT T A0 RAE. G 6 s, o T — N0
B i, R B R DK P A R B[] R 12.68 ns.
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AT EFIRA T —A 40 ps I E, FREAPRIE L
P—E, BTG, UEW T AE 40 ps AYRFEVE
FEl PN BEAS 2GS E B BTk e,

60 |
>
g 0 15 30
<
_E‘ 12.68 ns Time/ps
&
ji_g’ 30

0k L—-.

0 30 60 90

Time/ns

[ 6 78 MHz #i# SDL k)T 4]
Fig. 6. Pulse train of the 78 MHz mode-locked SDL.

[ Hsf -t FH AT SO BIASE ik B4 T4 B, 2
7 BT, S0 ik b 4 B B0 R R 78 MHe,
ST A R R AR A (REER T
IO YR ) S ARSI 3

—20}
—20 |
_40}
78 MHz —60
m  —40F —80 |
o
z hods w »
2 —100 e
=] 0 200 400 600
=
= —60 | F MH
g 61 dB requency/ z
<
—80 |
M AN )
~100 : : :
30 60 90 120

Frequency/MHz

Pl 7 78 MHz B SDL SHAs5 P
Fig. 7. Radio frequency spectrum of the 78 MHz mode-
locked SDL.

& 8(a) 2 BIBLWHOE A OGIE, KoK A
981.7 nm, Xf WL AL T —E LK, .G
AR IO S B . X R ) FWHM 4 1.61 nm,
SiESOEA A — R EE R R . BRIk ) A
ARSI E 8(b) Fran. miTil & FWHM A
2.08 ps. THAAFALIK vh A B )4 SE AR 1.0417,
F 3 BAR BT oK v el B b AR A B (0.441) A9 24
2 1%

K945 H T SESAM B4 i iY~F- 34 1)
BRI 3E 2ok 22 0y LR B T B ISR T T 3

HARLk. DB 9 FTLIASA, SIS 25.2 W
BF, S A BB LR 00 T = 2%, 3%,
5% B, BB E RS B Ak H DAl 1.34,
2.1, 1.62 W. XA M T IEE, Y A i
YRR 25.2 W BSE ik v it 35 A 65343
AR LR, I PRI A TR A X R, IR
RAEIAEH A T WO I T R gk e R AT, DU
DASE RS E OBV, 1T RE Y IR R R AR S D R 4
B ALT , b5 T SESAM - 0 i #5087 Fb 85 ™
1, JUHJE SESAM R AT ek 8] T #BHE, AR
KSR A K S SR EGA. RS it — R m
Bk oh3, AT LI% e TEC 5 SESAM B4
K SESAM (WHGARE J1, 4w HAEI R 1y o) %
{1, 3 3 e SRR D 23R S e e o D 2.

981.7
1.00 [ @ nm
w
h=1
5 0751
4
< FWHM: 1.61 nm
= 050t —| |—
B
=]
g
S|
= 0.25
0 .
950 960 970 980 990 1000 1010
Wavelength/nm
10 | (b) —— Measured
. —— Gauss fit
n
2 08¢f
=
3
o)
= 0.6 F
& ATEWHM: 2,08 ps
> —
h=t
2 04rf
g
g
0.2 F
0

-30 —-20 -—10 0 10 20 30
Time/ps

K8 (a) 78 MHz 8k SDL J&i% [&l; (b) fik w5 5 19 E A1
RN 45 2R

Fig. 8. (a) Spectrum of the 78 MHz mode-locked SDL;
(b) autocorrelation trace of the mode-locked pulses.

X AN ) 325 3k S ) A A A BRI BUE R TR
e T = 3% WS R R Rk P E IR R 12.8 kW;
TE T = 2% Ml T = 5% W B ik npide (8 1 53 51
8.17 kW 1 9.88 kW. FAT0T L & Ik Al A B2
BRI T = 3% B35 T 5 A ik (5 Dy 2%
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e T = 5% BhRZ, 75 T = 2% W /. AT Rgry IR
PURTE T = 3% MR I N AOERE -5 005 B (934 4
Z IR S e fs e, DR ACR e i TIAE
TN ZT ) 3 2 A Z 18] 1 3h 2P bl
FTWS TR T — B R AR - A,
MK il D AR, X T = 2% A% A&
Bk, tHILT T = 3% M AR &8, N ResE
LT, (EAAR AN A, 2 AT AP B BT i
X T = 5% [ R E BER UL, 1 P RE %
G, BRI, FIREFTR 1 Z AiTA -1

9.5 = T=2% Temperature: 12 °C
——T=3%
—4-T=5% 0 210 W
g 20 ./
v J 162w
£ 151 4 /A/‘ ;
g ./ A e 134 W
= /.:A/A /0/
2 1.0t 2 4
5 A
o Af /
A 0/.
0.5} A P
{:/./.,0’
M’
0 PE X £ L L
10 15 20 25 30

Absorbed pump power/W

P9 ORTR B8 1 T B SDL iy % i D) 3
Fig. 9. Output power of the mode-locked SDL under differ-

ent OC with various transmittance.

VR X R T A AR A % K TR A
ok Jok o TR, AR Sy iR 2R R T A e
AR REVE FH T Bk ol . X IRE Z A SDL,
A kb 5 2 R 2588 R RO B B AH B
A B 8] LR AR e (RS, 8 8t ek o
FBREFRIN S5 A L2 G, IR SIReR. Hit,
BRI R AT E S TR AR RS,
JF H S BR ATRE PEE AR 453 SDL rh i
INATRE A AL, Uk, B ZERA JHR o3 2 R R
EJL ps W, FEAREE MR T, WE B LA T2
T IUA™ ns B AR SR B (] SRR, A T4 25 19
A, FEOBOCEN ZA B IE .

MRYEA T AR ARAGAY 78 MHz ik vh 8 & 4K
AT LA Al B — T SDL A3 25 .05 F b i fif FH A9
In, ,GaAs fEFBFHE 1% RYE Carlin 55 2
2013 S HYHRIE , Ing ,Gay gsAs = FBEN B ZE R T
FAN 2N 110 ns, 1 Ing ,Gag g3As 11 F B AY 2K
M FHa 2N 25 ns, HEHIERM T FHahE In &
KT/, Ongstad 45 24 A5 81 1T 2 BUAY 45

W H LT, A SCI T Y 45 0 Ing ,GaAs
BRI A A 2l 25 ns. 55—,
78 MHz Jok i 55 5 A% T %of 1oz 1 s PN 3% s ] oAy
12.68 ns, ATLA, Ing,GaAs & FBF #0071 H A
KEAT 12.68—25 ns ZJi].

H T R BIR F Fr, RH—Rh R
T F7 A 2R -5 1290:

R(n) = An + Bn? + Cn?®, (1)
1 OR

K n HRITHEE; A, B, O3 ka2 m &
B A A S MR & R T O T A
M InGaAs ) A = 1x107s!, B=5x10"" cm?s!,
C = 6x10% cmbs! 25, n 58 % 5.5%10'7 cm .
RIS T 200 T 290 16.4 ns, F55 1 1
AIHEIR.

4 % b

LTI, EEEE - ES R DO S
SESAM BR824  29°8 200 pm Al 40 pm,
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Abstract

Semiconductor disk lasers (SDLs) have advantages of high output power and good beam quality. Their
flexible external cavity provides convenience for inserting additional optical element to start mode locking and
produce ultra-short pulse train with duration from picosecond to femtosecond. However, the very short lifetime
in a range from about a few nanoseconds to tens of nanoseconds of the carrier in semiconductor gain medium
limits the decrease of pulse repetition rate, thus restricting the increase of peak power of the mode-locked laser
pulse to some extent. In this work, by using the relatively shallow In,,GaAs quantum wells, which have a
relatively long carrier lifetime in the active region of gain chip, as well as the particularly designed
semiconductor saturable absorption mirror (SESAM) that has a relatively small saturation flux, a passively
mode-locked SDL with low repetition rate and high peak power is demonstrated. The used six-mirror cavity has
a spot radius of about 200 um on the chip and a 40 pum spot on the SESAM, and the total cavity length is
about 1.92 m. The SESAM passively mode-locked SDL produces a stable pulse train with a lowest repetition
rate of 78 MHz. When the temperature is 12 °C and the transmittance of the output coupler is T = 3%, an
average output power value of 2.1 W and a pulse duration of 2.08 ps are achieved. The corresponding pulse
peak power reaches 12.8 kW, which is about twice the reported highest peak power in an SESAM mode-locked
SDL. When T = 2% and T = 5%, the obtained average output power values are 1.34 W and 1.62 W
respectively, and the corresponding pulse peak power values are 8.17 kW and 9.88 kW. Based on the values
reported in the literature and the results of pulse repetition rate in our experiments, the estimated lifetime of
the carriers of the Iny,GaAs quantum wells in the active region of the gain used chip is 16.4 ns. This high peak
power mode-locked semiconductor disk laser has important potential applications in biomedical photonics,

chemistry, and nonlinear microscopy.
Keywords: semiconductor disk laser, semiconductor saturable absorption mirror, mode-locked, peak power
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