Chinese Physical Society
Mﬂ#ﬁ Acta Physica Sinica :

€D Institute of Physics, CAS

ETEHABRBNOREIBOHETn: LUAGEIISF
INGL TRE AR KT BRER 4%

Watt—level passively Q—switched mode-locked Tm: LuAG laser with graphene oxide saturable absorber

SunRui  Chen Chen Ling Wei-Jun  Zhang Ya-Ni  Kang Cui-Ping  Xu Qiang

5|5 K. Citation: Acta Physica Sinica, 68, 104207 (2019)  DOI: 10.7498/aps.68.20182224
TELERE View online: https://doi.org/10.7498/aps.68.20182224
AN View table of contents: http://wulixb.iphy.ac.cn

BT BB A HAB S EE

Articles you may be interested in

H T WS2A AR QB Tm, Ho: LLFHEOGLA
Passively Q—switched mode—locked Tm, Ho:LLF laser with a WS2 saturable absorber
PB4, 2017, 66(11): 114207 hitps://doi.org/10.7498/aps.66.114207

HE T HRBERR KA T QBRI B (1 Tm, Ho: LiLuF4OGAR
Passively Q—switched mode—locked low threshold Tm, Ho: LLF laser with an single walled carbon nanotubes saturable absorber

WIFRAAR. 2018, 67(1): 014201  hitps://doi.org/10.7498/aps.67.20171748

BT SRR AT ORI N BB SO LT O A
Nanosecond mode—locked Tm—doped fiber laser based on graphene saturable absorber

WIEEAEAR. 2017, 66(11): 114209 hitps://doi.org/10.7498/aps.66.114209

AT SRR B B I (BB OO AR A Dk i SR i
Dark pulses and harmonic mode locking in graphene—based passively mode—locked Yh3+-doped fiber laser with all-normal

dispersion cavity

YIBR2EA. 2015, 64(19): 194205  https://doi.org/10.7498/aps.64.194205

Nd:LuYAGIR f1123 nm B shJH QI 4%
A diode pumped passively Q—switched Nd:LuYAG laser emitting at 1123 nm
Prezd. 2015, 64(17): 174203 https://doi.org/10.7498/aps.64.174203


http://wlxb.xml-journal.net
https://doi.org/10.7498/aps.68.20182224
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.66.114207
https://doi.org/10.7498/aps.67.20171748
https://doi.org/10.7498/aps.66.114209
https://doi.org/10.7498/aps.64.194205
https://doi.org/10.7498/aps.64.174203

Y] 32 % 3R Acta Phys. Sin. Vol. 68, No. 10 (2019)

104207

ETEUHLAEHERA Q HitE
Tm: LuAG #Ezg"

BV KRV A% E

KRS REHRY  FiEY

1) (FXSCHE B B S AR B, X8 721016)
2) (RAIMEEBEHOCH AR TR, KK 741001)
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(2018 4£ 12 1 19 Bk, 2019 4E 3 A 15 HURE B k)

76 Tm: LuAG 2 [8 2506 A8 oSBT LU AL A 8804 mT 1 R s 44 S i s 3h o 14 i BU vt i @ e
iz . 7R SR DU PRI B AR A OGRS E R IR, W48 Tm: LuAG [ A EO6RS 6 BUE &ALk 325
mW, 42 DR A F 3420 mW i, E AR E B IE Q BB FTIRAS. Sz Th Rk F] 8.1 W I, X R Y
e R T E R 1740 mW, UL 2023 nm, TEWF K 104.2 MHz, 5 K Sk RER Y 16.7 nJ, W H IR

JEREIT 100%.

XK#IF: Tm: LuAG BOGLAY, mUPR, # Q Bk, Fibf &G

PACS: 42.55.Rz,42.60.Fc,42.60.Gd,42.70.-a
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HRFEOE, ALl R T2 Tm’t, 8 Ho* i Tm?*
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B AR EO AR IR — R RA L+ EILAZ R,
A Dy AR B L. H AT Y HRE AL 2015 4F
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saturable absorber mirror, SESAM) £ Tm: LuAG
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TTARBAERA AR 2N BRI, ST AT
TSR BRACER SESAM JEAEH A .
VTIATE 2 pom U B PR E A0 G B AE DG
B, GESE T IR 98 K 4E (carbon nanotubes,
CNTs), i ¥ 4 J& — X L ¥ (transition metal
dichalcogenides, TMDs) . f1 22 /% (graphene) 554
AR BB BRI R n] LR IR 214N Ol A
ST, X ekt RE LU R 254 S PERE, 1z
BT AT Z RO, Hir, BUBEIRUKE TR
2 pm P DR —BEAE 500 mW LU 67
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A3 B RSO | SE SR AR A I ] D) R
U AL VAL, DN 2009 4RI 4G T AR
AT NSRRI 5. B AR R AE L pm i
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Bt 2014 4, Xu % 1 78 Nd: YVO, BOt#s sz
T 1.6 W B K. WiAT A 8804 7E 2 pm P EE
FIFRIE , TR KEBAE T 100 mW I 12-130) [ Fy
A LA R RGE .

1% 4 IR AL BAT L SRR 2R 45, TR
ANOTE R, BHA KRR a2l
BRI R R B (R IR R EIR, Z0°h 100
Wem LK 57 A A, AR T A = T 3 A
B . S B 5 3 i 2 5 D N i 1
I, AT AR R 2 R A s 4 R Ak
(TMDCs) B H7 B 58 B, il 18 25 P mT 4 0 i i 14
H 345 TMDCs S5 UL 5 77 15 2 o ML R 2
() 7 R i 25, (FLJ2 SRE AR AR A o 194 T R 3 AR
AN, HOR Gy SEBLR AL 7= ek A4S B i I
(R 53 A BEUBE RS A K A5 A OUBERR AN KA, X PRk e
(AP REZAL. ISP LA il 28 T A X 7 5 L 1
ASAH X | 75 i Fal AR s e S A o5 Hop BB
TR KA 1 AL T RBUR K, TR L8 3500
Wem MK ARIE A R T S DRSO, i
LT DI I 4 o BRE AN K A A I T A AR,
il £ v A AR AN, BRI R 2T A
BEAEE S AWOBCE, Hh TS AR RS, &
T AT R I VEMERE . A B TERE
A1 BRI AL, FLA A s 03 B L R A 1 ) R
JE DA B8 9 A R A T A A, I ELERE R
MEAR B, il &5 ik o, H T e e Rt i A
T B B B A AR R B 1 AR A AR AR, AT AR B AR
AR TR AR, TR A BRI 0 R G5
BN R A AT R, (HH R R 5E K
P, HANZ R, XL a1k B i oe A 26 AR = i i
R DR AT A TR AN KA I U 4 Ak ) T R
FHIVER 2 pm SR

FAb A1 25 (graphene oxide, GO) Ji i i #4
FIB G R A A A SRS Y, i T S
ORI b oA K & U R AT, AR KA 7 L B
AR P 300 h BE SRR A AE . AR T A 850, 4
b A BB 0 B8 R AT s T K AR 4. SR Ak A AR I
T 1 pm BOE #8119 338 A X8 2. 2011 4
Zhang % 031 7 Nd: YVO, fiAk b i 84k £ B IE
AP AR O SE BT KB 11.3 ns, i s TR
1.2 W 885 5. 2012 4F, Wang %5 16 7E Nd:
GAV O, fb A i i Al B m] AR A ik S
THEaE 1.1 W DR, kP SERE 4.5 ps. 1 2 pm

W B B AR AR /D) A Liv 2 07 R FH &4k
A BBIETE Tm: YAIO; fRHSEBL T 268 mW 4
Pz gE,

A& LugAl;O5(LuAG) J&—Fuil i $e ik A
KMt R A LA B T LuAG 5 YAG
[Fk, P LuAG F1 YAG 2510, LA 8 & i
EBY ) 5K ER LuAG B4 A B AR A 7 RE
S FE DL B R W R e B AT T AR
Tm3 & F ) Tm: LuAG, EA 5 B RHRCR AT
i, HRE T8 B oE, AT MBSO I Y
BT, Wk FEEEAT 682, 788, 1173, 1629 nmM.
2009 4F, Wu 45 P ZER A P T Tm: LuAG
ML iz ss. 2012 4, Chen 55 2U 7 Tm: LuAG
p AR F G OETT RSB T 50 Hz i Q i %%,
ki SE R 293 ns. H T, 1% o A S B 8 B
FRE AT D, A2 2015 4F Feng %56 {fi/] SESAM
SEELT Tm: LuAG @fRNK 98 38 ps 1934 224
Wiz k.

ARSCHE AL G X R, R SC 86 = 5 Y
AT PR ER W A TOCAME A R, F Tm: LuAG
i AR 3 AR A A AR S T RS Y B ki Bh A
QBB I | ot b 14K 2023 nm, SR
3% Hi th BT, S KA 1 D% 1740 mW, ik
FE IR 104.2 MHz, X Sk b AERN 16.7 nJ,
WHITREEHEE 100%.

2 A A B A RO B

ARSI 38 2ok AR AR R A T AR A A 5
I AT AL FIIR SR . 55— 20, 78 KB oKk i He il
AT &L SR, A 10 h 5
AR SNR G 0B S IRE IR, Z SR8 0N
ABLOHLE QAR SRAFIR A L 0.3 mg/mL
AR SRR 2 B 0 R IE RS A
B TIRE AN 3:1 M RUE K SRR~
REWTHE, ERREMIEIEE N, BRI E
IKAE s 5 =20, il 52 0.3 mg/mL %k
A1 SRR AN R/INVE I SRR IRk E
W Z BT AL FRAF (%) 25 K A e 188 B W
B, HERAAO SIS R ZE K, BUREE A
Y. T AR AT S0 TR RTS8 5 k.

Bl 1 R Al S50 AT A ARSI R 265 A
R R RS . 0 By (P 1H 1) S Ay (P
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Fig. 1. (a) Raman spectrum of GO-SAs; (b) SEM of GO-
SAs; (¢) photograph of GO-SAs.

A8 R BRI ) R TR, B A A
SRR AR AL, R RSN A BRI
Eo ! B 2300 )7 A TE RS A ZL RS A . el DR ARt
261 (E 1(a)) AT WS SIA T 1351.01 cm !
1591.67 cm ! AL PRANFRAEIGARL, 1773 PR AR iE 06
SR Egt A A, X PN FHRBIAEL, H ik
AT DS BB A S A A B0 T AR R i i 2 28
SR /D S 2y 12224,

3 Lhikw®

Tm: LuAG 9 gh i O 52 g 3 & a5l 2 fir
TN, RO X AR S g I ]
PRI EEE T A WOLAY, R Z BRI, i
JEE P SUIT SRR TR S A RS B 794.2 nm,
RGO St AR B — AW Se e, A 1 ) 38
N 8.1 W. BB Tm: LuAG, X H#4-ik
T 422 A 165 00 R AR R AT DD IO, SR N EE BT
(Tm3*) BIEIEH 5%, RoFH 3 mm x 3 mm X
5 mm. N TR A0 A, s i R &
T R RGE BE AN, 1 PORREOG A A A
AT, SR AL Ty oy 54
A AN, TR g A bR FE IR K S RGexT
SRS AN I HA ATV AN, fHIRK BOE 4EHFTE 12 °C

Graphene oxide

M10 “Mll
M7
/ O ' M9
Tm:LuAG

M12

L2 M8
M5
S [Joes
M6
MQ% - & O Pump laser
Ti: sapphire @ 532 nm
M1 L1

S

Kl 2 Tm: LuAG 88 B HOL S 83 B K
Fig. 2. The experimental setup of Tm: LuAG passively Q-

switched mode locked laser.

fity. BEFER (L2) £ f = 150 mm, Xzt
WK BB, Bt BRT 95%. #Esh Bk S5k
B M8, M9 43 ki %242 100 mm Fl 75 mm
B S T A Z - N8, X 7701050 nm 3 B Al
BEWOEE LR KT 95%, % 18002075 nm I B
HIHR 7 6 RS KT 99.9%. M10 V15 555
1A 242 75 mm, XF 18002075 nm K
5T KT 99.9%, M11 2% 18002075 nm %
B R KT 99.9% W91 S S 4. M12 Sk fi
A B, MR L 1800—2050 nm B K 16K
Griit, ASLE AR T iE RN 1.5%, 3% 1 5%
R ) BR.

FIH ABCD M FEHEOLIE W% CEE, 7T
DI SR P i NI AR 54.1 pm, BEHIAE
BE f= 150 mm B R £33 5 DL AT 5 4 iy s = DT
Bic, FARRERE bt e T 7 S PR A T AR5
Hi. T R A B T RS AR 483 45 R
29 7417 pJ Jem?, SRR B R AT 1 R
PRI, M10 26 FH 224224 100 mm #Y-F M
SHE%, A A A BRI VT R RN WS AR T M0 £ SR
i, HRMDUACER AT AL, 204.1 pm, J5 3
RS, Sl A SR v AR AR SO AA 1 Xy Dy 58 4% i 24
4209 pJ/cm?.

4 LR A

KHI LA Tm: LuAG s BIHOE IR,
ARAFLIEAEANE 3(a) 7R, WO R ARRT DL
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Fig. 3. (a) The change of crystal absorbed power; (b) Rela~

tion between average output power and absorbed pump

power under continuous-wave and mode-locked operation.

AR ISR AE O O RNAE RS T A R IA
225 Mk N TCHOGIE R, SO M AT =
M IS AACRAR 65.0%, Y L IESL s s, ot
PRI SCR IR R T 85% Fedy. ZJa eI i
NEAL A BRI, YR 1.5% A1 3% (% s, ok
AR ISRCRAR A K, 298 84.5%.

i 3(b) s, s N SEIE SO B R,
H 1.5%, 3% F1 5% i th A BEns, HOGEE 2 5
h 276, 326 F1 617 mW, RERLR 45 A 22.3%,
32.6% 1 40.6%, Hi =5 D153 514 1440, 2030
H1 2610 mW. 24 i I A b A7 S M B, 1 e ik
F 1.5% A% BT, LR G BIE A 325 mW, 3%
e K R 787 mW, RIBLE N 12.5%;
YRR 3% Y AR ARt HOGE{E R 351 mW,
WO A% B Kt T R 1740 mW, BERCE N
30.3%; RH 5% By s, s NsiFe K,
DL IARE WE Q BIRLIE . PR S B EkHE T A
T Q PIBLZEFEIIAE 3% it BE 45 1F T 6 BI(EAX
5 1.5% % A AH 2% 26 mW, {H & 3 R

2.2 5, FTATRNTAEW Q BUbLEfEmt 354l iE 1t
RN 3% Wk A L. K 3 Tt Ry 4Ot
WA IR BN, AR I i o — 25 Ak AR = DT
B, 45 T3 L0 2R DA S s s 9 G, R A B S B
T LA

A S 56 38 3+ O 1% 43 AT AL (AvaSpecNIR256-
2.5TEC) Ml KA Wk ook, ik 4 Fio, i
UK R S D IR A T 2023 nm, k(S
TR TE AN 12 nm. K 5 Al e TR
2% (ET-5000) MA5AG T Q Bk vh 41, 414
B8] 4351 4 1 ms, 100 ps, 2 ps A1 10 ns. 4574
QELEMI LN 5 ps, EEMAN 83.33 kHz, 4
Q B NIk h A4 104.2 MHz, 7§68
Wk EE R ER ARX f=C/(2L), i CH
Jei, LR K, i Ham i ik b 51 B T A
B PR IR R 100%.

1.0

o
o0

0.6

Intenisty/arb. units

1 1 1 1 1
1990 2000 2010 2020 2030 2040 2050
Wavelength/nm

I L QU EREAhE T
Fig. 4. The output spectrum of the mode locking signal
pulse.

1 ms/div

¥
100 ps/div . Freq,= 83.33 kHz

o ps/div

¥
10 ns/div Freq = 104.2 MHz

B 5  HHEFE Y 1 ms, 100 ps, 2 ps A1 10 ns 814k ol
gl

Fig. 5. Mode-locked pulse trains recorded in 1 ms, 100 ps,

2 ps and 10 ns per division (div) timescales.
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P T SE R B Jik b v B HE S 56 A R FH G AR G
X (APE, pulse check 150) AJ & (1) ik v 5 &
PR 150 ps ZL56, T LAV A DN 5 3] o 6 04 fik ol 1 AR
KAF 5. ATARE N e A B ki 5 5, At LT
O A S PR ) BRIk 5

tm = (/12 + 12+ 15, (1)

K, b, AR B IR b BT, ¢ S SE bR ik
i B TSR], ¢, S AR RN RS Y B T A,
by H7NAS ) b TR E] B2, s e i b T
(] ] AR I 2 =04 2

to x Wy = 0.35 — 0.4, (2)
Hov, Wy 7R as B 58, A28 b BT R I
#¢ (RIGOL, DS4024) H7# %k 200 MHz, [H itk A]
fhEASH] ¢, = 1750 ps, X T EISZIM AT ik o 1
T ] 294 1900 ps, 1 2 pm 6 HL A A FR 0
# (ET-5000) i L THITE B4 35 ps, PG o] 45
1522 PR A B IR v b AT 2928 739.1 ps, T
Jik o 5 BE 24 % F B TR RN 1.25 %, PR SE bR
PRk e 2k 923.8 ps. 38 H G L T HEOGE M
HEEAECIEIR (group delay dispersion, GDD) 3 %2
SEF:E T W e o 5 B E e g Dl O E R R VA i
(self-phase modulation, SPM) /4 IE AL, HAH
ALY P A Y C S N DA IEAR DG, B — %
AT A 1000 fs2 DAL, O TS (URUR 9E, AT LA
P AR GDD SR, 5 SE s N T AL
i CaFy #% % X . WA Bk 45 LA J gires-tournois-
interferometer (GTT) 55, A RS H A IO IKTE.

5 % #®

SRS AAT 380 T A AT AR, B IRTE T
LuAG 2 [ESHOEH h Sl T B shil Q i
Bk IEIRIETE 5% i BE R SIS T K
DI FGAR] T 2610 mW. 7EIZIETRIE N INA R
oA SR IE T LRI ISR J5 , 76 3% SRR G B Ak
T, HOCEIEFAR N 351 mW, YR IchhE oh ik
F 3420 mW i}, #FAFRE M Q BILIZITIRAS.
MAhiE TGk F] 8.1 W I, LK A 2023 nm,
XoF IO 1) i K TSROl 1740 mW, HE B R
104.2 MHz, s KHJKPEER R 16.7 nJ, BIBLRA
TG 4 h DPRRRERE 2.2%. LR RE, &
A BRIV LIEA 2 pm 33 BE FU R RO C 28 45 o0

A Q By T AL AW A ) i S e A g I P 2
B, PE— DR A AT SR8 ] AR AN AR ) 45
B, 42 Il PN BRI RE S B SR B

S 30k
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Abstract

A watt-level passive Q-switched mode-locked operation in Tm: LuAG all-solid-state laser is realized for the
first time by using graphene oxide (GO) saturable absorber as a mode-locked starting element. The laser is
pumped by a wavelength tunable Ti: sapphire laser operating at 794.2 nm. In this experiment, the maximum
continuous-wave (CW) output power of 1440 mW, 2030 mW and 2610 mW are obtained by 1.5%, 3% and 5%
output coupled (OC) mirrors respectively, in which the corresponding slope efficiencies are 22.3%, 32.6% and
40.6%, respectively. When the GO is inserted into the cavity, the laser bump threshold is further increased due
to more intracavity loss. With a 1.5% OC mirror, the absorbed pump threshold is as low as 325 mW, the
maximum output power is 787 mW, and the corresponding slope efficiency is 12.5%. With a 3% OC mirror, the
absorbed bump threshold is 351 mW, the maximum output power is 1740 mW, and corresponding slope
efficiency is 30.3%. With a 5% OC mirror, the QML operation is not realized due to the increase of intracavity
loss. Although the laser pump threshold power of 3% OC mirror differs from that of 1.5% OC mirror by 26
mW, the output power is more than twice higher than that of 1.5% OC mirror. For these reasons, we use a 3%
OC mirror in our experiment. In this case, a stable QML operation with a threshold of 3420 mW is obtained.
When the pump power reaches 8.1 W, the corresponding maximum output power is 1740 mW, the central
wavelength is 2023 nm, the repetition frequency is 104.2 MHz, the maximum single pulse energy is 16.7 nJ, and
the modulation depth is close to 100%. According to the symmetrical shape of the mode locked pulse and
considering the definition of rise time, we can assume that the duration of the pulse is approximately 1.25 times
the pulse rise time. So the width of the mode locked pulse is estimated at about 923.8 ps. The results show that
the GO is a promising high power saturable absorber in 2 pm wavelength for the QML solid-state laser. In the
next stage, we will increase the pump power, optimize the quality of the GO material, and compensate for the

dispersion in the cavity. It is expected to achieve a CW mode-locked operation and femtosecond pulse output.

Keywords: high power, Tm: LuAG laser, @-switched mode-locking, graphene oxide
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