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Abstract Femtosecond laser with repetition rate of 1 kHz, central wavelength of 800 nm and pulse width of 120 fs
is used to write waveguides in Yb*" : phosphate glass, then near-field modes of waveguide written by different laser
parameters are measured. The refractive index changes in the written region and mode field diameter as functions of
writing parameters (scanning speed and writing pulse energy) are obtained, which show the writing window of
waveguide formation in Yb*" : phosphate glass. The fluorescence spectra of the waveguide and the bulk material are
tested and compared. Experimental results show that there is no difference in the fluorescence spectra of the
waveguide and the bulk material with 20X objective lens, scanning speed of 20 um/s and pulse energy of 1.8 pJ, the
mode field diameter is 20 pm injected at 976 nm, the refractive index change is 2.7 X 10", and the fluorescence
properities keep the same after femtoscecond laser effect. Stable and continuous wave (CW) Yb*" : doped waveguide
laser is achieved in a Fabry-Perot cavity configuration by using dichronic mirror and 2% output coupler. An output
with power of 2.9 mW at a central wavelength of 1031 nm is obtained.
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Fig. 2 (a) Side view PCM images, (b) end view images and (c¢) near field mode images of waveguides with

different writing speed parameters and 1. 8 pJ pulse energy

0432003-3



2 i

T RE R AT I S 0 B S R kA L R A R
FE 03 (0 7 1 38 5k I 3 B A o HE U AT O R
A, B3 A 2(c2) R 1 R X i 4y
fii el (B op B R 1.8 ], ZIS S BE R 10 pm/s) 15
A I 5 X ST S % AR i A 1, N R E] DL
HH T O DT B 23R O e R L 0 B U D L
PRI 3R AR O ' SRR B 2 g T 4 A v DX e
Ty d K B i ) B SR BB e fe 2 18 S I AT S R
ALK e KA S R A8 fb & 2 An=3.0X10 ',
Prih A0 Sy B X AR 200 10 pm, X 5] 2
t PCM & R s B R 508 R — 3

.....

10

0
il
~10 —10 X v

B3 20X REYHE, DkhfEm A 1.8 o] 21 E BNy
10 pm/s I 92 5 47 5 2 08 o A 14
Fig. 3 Calculated refractive index change distribution of
the waveguide with 1. 8 ] pulse energy, 10 pm/s

scanning speed., and 20X objective lens
F bR S A e 5 3 S 38 00 A i U7 L B 4
RS ABOGIK R E Ry 1.8 ] BT X
AT S R RS AR, A LUE
Bl 5N B 3 R T S 38 R e B )N L I

3.5

3.0
2.6
2.0

An /10

15
1.0
0.5

G 20 40 60 80 100 120 140 160 180

Scanning speed /(um/s)
B4 HABOGRERN 1.8 p] BT RN
BANEEZRRFR
Fig. 4 Refractive index change versus scanning speed

with writing pulse energy of 1.8 pJ

1T 5 A TR R SR K B 32 OB Bk v A
BOMXT U D o 37 5 238 o 2 A 7 AR A 98 3 % 8O 1Y
RS T E 7t 78 55, DA H B T 455 4 AR 4 48 i i
MG . MEE K E 160 pm/s B, 7 5 568 75 &
B2 0.5X10 ' 7EE 2 ot i i PCM T (5] 4 55
TRV T T S 2R B AN P

B TSR R A 2R E E % 1 kHz 19 &
T2k oh i A BB BT DL 22 L S i AR o AR
WOt T BOM RHIT S 23R AR 0 i A B AL AT DA SE 3 0
B e 48 YD ' BRER SR BB A A 7E REPEOE
MVER TP TAE R i B i FE (2 T D)
HETAEAE ] X0 A 7 e Be i 0 458 B 14K T = g
A B TR SGE B - TR AR e A N
T GRS B AR A T IR R 3 B A R AE IR
W hE R 2 5 . R P— O B & A I, 7= A T i 4
237 (POHCO) H PO L T i By €800 B 3 32
47, CRPHOGE I X K S a0 25 4 00 2l A2
T MBS 3T 5T 2 Gl i Kramers-Kronig HLH]) .
3.2 S NEABK I EEEITIE SRR

kT RS O Ik i B X S T B B2 L AE
Feu P 5 AN BE [ E O 20 pm/s, fE 1.0~3.0 ]
MOk BERTE B N2 BOohi & R MAES A
kP e /N T 1.6 ] B, B it R ek s, i 245
AWK RERE R F 2.0 pJ B OGRS 30T B
WG S, A — DR/ B = 5
1.6~2.0 pJ NABES RIS, CCD A4
BUT A8 1 I 3 I A B A R A R 78 X A R X
E PR SR R, 5 3.1 WETR kM
[ o 3 Ao 30 A S S X S T U DX i S o
GyAE 2 1T ONIRNS A Bk oh B i T %) 5 )
MITT AR B, Y PkREE Y 1.6 o B PTHEER
WU AL 9.6 X107 PR P BE AR T 1.6 ]
A T R B K T X BT K e
LA B BB YD B R 5 35038 1 I 5 28 ok A 5
(B 5 Bt 25 55 A K e 114 R 2 114 38 K T S 3R A 0
R Y B BE R I R 2.0 p) WL 3T O R ek A B
BN A A, 9X 10", Ak 223G bk vh fE i BT B4
JRIE & H TRk RE RS T8 YD R Eh 5
AP0 B . 38 3 B3RS Bt AT DU S i R R R T
W ) AE 2 M 375 T T 68 3 130 (8 0 45 45 19 (1) B AR
NGNS A BT DLGE S RAD SO T A B T A
—AMR/NIRE S Y N AT I R 2 L X )
205 WOLRK b iR e MR T R R K,

0432003-4



Fods . WRMOBTER YO BRI B B AR NS R S WO AR I SR BT 5

1 BGABERN 20 pm/s B P FIGRHLEREY
5 ABOGHE R XTI C R
Table 1 Refractive index changes corresponding to different

writing laser energies when scanning speed is 20 pm/s

Writing laser energy /) Refractive index change

No waveguide
9.6X10°°
1.9x10""
2.7X107*
3.8X10°"
4,9x107*

DO = = e e
= O © o0 N o Ul

2. Breakdown

3.3 XMBAWNEAXENZW

$ YD R R B R R B E SO L B
A B A IO G Y T TE L 4 48 AR T F RAF 19 A
Mo N THFSEE YD B R A 35 5 A B 1Y 5O R
FEROETE TG & B Z B m 8T —E%
i N S 6 2 P I i S X B O R 1R
DX 8l CHRE 0D 19 9 16 016 3 4 P K BRSO 2F i i 1Y
976 nm [ 4G Y L R B £=7.5 mm Mk
BRI 1% 55 (A375TM-B, Thorlabs) # ., 2% )5 FI F 5
— A~ f=18. 4 mm dE Bk M| % (C280TME-B,
Thorlabs) # G A BT 215 » 76 38 5 00 1 {8 A 501 AL
&2 NA=0.22 () ZHIELF Bk (AFS105/125Y) i
8 B P T RIS 6 BURh IS 7 AR R PO PR O
X CAQE370C) I 55 G 2T AR I 31 (1 2 61 15 B .

54 T M M HhiE &4 T AT A S
DX RN B X3 CH A K e R 1. 8 ] 5 A
20 pm/ ) W IH—LZEE TS . AT UE B RENEOE
A DR 3 1) 5 0 3 5 35 5T 14 9% 6 6 35 AH L LTIk
A B TS TR RO 0L, 3 55 04 (8 07 B AR R AR R
iz WSO B 1) 3 2 T B o7 B A TR], D6 T i R X

—Dbulk
o waveguide

=
=]

=
)

=
'S

Normalized intensity (a.u.)
=) =
o o

0 O e
940 980 1020 1060 1100
Wavelength /nm
B 5 P KRR BT AE 976 nm i3z 6 U B 7 A= 1
PTG RERT L
Fig. 5 Fluorescence spectral comparison of waveguide

and the bulk material with 976 nm pump light

) PG A WO AE L Z )5 T SR R R AR A X
RS OB SR T T ORI .
3.4 FPRESEZEHHEEE

3.1 i S s 2 i R WS A K b e R
1.8 pJ 3510 20.40.80.160 pm/s B i %1
S [T 2k UK — 419 IR T I ok S
B o VTG SE I BT U AR A s A TR
A, A 2 JE R S T R R A/ 10, 2R T 5 4E K
h 20~ 10, 3 FE AT LA ARz 06 1 #8551 FE ] i
A R /0N BT T B A o T A S A R A
E dits 22 T8] 14 225 B o DT B3 ARG OO Jis N A

P FEOEA R E 6 frs 1y F-P 2k R 25
#4,1030 nm & KA 980 nm 5% Y W A 55 DM1 il
271 1030 nm #EA 8 85 (OC) #4516 5
W F WO B HE YR 976 nm 12k T ik 8 6
(LD-LU0980M500) , F& £F & 51 5 )l £F (HI1060,
Corning) . ffEEBE S L1 HAERE f=7.5 mm (IEER
B MG B L2 WA /=18, 4 mm WIEEk M
BB R 976 nm BOCHEE S A A S,
XL A B T TSR AR AR AR T
SCH i R B B il Sy R 88 S TR SE o o O R
BB LA B XU 4 22 e 1) I Sk R e 2 3] 5K
Lot s A . B NEA 976 nm OGS
o3RRI 1 5 5 X R — A AT S W b K
GilE By i FE g€ NEENE S S 35 Atk 1 e oy i Ry o4
U R DU RS B 23 A R 6 B4R O T
DASE I 3t B G2 A7 40 8 1 i e 60 B IR B R S RO I
. TEPCR A R I AREE /=18, 4 mm /)55 —dE 3K
T35 5% 13 4 5S4 Hh I R L & 45 U R
(DM2) (1030 nm Sz 5,976 nm % 5F) . 3§ 35 i 116
Hh ) A IR 58 4 1 b i D A8 L e SO DR S 20
WAL CAQB370C) LA S U Z 3T HEAT I . SL g vh &
BBk vhBER N 1.8 ) BUE N 20,40,80,160 pm/s
BN R4 1 5 #T LR AT 1% SE 00

L1 12 DMl oc 13

976 nm

DM2

=

laser output

Pl 6 i S O #9006k B R R

Fig. 6 Schematic setup of waveguide laser

0432003-5



g3

i

Hr s BE R 20 pm/s 5 AR BOGHES 98 &
ﬁﬁ&mmwf% T A 330 mW BT
HELEHOLH Y S TR T F R K400 mW Y, 3%
SLEOtHE YN 2.9 mW, LK 1031 nm, 4
B 7 s ot R e . L8 R RI A 532 nm 1Y
M Gt 2 W SO 3 8 BO M T Bk o B &R 1.8 ] o 7
JEH 20 pm/s 5 APET 0YAE ABAE. 532 nm YOG
JEREAEN 1.6 mm, FFH50 mm A Bk 1f % 5 S
AT E P T I — v R R 3 003 0 e e o T
P 20 i % G2 28 5 50 m W A i 0 45 i o 2l 3
30 mW, I 4 5 (I 400 hy B 45 0AE  £% Hi 4 R R
VR B AEZ A 208 2. 2 dB, 2 IS B
£ 4% 0. 178 dB) 2 47 19 3 1R - 5 S5 5 € L A A 46
FER LM BEE R 2 M 1. 85 dB, t T A {E# & AL
A LA E A T A AR /N T4 T 1. 85 dBL K
ALK AR BAE/DN T T 1,95 dB/em, X L
UL B A1 B AL R AE ONF 51 0.5 dB) L 0%
T 11 12 B A5 RE IS R 3 2 O B R T D A
Z—

1.0 A=1031.0 nm

0.8

0.6

0.4

0.2

Normalized intensity (a.u.)

0 i

1010 1020 1030 1040 1050
Wavelength /nm

K7 o 28 Ot I (sl 1031 nm)
Fig. 7 Output spectrum of the waveguide laser

(central wavelength is 1031 nm)

4 4 2

R K O TS YD R Bk 5 b %)
B SRS . RAR T R R AR
B A 5 AT RESE AR, 4 T
SR O . BT T EO6E R XS RTEE/E X
A9 IETE , SL B0 2 I I 5 5 ARG A998 6t 1% 4R
MR RL. T FEP %%*@ fxi%ﬂf% Yb' W R
R BE IO T SO A B4 1 R 976 nm
B A 1030 nm & A AU 226 (1030 nm) A
i R B L S I I A B SO A o0 B O 1031 nm,
B IhE R 2.9 mW,

5 F X

1 K M Davis, K Miura, N Sugimoto, et al.. Writing waveguides in
glass with a femtosecond laser [J]. Opt Lett, 1996, 21(21);
1729—1731.

2 S Nolte, M Will, ] Burghoff, et al..
writing: a new avenue to three-dimensional integrated optics [ J].
Appl Phys A, 2003, 77(1): 109—111.

3 R S Taylor, C Hnatovsky, E Simova. e al.. Ultra-high
resolution index of refraction profiles of femtosecond laser
modified silica structures [J]. Opt Express, 2003, 11(7); 775—
781.

4 H Zhang, S M Eaton, P R Herman. Low-loss type II waveguide

Femtosecond waveguide

writing in fused silica with single picosecond laser pulses [J]. Opt
Express, 2006, 14(11): 4826 —4834.

5 S M Eaton, H Zhang, P R Herman, et al..
effects in femtosecond laser-written waveguides with variable
repetition rate [J]. Opt Express, 2005, 13(12): 4708 —4716.

6 M Will, S Nolte, B N Chichkov, e al..
waveguides fabricated in fused silica by femtosecond laser pulses
[J]. Appl Opt, 2002, 41(21): 4360—4364.

7 G Cheng, K Mishchik, C Mauclair, e al..
photoinscription of polarization sensitive devices in bulk silica
glass [J]. Opt Express, 2009, 17(12): 9515—9525.

8 Wang Yuerong. Li Yi, Wang Sijia, e al. .

Heat accumulation

Optical properties of

Ultrafast laser

Directly writing single
polarization microstructure waveguide in fused silica by high
repetition rate femto-second laser [ J]. Chinese J Lasers, 2012,
39(12): 1203002.

HEAR. & B EELE, 5 mEEBR O EOLR S R
el £F B 0 PR A A B S (00, b I Ok, 2012, 39 (12)
1203002.

Li Dongjuan, Lin Ling, Li Baida, e al. .

©

Polarization-dependent
optical guiding in low repetition frequency femtosecond laser
photowritten type II fused silica waveguides [J]. Acta Optica
Sinica, 2013, 33(5): 0532001.

IR, M R, BEE, % MEEFR CHEOLTE A K35
WE AR T2 5 M R # SO Mt [T ], OS24k, 2013,
33(5): 0532001.

10 Hou Fang, Li Weinan,
written waveguide in magnetic-optical glass [J]. Acta Optica
Sinica, 2013, 33(3): 0314002.

& Jr. FHR, B M. S CEEBOBEREC I S A
B FRBFREL ] ek, 2013, 33(3): 0314002,

11 A M Streltsov, N F Borrelli.
directional coupler written in glass by nanojoule femtosecond laser
pulses [J]. Opt Lett, 2001, 26(1): 42—43.

12 C Mauclair, G Cheng, N Huot, et al..
spatial tailoring for parallel micromachining of photonic devices in
transparent materials [J]. Opt Express, 2009, 17(5): 3531 —
3542.

13 ] Liu, Z Zhang, S Chang, e al..
optical waveguide power splitters in fused silica glass using a
femtosecond laser [J]. Opt Commun, 2005, 253(4); 315—319.

14 G D Marshall, M Ams, M ] Withford. Direct laser written
waveguide-Bragg gratings in bulk fused silica [ J]. Opt Lett,
2006, 31(18): 2690—2691.

15 Lin Ling, Yang Xiaojun, Bai Jing, e al..

Bai Jing, et al.. Femtosecond-laser-

Fabrication and analysis of a

Dynamic ultrafast laser

Directly writing of 1-to-n

Femtosecond laser

photoinscription of waveguide polarizer [ J]. Acta Photonic
Sinica, 2011, 40(6). 818 —822.

R BANE, AR, FOREEODORZI SRR LT b
T4, 2011, 40(6) : 818—822.

16 G Della Valle, S Taccheo, R Osellame, et al..
longitudinal mode waveguide laser fabricated by femtosecond laser
writing[ J]. Opt Express, 2007, 15(6): 3190—3194.

17 Y Tan, F Chen, J R Vazquez de Aldana, et al.. Continuous wave

1.5 pm single

laser generation at 1064 nm in femtosecond laser inscribed Nd:

0432003-6



Fods . WRMOBTER YO BRI B B AR NS R S WO AR I SR BT 5

YVO, channel waveguides [J]. Appl Phys Lett, 2010, 97(3):
031119.

18 C Jiang, H Liu, Q Zeng, e al.. Yb: phosphate laser glass with
high emission cross-section [ J]. J Phys Chem Solids, 2000, 61
(8. 1217—1223.

19 X Zou, K Itoh, H Toratani. Transmission loss characteristics of
fluorophosphate optical fibers in the ultraviolet to visible
wavelength region [J]. J Non-Cryst Solids, 1997, 215(1); 11—
20.

20 Dai Shixun, Hu Lili, Liu Zhuping, e al.. Spectrum and laser
properties of ytterbium doped phosphate glass at low temperature
[J]. Acta Optica Sinica, 2002, 22(5): 627—631.

B, SIEEE . MOALT . AF. IRR T B RERR R MO8 3 O
O], Je 2. 2002, 22(5): 627 —631.

21 Zhang Wei, Zhu Jiangiang. Experimental investigation on
surface/subsurface damage of Nd-doped phosphate glass [J].
Acta Optica Sinica, 2008, 28(2): 268—272.
gk A SRR BRI ER Bl B 2 AT/ 0 3R T B A R T S R Y

[J]. Je224R, 2008, 28(2): 268—272.

22 J Chan, T Huser, S Risbud, er al.. Waveguide formation in
phosphate glasses using femtosecond laser pulses [J]. Appl Phys
Lett, 2003, 82(15): 2371 —2373.

23 S Taccheo, G D Valle, R Osellame, et al.. Er: Yb-doped
waveguide laser fabricated by femtosecond laser pulses [J]. Opt
Lett, 2004, 29(22): 2626—2628.

24 G Cerullo, R Osellame, S Taccheo, e al.. Femtosecond
micromachining of symmetric waveguides at 1.5 um by astigmatic
beam focusing [J]. Opt Lett, 2002, 27(21); 1938—1941.

25 M Ams. G D Marshall, D J Spence. et al.. Slit beam shaping
method for femtosecond laser direct write fabrication of symmetric
waveguides [ J]. Opt Express, 2005, 13(15);: 5676 —5681.

26 F Caccavale, F Segato, I Mansour, et al.. A finite differences
method for the reconstruction of refractive index profiles from
near-field measurements [ J]. ] Lightwave Technol, 1998, 16
(7). 1348—1353.

EEHE: £ &

0432003-7



