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Highly stable all-polarization-maintaining few-cycle femtosecond fiber

laser mode-locked by single-walled carbon nanotubes
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Abstract: To meet the stringent requirements of attosecond science, precision manufacturing, and ultrafast
spectroscopy for high-performance ultrashort pulses, we report the development of a highly stable, self-start-
ing all-polarization-maintaining few-cycle femtosecond fiber laser. An all-polarization-maintaining erbium-

doped fiber seed source with repetition frequency of 100.45 MHz is constructed using a single-walled carbon
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nanotube film as a saturable absorber. By employing an all-polarization-maintaining bidirectional amplifica-
tion scheme combined with nonlinear spectral broadening and dispersion management, the system achieves a
pulse duration of 30.1 femtoseconds after nonlinear broadening in a polarization-maintaining highly nonlin-
ear fiber and subsequent dispersion compensation. This corresponds to a few-cycle pulse train containing ap-
proximately 5.8 optical cycles, with an amplified average output power exceeding 200 milliwatts. Stability
measurements demonstrate that the seed source maintains a power root-mean-square fluctuation of only 0.4
percent over 10 hours of continuous operation. Furthermore, after the implementation of temperature control
and piezo-electric transducer stabilization for repetition rate locking, the Allan deviation reaches 9.98 x 107"
over 100 seconds. With its compact architecture and exceptional operational stability, this seed source estab-
lishes a robust experimental foundation for the subsequent generation of octave-spanning supercontinuum

and high-performance frequency comb applications.

Key words: single-walled carbon nanotube saturable absorber; all-polarization-maintaining fiber laser; few-

cycle pulses; nonlinear amplification; supercontinuum generation
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Fig. 1

Typical optical property characterization of SWCNTSs polymer films. (a) Image of SWCNTs film from camera; (b) im-

age of SWCNTs film under microscope; (c) nonlinear optical absorption characteristics of SWCNTs film; (d) linear op-
tical absorption spectrum of SWCNTs film; (e) raman spectrum of SWCNTs film
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Fig. 2 Schematic diagram of the principle of the all-PM SWCNTs fiber femtosecond laser and measurement results. (a)
Schematic diagram of the seed source and amplifier structure; (b) output spectrum diagram, blue: seed output spectrum,
red: amplifier output spectrum; (c) time-domain pulse sequence output diagram, blue: seed pulse sequence, red: ampli-
fier pulse sequence, inset: pulse sequence diagram within a 50 ps range; (d) fundamental radio frequency spectrum dia-
gram with a bandwidth of 0.8 MHz and a resolution of 100 Hz, blue: seed radio frequency, red: amplifier radio fre-

quency, inset: radio frequency spectrum with a scanning range of 5.0 GHz and a resolution bandwidth of 10 kHz
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ults of amplified output pulse sequence

3 VR BBk A

R 1A B ok R 3 D ik o 8, SR
LML A7 3 — P T R 58 . Bk vp R 48,
152 2261 (Supercontinuum) LAz 20 J& 1A fik
oo Ok AR et Bk bR O XS BB A S

WA Ty 22 4 ok o, L SR — B By 25 em 1Y
PM-HNLF (Thorlabs PMHNS), {1 2 50k (+5 +
1) ps/(nm-km), FAEL M 25O 10.7 W -km™, {4,
BLREE R 0.025 ps/(nm>km), VLI 4O 1 UL T
BT o A nIE 4a) Bizn . Tk AR
AL PE ] (SPM). 28 AR il (XPM). U I TR A3



6 HrE D (0

#19%

(FWM). 2 47 2 #5) (SRS) % 2 Fh Ak Ze 2%
N, AL AR SR T — AR . & 4(c) Tl
A B 8 I 2Ok ¥ O G % L OSA
AQ6370D Fll OSA AQ6375 1 T I1E X Mk 75 S %)
R L A7 T PM-HINLF Ji £
10 cm PM-SMF Jt&fhb . LISGIEIE(E S5, i
223 1920 dB 7 55 4 1000 nm~2 100 nm, —30 dB
i Fe A 980 nm~2400 nm. M Ab, H i ad ik o
%) FWHM BEWS 8% 46 &£ 30.1 fs, Q1[E 4(b) iR,
FRAE DI 1560 nm #EAT 3T, Ho kb 314X
£ 5.8 AN JEI, 28 PM-HNLF i, #8255 ) v
SEI IR A 65.1 mW, 1 — A A4 bk B R 45 (i HL AR
BT A oA v L o avARe Jet 1 /0 JE 30 ik e 7 1)
Fi . TRERHAYIE, K 4(c) 7R 1000~2400 nm
Jtit S PM-HNLF Ji5 D45 (48 3% S5 A 2000 i
Fil, 30.1 fs ik 553K 1 PM-HNLF % 1 5 25 (5 Bl kb
A B A 32 ik AR G 25 AR
(@)

=) D

PM-HNLF
(b)
1.0 1 .
AC trace I\

3 081 sechfitting |

g /A

% 0.6 1 ! \

N / \

= 041 30.1 fs x 1.543 / \

E { N\

z 021 / \

V4 N
0 L - - - ~ 2w o ]
-0.20 -0.10 0 0.10 0.20
Delay/ps
© 0

—20

—40

60 —aes

—80

1 (;00 1 2‘00 1 4;00 1 6'00 1 8‘00 2 0'00 2 2'00 2 400
Wavelength/nm
K4 EZESLG R R B i a5 R . (a) HELE™
AE5HR IR (b) RN RS A A RER: (o)
B 1 2l 1 4R (38R OSA AQ 6370D
(600 ~ 1700 nm) LA OSA AQ6375(1200 ~2400 nm)
PTG RAE)

Fig. 4 Schematic diagram of supercontinuum generation
and output results. (a) Schematic diagram of super-
continuum generation structure using HNLF; (b)
autocorrelation results of supercontinuum pulse se-
quence; (c) output results of supercontinuum sp
ectrum (Spectra were collected using the OSA
AQ6370D (600-1700 nm)and OSA AQ 6375 (1200-
2400 nm))

4 AP R B E IR T

B E A B A O EE R (fo) N
100.45 MHz () SWCNTs & ¥ # B A/E N SA 1Y
BIBOCLFHOGA B TAERR S M, 72T AR S fstd
il B, Xk JFEA R ) SR S W T i
10 /B, 25 3 4n 15 5 CR2 I L3 e 7 i) BT
Kl S(a) 45 H T 10 ZINEE N BB AL 2 51, R
W% 2] B A o RO | RS R B 3l L &
CW A B, RGP S 2Ok IR TR
JE B IR A R S AR A . HUAR 3 5 3
(RICEF R 1 AR AL K ZR I ) 560k 8 B 1 25 A8
fbo I 5(b) R T 10 /N PN, Bl 5 S DR
IR RMS) I s 240 0.41%., IAh, Bk #s
10 /BN IE S 0.4 mW, RMS 355 0.22%, _Fik4h
A TR BT AR SO A o R A AR e
BB A R T 1 T T ReE o

UEAh, BIRDELF oL NI RSN A, 140
MR | PRSI R MRS, NS U R &
AR FNERS . Hoh, X TR I K
BTk A TG 2 20 B 52 m 5 0 UKV 4 0
G, R BOGEF I — AL RER B Ik R BRI,
WHETE 0.55%10°° |, Mt SO IREIZNRE
Wy 1) B kK 22 K0 e R AR RE A B
g, IR 2 B I SR HOLET, BIRRGEF K
(IAEAL . TR EE AR LR T XHRET B9k K B A 5
i), XA A AT S R W AT AR B R AR . X
AFEM BT HEGEF (R ) I 25 el AR 205
2, DT R A AR 5 ) A R 3% . G AR BT 2
A LR 1) . A AR TR S R B IEO L A
SR KRB B . R T LR T R
il R R GE AR RS (PZT) JoiA HE R
N G BE A T4, NTTRHIR G 48 1 frep 155
PAT R B AN 6(a) BTz, TEAVUE B
Jo, BTREOGAR ) AR AR ESE 100.0049 MHz,
A RS AE 60 min N/ T 700 uHz, Hi—
AN FRE B2 (FH 28 77 2% (Allan Deviation)
FR) AT LAIAE 1.81x1072, 1 [ AP N (1 348 5 2
TFEEZ 9.98x1074, 41 6(b) itz . ZEAEHI T
FopT5 5 RAFAYBIERCR



%5 £ OOF, S REERRANRE BN = ReUE TR A DR D A RS T ot A 7

(a) 600 -39 (b)
2.0
2
400 £
.8 5
g 2
= 200 2
3 300 350 400
1.6
0 -70 . . . . .
1545 1555 1565 1575 1585 0 100 200 300 400 500 600
Wavelength/nm Time/min

K5 PRE LR O A 0 ARE HEINRAS R o (a) 10 /N Y G385 T8 A8 45 515 (b) 10 /NI A A i i D) 38 38 78, 4 4«
300 ~ 400 min P IIAIEAL IR R AR O
Fig. 5 Output stability test results of a mode-locked fiber laser. (a) Evolution of spectrum over 10 hours; (b) evolution of out-

put power over 10 hours. Inset: magnification of power evolution diagram within 300-400 minutes
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Fig. 6 Stability test results of mode-locked fiber laser after repetition rate locking. (a) Laser repetition rate evolution within

60 minutes, Top image: unlocked, bottom image: locked; (b) Allan deviation result of the ficp.
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