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Fig. 1. Schematic diagram of the mode-locked fiber laser

and DFT real-time measurement system in the experiment.
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Fig. 2. Experimental results of period-doubled soliton molecules (PDSMs) with 7.5 ps time separation: (a) Output optical spectrum;

(b) oscilloscope trace; (¢) RF spectrum, the inset shows autocorrelation trace.
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Fig. 3. Real-time evolution characteristics of PDSMs with 7.5 ps time separation: (a) Real-time spectrum evolution; (b) spectrum

evolution of the odd roundtrips; (c) spectrum evolution of the even roundtrips; (d) comparison of averaged odd (red solid line) and

even (blue dashed line) round trips spectra; (e) energy-integrated curve from panel (a); (f) energy-integrated curves from panels (b)

and (c).
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Fig. 4. Experimental results of PDSMs at 15 ps and 19.5 ps time separation: (a), (d) Real-time spectrum evolution of PDSMs at

15 ps and 19.5 ps time separation; (b), (e) pulse energy evolution integrated from the odd and even round trips in panels (a) and

(d), respectively. Insets: corresponding evolution from the continuous integration of all round trips; (c), (f) output optical spectra of

PDSMs at 15 ps and 19.5 ps time separation. Insets: corresponding autocorrelation traces.
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Fig. 7. Numerical results of PDSMs at 15 ps and 19.5 ps time separation: (a), (d) Spectrum evolution of PDSMs at 15 ps and
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19.5 ps time separation. Insets: corresponding zoom-in view around center wavelength.
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Fig. 8. Numerical results of period-doubled triple-pulse soliton molecules with 13 ps constant time separation: (a) Spectrum evolu-
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rated from the odd and even round trips in panel (a). Insets: corresponding evolution from the continuous integration of all round

trips. (d) Temporal pulse evolution for the first two periods in panel (a).

070404-9


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 Z 3R Acta Phys. Sin. Vol. 75, No. 7 (2026)

070404

PCIRAS, Bk T AEME A% A N7 T[] BE A,
B2 K ARG [ DR B IR E BRI, X4k
AR WA S ORI VIR F HA R G S B,

5 & %

AR A S 36 R RSC(EL D) P R B R A
BB BIRDOELF O A S B T A5 R0 1 A9 7
2, FRFOET T A S etk Sesdh, R
NI ZPAFREIT 70T Hr R R Z
b 30 e R IR T 45 AR AAN [R] W 475 40
T RS, LR AT R
[ [ EE E , A7 1 ) AR B 2 D T ARG R ok R 22 5. 4
ST e A, AT AT A IR 1] ] A% R = ik e I
T, FERE IR P A 18] ) BRI S50 40
KUK IR0 —E B 7 B 8 35 R A i P
PRSI T S AN RRAR AR A7 T
o3 F. W TAEA R T s B ot a T
oy ARSIy 5 RARLANE R GE P A% A 9 03 2 P
B, X ARSI G i R A5 5 T o LA 48

S 30k

[1] Qin P, Chen W, Song Y J, Hu M L, Chai L, Wang Q Y 2012
Acta Phys. Sin. 61 240601 (in Chinese) [Z&M§, Mifh, KA &,
TARHF, S, TR A 2012 PUHA4R 61 240601

[2] Fermann M E, Hartl I 2013 Nat. Photonics 7 868

[3] Keller U 2003 Nature 424 831

[4] Zhuang L J, Feng H Y, Wang X P, Dai C Q 2025 Chin.
Phys. Lett. 42 120408

[5] Mao D, Wang H Q, Zhang H Z, Zeng C, DuY Q, He Z W,
Sun Z P, Zhao J L 2021 Nat. Commun. 12 6712

[6] Liu L, Han Y, Huo J Y, Wen H L, Wu G, Gao B 2023 Chin.
Phys. B 32 114209

[7] Zhao L M, Tang D Y, Wu X, Zhang H, Tam H Y 2009 Opt.

(10]

[11]
[12]
[13]
[14]
[15]
[16]
17]
18]
[19]

20]
[21]

22]
23]

(24]
[25]

[26]
[27]
28]
[20]

(30]

070404-10

Lett. 34 3059

Peng J S, Boscolo S, Zhao Z H, Zeng H P 2019 Sci. Adv. 5
eaax1110

HouL M, Hou Y L, Liu Y K, Li Y H, Lin J, Chen X F 2025
Acta Phys. Sin. 74 044206 (in Chinese) [fEXI4, = e, XIF
B, ZEPHAE, MRAE, PRI 2025 YRR T4 044206)

Cui Y D, Zhang Y S, Huang L, Zhang A G, Liu Z M, Kuang
C F, Tao C N, Chen D, Liu X 2023 Phys. Rev. Lett. 130
153801

Han D D, Ren K L, Zheng Y P, Hui Z Q, Zhao F, Zhu L P,
Gong J M 2021 Optik 242 167312

Zhao L M, Tang DY, Cheng T H, Tam HY, Lu C, Wen S C
2007 Opt. Commun. 278 428

Zeng C,Si R X, Zhu Y X, Yao X K, Du Y Q, Zhao J L, Mao
D 2025 Laser Photonics Rev. 19 2500155

Zhang H Z, Zeng C, Du 'Y Q, Cheng G H, Jiang B Q, Sun Z
P, Lin X C, Pang M, Zhao J L, Mao D 2025 Nat. Commun.
16 4710

Zhao L M, Tang D Y, Liu A Q 2006 Chaos 16 013128

Zhao L M, Tang D Y, Zhao B 2005 Opt. Commun. 252 167
Zhao L M, Tang D Y, Lin F, Zhao B 2004 Opt. Express 12
4573

Chesnoy J, Klein M C, Chusseau L, Lourtioz J M 1990 J.
Appl. Phys. 67 7615

Herink G, Jalali B, Ropers C, Solli D R 2016 Nat. Photonics
10 321

Goda K, Jalali B 2013 Nat. Photonics 7 102

Chen J, Zhao X, Ii T, Yang J J, Liu J S, Zheng Z 2020 Opt.
Express 28 14127

DuW X, Li HP, Li J W, Wang Z, Zhang Z Y, Zhang S J,
Liu Y 2021 Opt. Ezpress 29 14101

Lan H W, Chen F L, Komarov A, Komarov K, Tang X H,
Tang M, Zhu H'Y, Zhao L M 2024 Phys. Rev. A 110 053505
Liu M, Luo A P, Luo Z C, Xu W C 2017 Opt. Lett. 42 330
Cui Y D, Zhang Y S, Song Y J, Huang L, Tong L M, Qiu J
R, Liu X M 2021 Laser Photonics Rev. 15 2000216

Zhang 7Z Z, Du 'Y Q, Zhang H Z, Zeng C, Mao D, Zhao J L
2024 Opt. Lett. 49 5387

Wang Z Q, Coillet A, Hamdi S, Zhang Z X, Grelu P 2023
Laser Photonics Rev. 17 2200298

LiuM, Wei ZW, LiH, i T J, Luo AP, Xu W C, Luo Z C
2020 Laser Photonics Rev. 14 1900317

LiJ X, Lu BL, Lv CY, Bai J T 2025 Phys. Rev. A 111
053520

Sergeyev S V, Mou C B, Turitsyna E G, Rozhin A, Turitsyn
S K, Blow K 2014 Light Sci. Appl. 3 el31


https://doi.org/10.7498/aps.61.240601
https://doi.org/10.7498/aps.61.240601
https://doi.org/10.7498/aps.61.240601
https://doi.org/10.7498/aps.61.240601
https://doi.org/10.7498/aps.61.240601
https://doi.org/10.7498/aps.61.240601
https://doi.org/10.7498/aps.61.240601
https://doi.org/10.7498/aps.61.240601
https://doi.org/10.7498/aps.61.240601
https://doi.org/10.7498/aps.61.240601
https://doi.org/10.7498/aps.61.240601
https://doi.org/10.7498/aps.61.240601
https://doi.org/10.7498/aps.61.240601
https://doi.org/10.7498/aps.61.240601
https://doi.org/10.1038/nphoton.2013.280
https://doi.org/10.1038/nphoton.2013.280
https://doi.org/10.1038/nphoton.2013.280
https://doi.org/10.1038/nphoton.2013.280
https://doi.org/10.1038/nphoton.2013.280
https://doi.org/10.1038/nphoton.2013.280
https://doi.org/10.1038/nphoton.2013.280
https://doi.org/10.1038/nature01938
https://doi.org/10.1038/nature01938
https://doi.org/10.1038/nature01938
https://doi.org/10.1038/nature01938
https://doi.org/10.1038/nature01938
https://doi.org/10.1038/nature01938
https://doi.org/10.1038/nature01938
https://doi.org/10.1088/0256-307X/42/12/120408
https://doi.org/10.1088/0256-307X/42/12/120408
https://doi.org/10.1088/0256-307X/42/12/120408
https://doi.org/10.1088/0256-307X/42/12/120408
https://doi.org/10.1088/0256-307X/42/12/120408
https://doi.org/10.1088/0256-307X/42/12/120408
https://doi.org/10.1088/0256-307X/42/12/120408
https://doi.org/10.1088/0256-307X/42/12/120408
https://doi.org/10.1038/s41467-021-26872-x
https://doi.org/10.1038/s41467-021-26872-x
https://doi.org/10.1038/s41467-021-26872-x
https://doi.org/10.1038/s41467-021-26872-x
https://doi.org/10.1038/s41467-021-26872-x
https://doi.org/10.1038/s41467-021-26872-x
https://doi.org/10.1038/s41467-021-26872-x
https://doi.org/10.1088/1674-1056/acc451
https://doi.org/10.1088/1674-1056/acc451
https://doi.org/10.1088/1674-1056/acc451
https://doi.org/10.1088/1674-1056/acc451
https://doi.org/10.1088/1674-1056/acc451
https://doi.org/10.1088/1674-1056/acc451
https://doi.org/10.1088/1674-1056/acc451
https://doi.org/10.1088/1674-1056/acc451
https://doi.org/10.1364/OL.34.003059
https://doi.org/10.1364/OL.34.003059
https://doi.org/10.1364/OL.34.003059
https://doi.org/10.1364/OL.34.003059
https://doi.org/10.1364/OL.34.003059
https://doi.org/10.1364/OL.34.003059
https://doi.org/10.1364/OL.34.003059
https://doi.org/10.1364/OL.34.003059
https://doi.org/10.1126/sciadv.aax1110
https://doi.org/10.1126/sciadv.aax1110
https://doi.org/10.1126/sciadv.aax1110
https://doi.org/10.1126/sciadv.aax1110
https://doi.org/10.1126/sciadv.aax1110
https://doi.org/10.1126/sciadv.aax1110
https://doi.org/10.7498/aps.74.20241505
https://doi.org/10.7498/aps.74.20241505
https://doi.org/10.7498/aps.74.20241505
https://doi.org/10.7498/aps.74.20241505
https://doi.org/10.7498/aps.74.20241505
https://doi.org/10.7498/aps.74.20241505
https://doi.org/10.7498/aps.74.20241505
https://doi.org/10.7498/aps.74.20241505
https://doi.org/10.7498/aps.74.20241505
https://doi.org/10.7498/aps.74.20241505
https://doi.org/10.7498/aps.74.20241505
https://doi.org/10.7498/aps.74.20241505
https://doi.org/10.7498/aps.74.20241505
https://doi.org/10.7498/aps.74.20241505
https://doi.org/10.1103/PhysRevLett.130.153801
https://doi.org/10.1103/PhysRevLett.130.153801
https://doi.org/10.1103/PhysRevLett.130.153801
https://doi.org/10.1103/PhysRevLett.130.153801
https://doi.org/10.1103/PhysRevLett.130.153801
https://doi.org/10.1103/PhysRevLett.130.153801
https://doi.org/10.1016/j.ijleo.2021.167312
https://doi.org/10.1016/j.ijleo.2021.167312
https://doi.org/10.1016/j.ijleo.2021.167312
https://doi.org/10.1016/j.ijleo.2021.167312
https://doi.org/10.1016/j.ijleo.2021.167312
https://doi.org/10.1016/j.ijleo.2021.167312
https://doi.org/10.1016/j.ijleo.2021.167312
https://doi.org/10.1016/j.optcom.2007.06.024
https://doi.org/10.1016/j.optcom.2007.06.024
https://doi.org/10.1016/j.optcom.2007.06.024
https://doi.org/10.1016/j.optcom.2007.06.024
https://doi.org/10.1016/j.optcom.2007.06.024
https://doi.org/10.1016/j.optcom.2007.06.024
https://doi.org/10.1016/j.optcom.2007.06.024
https://doi.org/10.1002/lpor.202500155
https://doi.org/10.1002/lpor.202500155
https://doi.org/10.1002/lpor.202500155
https://doi.org/10.1002/lpor.202500155
https://doi.org/10.1002/lpor.202500155
https://doi.org/10.1002/lpor.202500155
https://doi.org/10.1002/lpor.202500155
https://doi.org/10.1038/s41467-025-59990-x
https://doi.org/10.1038/s41467-025-59990-x
https://doi.org/10.1038/s41467-025-59990-x
https://doi.org/10.1038/s41467-025-59990-x
https://doi.org/10.1038/s41467-025-59990-x
https://doi.org/10.1038/s41467-025-59990-x
https://doi.org/10.1038/s41467-025-59990-x
https://doi.org/10.1063/1.2173049
https://doi.org/10.1063/1.2173049
https://doi.org/10.1063/1.2173049
https://doi.org/10.1063/1.2173049
https://doi.org/10.1063/1.2173049
https://doi.org/10.1063/1.2173049
https://doi.org/10.1063/1.2173049
https://doi.org/10.1016/j.optcom.2005.04.014
https://doi.org/10.1016/j.optcom.2005.04.014
https://doi.org/10.1016/j.optcom.2005.04.014
https://doi.org/10.1016/j.optcom.2005.04.014
https://doi.org/10.1016/j.optcom.2005.04.014
https://doi.org/10.1016/j.optcom.2005.04.014
https://doi.org/10.1016/j.optcom.2005.04.014
https://doi.org/10.1364/opex.12.004573
https://doi.org/10.1364/opex.12.004573
https://doi.org/10.1364/opex.12.004573
https://doi.org/10.1364/opex.12.004573
https://doi.org/10.1364/opex.12.004573
https://doi.org/10.1364/opex.12.004573
https://doi.org/10.1063/1.345802
https://doi.org/10.1063/1.345802
https://doi.org/10.1063/1.345802
https://doi.org/10.1063/1.345802
https://doi.org/10.1063/1.345802
https://doi.org/10.1063/1.345802
https://doi.org/10.1063/1.345802
https://doi.org/10.1063/1.345802
https://doi.org/10.1038/nphoton.2016.38
https://doi.org/10.1038/nphoton.2016.38
https://doi.org/10.1038/nphoton.2016.38
https://doi.org/10.1038/nphoton.2016.38
https://doi.org/10.1038/nphoton.2016.38
https://doi.org/10.1038/nphoton.2016.38
https://doi.org/10.1038/nphoton.2012.359
https://doi.org/10.1038/nphoton.2012.359
https://doi.org/10.1038/nphoton.2012.359
https://doi.org/10.1038/nphoton.2012.359
https://doi.org/10.1038/nphoton.2012.359
https://doi.org/10.1038/nphoton.2012.359
https://doi.org/10.1038/nphoton.2012.359
https://doi.org/10.1364/OE.392616
https://doi.org/10.1364/OE.392616
https://doi.org/10.1364/OE.392616
https://doi.org/10.1364/OE.392616
https://doi.org/10.1364/OE.392616
https://doi.org/10.1364/OE.392616
https://doi.org/10.1364/OE.392616
https://doi.org/10.1364/OE.392616
https://doi.org/10.1364/OE.423712
https://doi.org/10.1364/OE.423712
https://doi.org/10.1364/OE.423712
https://doi.org/10.1364/OE.423712
https://doi.org/10.1364/OE.423712
https://doi.org/10.1364/OE.423712
https://doi.org/10.1364/OE.423712
https://doi.org/10.1103/PhysRevA.110.053505
https://doi.org/10.1103/PhysRevA.110.053505
https://doi.org/10.1103/PhysRevA.110.053505
https://doi.org/10.1103/PhysRevA.110.053505
https://doi.org/10.1103/PhysRevA.110.053505
https://doi.org/10.1103/PhysRevA.110.053505
https://doi.org/10.1103/PhysRevA.110.053505
https://doi.org/10.1364/OL.42.000330
https://doi.org/10.1364/OL.42.000330
https://doi.org/10.1364/OL.42.000330
https://doi.org/10.1364/OL.42.000330
https://doi.org/10.1364/OL.42.000330
https://doi.org/10.1364/OL.42.000330
https://doi.org/10.1364/OL.42.000330
https://doi.org/10.1002/lpor.202000216
https://doi.org/10.1002/lpor.202000216
https://doi.org/10.1002/lpor.202000216
https://doi.org/10.1002/lpor.202000216
https://doi.org/10.1002/lpor.202000216
https://doi.org/10.1002/lpor.202000216
https://doi.org/10.1002/lpor.202000216
https://doi.org/10.1364/OL.535154
https://doi.org/10.1364/OL.535154
https://doi.org/10.1364/OL.535154
https://doi.org/10.1364/OL.535154
https://doi.org/10.1364/OL.535154
https://doi.org/10.1364/OL.535154
https://doi.org/10.1364/OL.535154
https://doi.org/10.1002/lpor.202200298
https://doi.org/10.1002/lpor.202200298
https://doi.org/10.1002/lpor.202200298
https://doi.org/10.1002/lpor.202200298
https://doi.org/10.1002/lpor.202200298
https://doi.org/10.1002/lpor.202200298
https://doi.org/10.1002/lpor.201900317
https://doi.org/10.1002/lpor.201900317
https://doi.org/10.1002/lpor.201900317
https://doi.org/10.1002/lpor.201900317
https://doi.org/10.1002/lpor.201900317
https://doi.org/10.1002/lpor.201900317
https://doi.org/10.1002/lpor.201900317
https://doi.org/10.1103/PhysRevA.111.053520
https://doi.org/10.1103/PhysRevA.111.053520
https://doi.org/10.1103/PhysRevA.111.053520
https://doi.org/10.1103/PhysRevA.111.053520
https://doi.org/10.1103/PhysRevA.111.053520
https://doi.org/10.1103/PhysRevA.111.053520
https://doi.org/10.1038/lsa.2014.12
https://doi.org/10.1038/lsa.2014.12
https://doi.org/10.1038/lsa.2014.12
https://doi.org/10.1038/lsa.2014.12
https://doi.org/10.1038/lsa.2014.12
https://doi.org/10.1038/lsa.2014.12
https://doi.org/10.1038/lsa.2014.12
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 £ R Acta Phys. Sin. Vol. 75, No. 7 (2026) 070404

Manipulation of period-doubled soliton molecules in
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Abstract

Passively mode-locked fiber lasers have provided an ideal experimental platform for exploring nonlinear
dynamical phenomena, owing to their ability to generate stable optical solitons. The period-doubled solitons, as
one of the characteristic indicators of a nonlinear system transitioning from stability to chaos, have attracted
considerable research interest. In the period-doubled regime, solitons still circulate at the fundamental cavity
round-trip time, while pulse parameters such as pulse energy or peak intensity alternate between two adjacent
round trips. So that the pulse state repeats itself only after two cavity round trips. In this work, we
experimentally and numerically investigated the manipulation and properties of period-doubled soliton
molecules (PDSMs). In the experiment, stable soliton molecules could be obtained when the pump power was
set to 18 mW. When the pump power was set to 22 mW, PDSMs with separations of 7.5, 15, and 19.5 ps could
be obtained by adjusting the polarization controller. By further increasing the pump power to 26 mW and
adjusting the polarization controller, period-doubled triple-pulse soliton molecules with equal separations of
13 ps were achieved. These results indicate that pump power and the adjustment of the polarization controller
play an important role in the formation of period-doubled soliton molecules. Meanwhile, the dispersive Fourier
transform technique was used to observe the real-time evolution of the PDSMs mentioned above in the
experiment. It was found that the odd and even pulse energies exhibit a stable intensity difference, while their
separations remain consistent. Meanwhile, the phase difference within the soliton molecules was also found to
remain unchanged during the period-doubling process, indicating a stable internal phase relationship. The
numerical simulation was carried out using a pulse tracing model based on the coupled nonlinear Schrodinger
equations, which successfully reproduced the PDSMs phenomena observed in the experiment. The key
characteristics, including the oscillation of odd and even pulse energies, the constant separation, and the stable
phase-difference evolution, were in good agreement with the experimental results. Both experimental and
numerical results indicate that the formation of period-doubled soliton molecules is dominated by the self-phase
modulation effect, under the combined action of gain, loss, Kerr nonlinearity, and saturable absorption, leading
to a self-consistent dynamical evolution inside the laser cavity. This work helps to reveal the internal dynamics
of soliton molecules in mode-locked fiber lasers and the physical mechanisms of period-doubling bifurcations in

nonlinear systems.
Keywords: fiber laser, soliton molecules, period-doubled, dispersive Fourier transform
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