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Fig. 1 Structural diagram of ytterbium-doped self-sweeping

fiber laser
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Fig. 2 Dynamic output spectra of self-sweeping laser with pump power of 48.8 mW. (a) Spectral sequence; (b) output spectra
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Fig. 3 Pulse signal of laser at pump power of 37.5 mW. (a) Microsecond pulse dynamics; (b) detail of longitudinal beat

after amplification of single pulse
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Fig. 4 Output characteristics of fiber laser. (a) Output power versus pump power; (b) sweeping range versus output power;

(c) average pulse repetition frequency versus output power; (d) sweeping rate versus output power

20

@

Intensity /dBm
o
(=]

-60
1030 1040 1050 1060 1070 1080 1090 1100
Wavelength /nm

20

L))

=]
T

53.18 dB

1030 1040 1050 1060 1070 1080 1090 1100
Wavelength /nm

Intensity /dBm
o
[=]

I
5

B 5 AFEZEMRT R EOLH K OSNR, (2)86.3 mW; (b)161.3 mW
Fig. 5 OSNRs of output spectra under different pump powers. (a) 86.3 mW; (b) 161.3 mW

3.5 BEMTRAERAEERCEMEARE
A 4(b) L () AT AT, B 433 AT 3 438 B X
R — 2 M O 28 5 PR e m] L 2k o 19 i P9 460 FE
PG S UL TR NSNS E = RS =!
W MR . ECR A E (K DAL FE CIR B 1 3 1
A3 v 2 ) 5] A — A AL K AT I 1 G s e s . DAt
SR PR AR 9 2 RS AR AL, R 1 S HE R
s, MEWIE R 52.5 mW Bl 3 VOA 52
PR I BRERS I, X St B i B B IO E 6
Fos. B 6Cal) . (a2) F . YOG O 5 i K
M 1062. 3791 nm EFF] 1067, 4092 nm B, $9 4 75

4 5.031 nm, FAHEEE A 5. 346 nm/s; HE 6(b1),
(b2)FE .24 [{ H17E I AE 1060. 4860 ~1065. 1042 nm
X fa] B, 49 YE Bl M 4.618 nm, il B E R
3.658 nm/s; K 6(cl) . (e2)F H, M eF b+ iy H
iGN 3.691 nm(1056. 5773 ~1060. 2672 nm) ,
SN 2. 838 nm/s, LR LRI, B A I N 1R
(A3, B 3 D B 3 BT 3 Y 1) R 0 A T RS, B R
JE AN, H 7 A H R B YK
10. 83 nm(1056. 5773 ~1067. 4093 nm), KA I 1
VOA EL AR EBFEE —MIT 2 A sc 8l A
FOCLFHOL R R G Wy i AR F B

2301003-4



£ 49% F£ 23 H1/2022 £ 12 A/ EEHE

- (al) Sweeping djrection—}ggg.iggix 1 (a2) o o THicHETEA
T —— L 1069} = seal
g oo | b1l e "
2 | g B . iy L
g : i --1065.8093 nm g 1068
_ | £ i 1066.6715 = .
rg -10F h i :'E —~—10674092$ % 1067 L e
. i 5 1066
= s o) EEOT S
g % 1065}
QL
H 1064
: 1063 .
—40 1 1 e ey, 1062 1 L L L L 1
1060 1062 1064 1066 1068 1070 1072 41 42 43 44 45 46
Wavelength /nm Time /s
10 — 1067
(b1) sweeping direction - _ 182‘1);‘{?‘;’3 o (b2) - o measured
f& : | 321 - 10619894nm 1066 —real
2 0f ¥ EE 1062.7794 nm
g : 1063.6623 nm £ 1065
= -1064.3762 nm = 0.
5 -10 +1065.1042 nm g’ 1064} S
@ o Wi
%’_20 E 1063
i E 1062} T
-30 ¢ &
; 1061+
40 1 1 1 Il 1 1 1060 i i i
1068 1060 1062 1064 1066 1068 1070 109 110 111 112
Wavelength /nm Time /s
10 1060
(eD) sweeping direction - - e (c2) -+ measured
+--+1057.9992 nm 1061+ — il
2 0r --=1058.5303 nm
g -++~105.3623 nm § :
? 1060.2672 nm = 1060 “~o
g 10 § T
E 210591 S
2 20 - e *
_é = = 1058 ..
30 1057 1
1064 1056 1058 1060 1062 1064 1050 31 32 33 34 35
Wavelength /nm Time /s
spectral sequence frequency spectrum

K6 RN 52.5 mW BRHE T VOA SEBLM =F A HBOEEE. (aD) (@) FAMTEE 5. 031 nm; (b1 (b2) 34
WA 4. 618 nm; (e1) () ML 3. 691 nm
Fig. 6 Three self-sweeping spectra realized by adjusting VOA at 52.5 mW pump power. (al) (a2) Scanning range is
5.031 nm; (bl)(b2) scanning range is 4.618 nm; (cl)(c2) scanning range is 3.691 nm

system using wavelength-swept fiber laser[J]. Smart Materials

4: éf':;: ib and Structures, 2002, 11(3): 468-473.
[2] Wei F, LuB, Wang J, et al. Precision and broadband frequency
ﬁﬁﬁm CIR %4{]%2*%@]% ] /ﬁfj\ji%yﬁﬂg}i swept laser source based on high-order modulation-sideband
Efiﬁﬁ"ﬁ , QgimTFa/EEIE m El El%l@ E‘]%%%TZ}%% El ;El 7\162_‘{_‘. - injection-locking [J] . ()ptiis ]-:xpress,1 2015, 53;(411 : 14?7041980.
3] Gotti R, Puppe T, Mayzlin Y, et al. Comb-locked frequency-
ﬁij\lﬁ%% ’ ﬁﬁ% T 243 6 nm E/:J Hﬁﬁ?ﬁ @ +0.56~8. 83 nm/s swept synthcipi)zcr for hi;,h precision broadband spcctrosc(?py[]]y.
E@ }Elﬁz‘ﬁiiﬁ%ﬂ 12.08~115.2 kHz E{J—T[Zﬂ]ﬂﬂ‘( ‘{ﬁlﬂiﬁﬁﬁ Scientific Reports, 2020, 10: 2523.

2% S B L S : ot [a] MEfE(h. ek, VDI, 4. LT GO BBDBS WO
# WOB#R 1B A OSNR H70TF 40 dB, Feend B8 AR LF MR o 80 (7). L34 2012, 3211+

Al A 53. 18 dB, X & Wl i PEfg R 47 . *47F CIR N5l 1114003.

A“&Mbﬁiﬁ VOA Hd‘yﬁﬁiﬁj”—ﬁ VOA ;'EEA[/E% |j;J i\/[eij W, Xiao X S, Xu M R, et al. Wavelenlgthfswept fihsr
. e N - N aser based on dispersion tuning and its application on the

?ﬁﬁ ,EJ‘[/J*IE El ?ﬂ ! [ﬂ ﬂ:ﬂ El EETE%‘F EI ?ﬂ E%II% Elﬂﬁ demodulationoof fibz_r bl?agg grlaing [1]. Aclti ()pt(i)ca (;inica,

BOIREBEBMIEEY KE 10,83 nm., LT —FR g 2012, 32(11): 1114003.

2 =3 v { S 4 > s 3 (51 WhJesl, skOCms, WG, A%, BT MR8 I i & 41 0 IR
A R DS B R 5 0 A B T sl SO, HR, N TR

1}%% E j:zl j"ﬁg‘/)’?ﬁ(ﬁ'ﬁ%%?'fﬁ'ﬁﬂaﬁﬂﬂﬁ N %*ﬁ%/f%%éﬁbﬁ‘ 'TI Lu L Z, Zhang D P, Zeng H C, et al. Study on the fabrication
Eggg]};ﬁmﬁﬁ . of high-speed swept source based on short ring cavity[J]. Acta

Optica Sinica, 2020, 40(24): 2414001.
(6] JWaEHn, REFR, BRI, 5. BT 45° WAL G R 80

2 £ x #t ZefR B 8 O £F WOE 8 DL R B O, 2020, 47 (12):
[1] RyuCY, Hong CS. Development of fiber Bragg grating sensor 1201007.

2301003-5



(7]

(8]

(9]

[10]

[11]

(12]

[13]

[14]

[15]

[16]

[17]

(18]

R

Xing Z K, Song Q G, Mou C B, et al. Linear polarized tunable
fiber laser based on radiation mode of 45°-tilted fiber grating[J].
Chinese Journal of Lasers, 2020, 47(12): 1201007.

Fik, WE, ERF, & BB ORI ik
HBEDLA ROt MBI . PEEOE, 2021, 48(16): 1601003.
Wei D, Feng T, Yan F P, et al. Frequency-swept fiber laser
based on Fourier-domain mode-locking: a case study on erbium-
doped fiber laser [J]. Chinese Journal of Lasers, 2021, 48
(16): 1601003.

ZEE, W, TEM, G5 T T AL P IR 0 2R T R
WP LR O S J]. e, 2015, 35(6): 0614003.
Li GY, Yang K, Jia S M, et al. Linear tunable fiber ring laser
based on closed-loop piezoelectric ceramics [J]. Acta Optica
Sinica, 2015, 35(6): 0614003.

Lobach T A, Tkachenko A Y, Kablukov S I. Optimization and
control of the sweeping range in an Yb-doped self-sweeping fiber
laser[J]. Laser Physics Letters, 2016, 13(4): 045104.

Lobach T A, Kablukov S 1. Application of a self-sweeping Yb-
doped fiber laser for high-resolution characterization of phase-
shifted FBGs[J]. Journal of Lightwave Technology, 2013, 31
(18): 2982-2987.

Tkachenko A Y, Lobach I A, Kablukov S 1. All-fiber Brillouin
optical spectrum analyzer based on self-sweeping fiber laser[J].
Optics Express, 2017, 25(15): 17600-17605.

Lobach T A, Kablukov S I, Podivilov E V, et al. Self-scanned
single-frequency operation of a fiber laser driven by a self-
induced phase grating [J]. Laser Physics Letters, 2014, 11
(4): 045103.

Kashirina E K, Lobach T A, Kablukov S I. Single-frequency
self-sweeping Nd-doped fiber laser[J]. Optics Letters, 2019, 44
(9): 2252-2255.

Lobach I A, Kablukov S I, Melkumov M A, et al. Single-
frequency Bismuth-doped fiber laser with quasi-continuous self-
sweeping[J]. Optics Express, 2015, 23(19): 24833-24842.
Navratil P, Peterka P, Vojtisek P, et al. Self-swept erbium
fiber laser around 1.56 ymD] . Opto-Electronics Review, 2018,
26(1): 29-34.

Wang X, Zhou P, Wang X L, et al. Tm-Ho co-doped all-fiber
brand-range self-sweeping laser around 1.9 pm[J].
Express, 2013, 21(14): 16290-16295.

Aubrecht J, Peterka P, Koska P, et al. Self-swept holmium
fiber laser near 2100 nm [J]. Optics Express, 2017, 25(4):
4120-4125.

Budarnykh A E, Vladimirskaya A D, Lobach T A, et al. Broad-

Optics

[19]

[20]

[21]

(22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

£ 49% F£ 23 H1/2022 £ 12 A/ EEHE

range self-sweeping single-frequency linearly polarized Tm-doped
fiber laser[J]. Optics Letters, 2018, 43(21): 5307-5310.
Jiang H B, Lei J, Set S'Y,
sweeping in Tm doped fiber laser [C] // Laser Congress 2018
( ASSL ), November 4-8, 2018, Boston,
Washington, D.C.: OSA, 2018: AM6A.34.
Stepanov S. Dynamic population gratings in rare-earth-doped
optical fibres[J]. Journal of Physics D: Applied Physics, 2008,
41(22): 224002.

Kir’yanov A V, II"ichev N N. Self-induced laser line sweeping

et al. Spontaneous laser line

Massachusetts.

in an ytterbium fiber laser with non-resonant Fabry-Perot cavity
[J]. Laser Physics Letters, 2011, 8(4): 305-312.

Lobach T A, Kablukov S I, Podivilov E V, et al. Broad-range
self-sweeping of a narrow-line self-pulsing Yb-doped fiber laser
[J]. Optics Express, 2011, 19(18): 17632-17640.

Peterka P, Navratil P, Maria J, et al. Self-induced laser line
sweeping in double-clad Yb-doped fiber-ring lasers [J]. Laser
Physics Letters, 2012, 9(6): 445-450.

Peterka P, Navratil P, Dussardier B, et al. Self-induced laser
line sweeping and self-pulsing in double-clad fiber lasers in
Fabry-Perot and unidirectional ring cavities[J]. Proceedings of
SPIE, 2012, 8433: 843309.

Navratil P, Peterka P, Honzatko P, et al. Reverse spontaneous
laser line sweeping in ytterbium fiber laser [J]. Laser Physics
Letters, 2017, 14(3): 035102.

Wang K L, Wen Z R, Chen H W, et al. Observation of reverse
self-sweeping  effect in  an  all-polarization-maintaining
bidirectional ytterbium-doped fiber laser [J]. Optics Express,
2020, 28(9): 13913-13920.

Wang K ., Wen Z R, Chen H W, et al. Wavelength-flexible
all-polarization-maintaining self-sweeping fiber laser based on
intracavity loss tuning [J]. Chinese Optics Letters, 2021, 19
(4): 041401.

Wen Z R, Wang K L, Chen H W,
ytterbium-doped fiber laser based on a fiber saturable absorber
[J1. Applied Physics Express, 2021, 14(1): 012005.

SRS, BEE, iR, & RO HOL A MBI
RS [T] . WOt SR TR, 2020, 57(19): 191404,
Peng Z 1., Ma S C, Lu S H, et al. Numerical simulation and

et al. Self-sweeping

experimental study of gain-switched thulium-doped fiber laser
[J]. Laser & Optoelectronics Progress, 2020, 57(19): 191404.
Orsila L, Okhotnikov O. Three- and four-level transition
dynamics in Yb-fiber laser [J]. Optics Express, 2005, 13(9):
3218-3223.

Linear-Cavity-Controlled Self-Sweeping Ytterbium-Doped Fiber Laser

Based on Circulator

Bai Jintao

Zuo Zhenzhong”®, Wang Kaile”*, Huang Xianming”®, Chen Haowei"

1,2,3°

2, 1,2,3™
* Lu Baole"**

' State Key Laboratory of Photon- Technology in Western China Energy, Northwest University, Xian 710127, Shaanxi, China;

* Shaanaxi Engineering Technology Research Center for Solid State Lasers and Application, Northwest University,
Xi'an 710127, Shaanxi, China;

* Provincial Key Laboratory of Photo-Electronic Technology, Institute of Photonics and Photon- Technology, Northwest

University, Xi‘an 710127, Shaanxi, China

Abstract

Objective

Due to the rapid development of fiber laser technology, tunable fiber lasers have become an important

development direction of fiber lasers. Their flexible wavelength tuning characteristics are highly valuable in optical

communication, optical sensing, and spectral synthesis. However, to achieve a periodic and stable wavelength tuning
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operation, tunable fiber lasers often use electrically driven piezoelectric ceramics, heaters, fiber gratings or tunable
sweeping filters, and other sweeping devices, which results in a complex structure and reduced output performance of the
fiber laser, significantly limiting its development and practical applications.

In recent years, a new type of tunable fiber laser based on the self-sweeping effect has gained the interest of
researchers. Compared with general tunable fiber lasers, the self-sweeping fiber laser can achieve spontaneous, stable,
and periodic wavelength tunability without using complex tuning elements or electrically driven drives. The phenomenon
of the self-sweeping effect was first reported in 1962 when a periodic shift of wavelength was observed in a ruby laser.
Half a century later, based on the excellent waveguide medium of optical fiber, researchers in Russia realized the first
ytterbium-doped ( Yb-doped) self-sweeping fiber laser. Thereafter, based on the typical Fabry—Perot linear cavity
structure, researchers observed the self-scanning effect in different bands using different gain media. These bands have
greatly facilitated the application of self-sweeping fiber lasers in various research fields and self-sweeping fiber lasers have
become one of the research hotspots. In this study, we design a linear-cavity—controlled Yb-doped self-sweeping fiber
laser based on a circulator, which is easy to implement, inexpensive, and flexible in controlling the self-sweeping
characteristics, such as self-sweeping range and self-sweeping rate, potentially expanding the practical applications of self-
sweeping fiber lasers.

Methods In this study, a Yb-doped self-sweeping fiber laser based on a circulator is built based on the previous Fabry—
Perot linear cavity structure using a circulator instead of a flat-cut port of the fiber as the reflecting end of the resonant
cavity. The resonant cavity of the laser consists of a fiber loop mirror and a circulator. The 3-port and 1-port of the
circulator are fused together to form a ring. The laser enters from the 2-port, passes through the 3-port, and returns to
the Yb-doped fiber for amplification from the 1-port. The flat-cut port of the fiber can provide 3.5% energy of the Fresnel
reflected light, whereas the remaining 96.5% energy of the laser is transmitted out of the cavity, resulting in large losses
and a high self-sweeping threshold. Although the circulator has some insertion loss, it can significantly reduce the self-
sweeping threshold compared with the fiber flat-cut port. Additionally, since the self-sweeping range and self-sweeping
rate are dependent on the output power, the output power of the laser can be changed to regulate the self-sweeping range
and self-sweeping rate by adjusting the intracavity loss. By introducing a mechanically variable optical attenuator in the
circulator, the self-sweep range and self-sweep speed of the laser can be adjusted flexibly by changing the intracavity loss.

Results and Discussions When the laser is operated with self-sweeping mode, its self-sweeping threshold is only
22.5 mW, the output slope efficiency is 10.65% , and a self-sweeping range of 1065.4217-1071.4225 nm (approximately
6 nm) and a self-sweeping rate of 0.56—-8.83 nm/s are obtained, which can be observed in the range of 12.08-115.2 kHz
(Fig. 4). The optical signal-to-noise ratios (OSNRs) of the laser output spectra are all greater than 40 dB, with a
maximum value of 53.18 dB, indicating a good output performance (Fig. 5). A summary of the characteristics of the self-
sweeping law reveals that the self-sweeping rate and average pulse repetition frequency are consistent as a function of the
output power, i.e., both increase with the increase of output power and are linearly proportional to the square of the
output power. After the introduction of a mechanically variable optical attenuator, the experimental results obtained by
adjusting the optical attenuator to change the intracavity loss show that with the increase of intracavity loss, the self-
sweeping band range gradually drifts toward the short wavelength direction, the self-sweeping rate gradually becomes
slower, and the self-sweeping range gradually becomes narrower. The sweeping range in the whole process can cover
1056. 5773—-1067. 4093 nm, approximately 10.83 nm (Fig. 6). Therefore, using a variable optical attenuator to
continuously change the resonant cavity loss is an effective technical method for achieving flexible output control of the
self-sweeping fiber laser.

Conclusions In this study, a linear cavity Yb-doped self-sweeping fiber laser that produces a normal self-sweeping effect
is realized using a circulator as the reflecting end of the resonant cavity rather than a flat-cut port of the fiber. The cavity
structure is simple, easy to implement, and inexpensive. The self-sweeping threshold of the laser is only 22.5 mW, the
output slope efficiency is 10.65%, and a self-sweeping range of 1065.4217—1071.4225 nm (approximately 6 nm) and a
self-sweeping rate of 0.56—8.83 nm/s with an average pulse repetition frequency of 12.08-115.2 kHz are obtained. The
OSNRs of the laser output spectra are all greater than 40 dB, with a maximum of 53.18 dB, which indicates good output
performance. When a mechanically variable optical attenuator is introduced into the circulator, the self-sweeping
characteristics, such as self-sweeping range and self-sweeping rate, can be adjusted by adjusting the variable optical
attenuator to change the cavity loss and extend the sweeping range to 10.83 nm. Our experiments provide a simple,
effective, stable, and low-cost method for self-sweeping modulation, potentially facilitating the practical application of
self-sweeping fiber lasers in spectral measurement, analysis, and other laser applications.

Key words lasers; fiber lasers; self-sweeping effect; spectral characteristics; microsecond pulse
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